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“Science is magic that works”

Kurt Vonnegut, Cat’s Cradle (1963)

“She ionizes and atomizes
Then turns to sunlight
He realizes and itemizes
Pulls harder than gravity
She ionizes and atomizes
Then turns to sunlight
Fluorescent lightbulbs will make
An absence of dark, but
The light just ain’t there still and she said
I'm feeling empty,

The real lights can make you heavy but
Never ever really empty
Fluorescent lights will always equal empty.”
Modest Mouse, Ionizes & Atomizes, This Is a Long Drive for Someone with

Nothing to Think About, Up Records, 1996
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Abstract

This thesis investigates the systematics of mass dependent titanium (Ti) isotope
variation in magmatic processes on Earth. Titanium is a relatively abundant minor
element that has five stable isotopes and possess a single valence state under terrestrial
conditions (Ti*). The most common Ti-bearing minerals are oxides such as ilmenite,
rutile and titanomagnetite. As a refractory lithophile element, Ti is generally
considered to be incompatible and fluid-immobile during magmatic processes. All
these properties make Ti an attractive prospect to be utilised as a novel isotopic tool
to investigate a range of magmatic processes. During fractional crystallisation of a
magma, Ti is enriched in the remaining melt until the onset of Fe-Ti oxide
crystallisation. The crystallisation of Fe-Ti oxides produces Ti isotope fractionation
due to the contrast in co-ordination state of Ti in Fe-Ti oxides relative to silicate melt.
Titanium occupies a lower spatial coordination in silicate melts relative to Fe-Ti
oxides, which results in lighter isotopes of Ti being preferentially partitioned into Fe-
Ti oxides. Consequently, the remaining melt is progressively enriched in heavy
isotopes of Ti during fractional crystallisation. This observation enables Ti isotopes to
be utilised as a novel tracer of magmatic evolution, particularly Fe-Ti oxide-melt
equilibria.

High precision measurements of Ti isotope ratios are performed using a double
spike technique, which involves doping the sample solution with a synthetic solution
of a known isotope composition to account for instrumental isotope fractionation
during analysis via mass spectrometry. The Ti isotope measurements are performed
using a multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS),
with Ti isotope compositions of analysed samples reported in the delta notiation
relative to a reference standard; */#Tior-ti (Where OL-Ti is the Origins Lab Ti reference
material).

This thesis reports the Ti isotope compositions of igneous rocks and their mineral

constituents to better constrain the mechanics of Ti isotope fractionation in magmatic

iv



systems with the aim of developing Ti isotopes as a novel isotopic tool that can be
applied to investigating processes occurring in the Earth’s mantle and crust.

Chapter 3 presents a comprehensive set of Ti isotope data for a range of well-
characterised magmatic differentiation suites from different tectonic settings; a
tholeiitic mid oceanic ridge and subduction zone magmas, calc-alkaline subduction
zone, and intraplate magma suites. Evolved magmas from intraplate settings display
significantly more variation in their Ti isotope compositions relative to magmas from
other tectonic settings at similar SiO: contents. This is due to high initial TiO:
concentrations in their parental magmas which enables high degrees of Fe-Ti
crystallisation, both ilmenite and titanomagnetite, which produces a greater
magnitude of Ti isotope fractionation. In addition, calc-alkaline subduction zone
magmas exhibit higher 8*#7Ti values at a given Mg# relative to tholeiitic magmas.
Calc-alkaline magma possess higher water contents which enables Fe-Ti oxides to
crystallise earlier as the crystallisation of other minerals such as plagioclase is
suppressed in the presence of water. Thus calc-alkaline magmas display increased
O¥M7Ti at higher Mg# relative to tholeiitic magmas due to the earlier onset of Fe-Ti
oxide crystallisation.

Chapter 4 presents Ti isotope fractionation factors for different Fe-Ti oxide
minerals, namely titanomagnetite, ilmenite and rutile, which have been derived from
crystal-groundmass pairs in lavas from Santorini (calc-alkaline subduction zone) and
Heard Island (intraplate), and from rutile-melt experiments. Selected oxides and
groundmass/glass were extracted via micro-mill for MC-ICP-MS analysis. The results
show that titanomagnetites display the largest mineral/melt Ti isotope fractionation,
followed by ilmenite, then rutile. This is consistent with stable isotope theory which
dictates that lighter isotopes prefer longer bonds, with Ti-O bond length decreasing
from titanomagnetite to ilmenite and rutile. Furthermore, the titanomagnetite-melt
fractionation factor also increases as a function of titanomagnetite TiOz content, with
magnetite from Heard Island (>20 wt% TiOz) consistently displaying a greater

fractionation factor in comparison to Santorini (<15 wt% TiO2). This data enables the




calculation of oxide-melt Ti isotope fractionation factors as a function of temperature,
and TiO: content in the case of titanomagnetite. These fractionation factors are then
applied to successfully model melting of the Earth’s mantle and to reproduce the
O¥7T] evolution the magmatic differentiation suites from Chapter 3 using constraints
from mineral compositions and modal proportions in lavas from the differentiation
suites.

Chapter 5 combines the enhanced quantitative understanding of Ti isotope
fractionation in magmatic systems gained from the previous chapter to apply Ti
isotopes as a novel tool to probe the geodynamic origin of The Oman ophiolite.
Primitive (Mg# >60) lavas and dikes from Oman, filtered from an overall database of
>1200 samples, show large variations in concentrations and ratios of redox-sensitive
elements. Importantly, the range of variation in these elements and ratios increases
both spatially and temporally throughout the ophiolite. Mantle melting models
considering varying source redox state indicate that the trace element systematics of
the lavas and sheeted dikes can be replicated by melting of a progressively oxidised
source. The trace element systematics are complemented by the first Ti isotope study
of Oman lavas and dikes, to evaluate the redox state of mantle melts. The earliest
phase of Oman magmatism display Ti isotope evolution pathways that require the
presence of elevated water contents and are distinct from tholeiitic suites typical of
mid oceanic ridge settings. The second phase of magmatism possess Ti isotope
signatures that are comparable to hydrous arc magmas from mature subduction
zones. Overall, the trace element and Ti isotope systematic of Oman ophiolite magmas
suggest the progressive introduction of water in the active melting column under the
Oman ophiolite and thus its likely formation in close proximity to a nascent

subduction zone.
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Chapter 1: Introduction

The field of isotope geochemistry utilises the variations in the isotopic
composition of elements to study a range of geologic phenomena ranging from the
formation of planets to changes in past climate. The existence of radioactive isotopes
was first postulated by Soddy (1913), and shortly confirmed experimentally thereafter
by Thomson (1913) who described the first mass spectrographs, the progenitor of the
modern mass spectrometer. Despite its infancy, the development of isotope analysis
in the early 20* century was marked by the rapid construction of mass spectrometers
for routine analysis (Mattauch and Herzog, 1934; Nier, 1940). Isotope geochemistry
became a burgeoning field in the mid 20" century, marked by pioneering studies
describing the isotopic variation of elements such as hydrogen, oxygen and sulphur
(e.g. Bigeleisen and Mayer, 1947; Urey, 1947; Urey, 1948; Bigeleisen, 1965 and
references therein). The arrival of modern mass spectrometry was heralded by the
arrival of the first automated mass spectrometer built by Wasserburg (1969) which
possessed the capacity for digital data storage.

Traditional stable isotope geochemistry involves the application of light
elements such as hydrogen (H), carbon (C), nitrogen (N), oxygen (O) and sulphur (S),
which are principally measured using gas-source mass spectrometry (see Eiler et al.,
2014; and Valley and Cole, 2018 for an overview). The elements that comprise the
roster of ‘traditional” stable isotopes possess several common characteristics such as:
low atomic mass, large relative mass difference between their isotopes, they form
highly covalent bonds, multiple valence states (C, N and S), and the abundance of
their rare isotopes. These characteristics enabled them to be analysed with the
available analytical capability of the mid-20" century. The recent development of
multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) which
affords greater sensitivity and higher precision has enabled geochemists to utilise and
measure new so called ‘non-traditional” stable isotopes which do not adhere to all of

the criteria of the traditional stable isotopes, such as iron (Fe; see reviews by Dauphas
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and Rouxel, 2006; and Dauphas et al., 2017), magnesium (Mg; Young and Galy, 2004;
Teng, 2017) and, the focus of this body of work, titanium (Ti; Millet and Dauphas,
2014; Millet et al., 2016).

1.1 Stable Isotope Theory

Natural variation in isotope ratios can either be attributed to mass-dependent or
mass-independent fractionation. The natural variation observed within stable isotope
ratios are predominantly influenced by mass-dependent fractionation, where
fractionation refers to a change in an isotope ratio because of a physico-chemical or
geologic process, such as fractional crystallisation of a magma or terrestrial
weathering (for an overview see Teng et al., 2017). Mass-dependent stable isotopic
fractionation is a function of the mass difference between isotopes of the same element
(Bigeleisen and Mayer, 1947; Urey, 1947; Schauble, 2004), with the degree of
fractionation scaling with the mass difference between isotopes. Mass-independent
fractionations, which as the name suggests are un-related to the mass difference
between isotopes and are often related to processes such as radioactive decay and the
distribution and sources of elements during the formation of the solar system (e.g.
Clayton et al., 1973; Thiemens, 2006; Trinquier et al., 2009). The foundations of stable
isotope theory, particularly the calculations concerning the directions, magnitudes
and temperature dependence of equilibrium isotopic fractionation was the result of

seminal work by Urey (1947) and Bigeleisen and Mayer (1947).

1.1.1 Mechanics of Mass Dependent Isotope Fractionation

Studies of stable isotopes are predominantly concerned with variations driven
by mass-dependent fractionation. The physico-chemical process which drives
variations in stable isotopes, mass fractionation, is the process by which isotopes of
the same element are preferentially partitioned between two different phases which
causes them to inherit different isotope ratios. The magnitude of this partitioning is

termed the fractionation factor or oa-s:
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Eq. 1-1
_ Rf
- = "/pB
iJj

Where Rijrepresents the isotope ratio of i over j in phase A or B, respectively.

1.1.2 What Factors Control Mass Dependent Isotope Fractionation?

First order controls on mass-dependent fractionation are related to the co-
ordination number (number of ligands attached to the central ion) and the vibrational
energy of the bonding site (Bigeleisen and Mayer, 1947; Urey, 1947; Schauble, 2004).
Second order effects related to physico-chemical factors such as temperature
(Bigeleisen and Mayer, 1947; Urey, 1947; Schauble, 2004), redox state (e.g. Sossi et al.,
2012; Dauphas et al., 2014; Prytulak et al., 2016; Sossi et al., 2018) and even pressure
(Polyakov and Kharlashina, 1994; Horita et al., 2002; Polyakov, 2009; Young et al.,
2015) can exert an influence on the magnitude of stable isotopic fractionation.

Most mass dependent isotopic fractionation pertains to equilibrium isotopic
fractionation. Equilibrium fractionation is the separation of heavy and light isotopes
in chemical equilibrium facilitated by contrasts in the vibrational energy between
atoms of different masses (Bigeleisen and Mayer, 1947; Urey, 1947; Schauble, 2004).
Equilibrium fractionations result from a reduction in vibrational energy (particularly
the zero-point energy) as a heavy isotope is substituted for an isotope of lower mass
(Bigeleisen and Mayer, 1947; Urey, 1947, Schauble, 2004). Bond stiffness is an
important concept in controlling mass-dependent fractionation, with the stiffest bonds
being short and strong (e.g., highly covalent bonds: Bigeleisen and Mayer, 1947; Urey,
1947; Schauble, 2004). Stitf bonds possess high force constants, with the force required
to extend bond lengths (in this case, molecular vibrations) being proportional to
extension in accordance with Hooke’s law (Schauble, 2004). O'Neil (1986) established
several rules pertaining to the factors which result in the enrichment of heavy isotopes

in substances:
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- The degree of isotopic fractionation decreases as temperature increases in
proportion to 1/T% Thus, in high temperature settings such as magmatic
systems stable isotopic fractionation is predicted to be minimal.

- The degree of stable isotopic fractionation is greatest in light elements and
for elements that possess large differences in mass between their respective
isotopes.

- Heavy isotopes are concentrated in the substance which possess the stiffest
or highest energy bonds (i.e., highest bond force constants). The magnitude
of isotopic fractionation is approximately proportional to the contrast in bond
stiffness between substances. Short, strong bonds possess the highest bond
stiffness. Bond stiffness is related to:

a. Oxidation state, with a higher oxidation state resulting in a greater
fractionation factor which can be observed in isotopes of elements such as
iron and vanadium (e.g. Sossi et al., 2012; Dauphas et al., 2014; Prytulak et
al., 2016; Sossi et al., 2018).

b. Highly covalent bonds present between atoms of similar electronegativities

c. Low co-ordination number

Therefore, to summarise, heavy isotopes prefer to occupy substances with a low
co-ordination number which consequently possess high bond stiffness (and thus
higher zero-point energy; Bigeleisen and Mayer, 1947; Urey, 1947; Schauble, 2004),
with the magnitude of isotopic fractionation being greatest at lower temperature
(Bigeleisen and Mayer, 1947; Urey, 1947; Schauble, 2004).

Stable isotopic fractionation can also occur via kinetic fractionations, which are
one-directional, non-equilibrium processes, which result in incomplete isotopic
exchange between substances e.g., evaporation of liquid H20 in a vacuum (Young et
al., 2002; Schauble, 2004). In kinetic isotopic fractionation, isotopic exchange can be
restricted by the presence of energy barriers — the activation energy — which must be

satisfied for isotopic exchange to occur (Young et al., 2002). For non-traditional stable
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isotopes such as titanium, the major driving forces behind kinetic isotopic
fractionation relate to the effects of diffusion, activation energy and atomic velocities,
and how they scale with isotopic mass (Young et al., 2002; Schauble, 2004). Extensive
experimental studies have demonstrated that lighter isotopes have higher diffusivities
(i.e., diffuse faster) than heavier isotopes (e.g. Mg; Richter et al., 2003; Richter et al.,
2008). A major geological example of kinetic isotopic fractionation is diffusive
exchange between crystals and melt in a magma chamber (e.g. Oeser et al., 2015; Oeser
et al., 2018) via which isotopic fractionation occurs due to a chemical gradient between
crystal and melt, along which lighter isotopes diffuse in/out of the crystal faster than
heavy ones (e.g. Richter et al., 2003). This has been observed with Fe and Mg isotopes
in olivine crystals, as Mg diffuses out and Fe diffuses in, producing isotopic zoning
and a negative correlation between Mg and Fe isotopes within the crystal (Oeser et al.,
2015; Oeser et al., 2018). Experimental work has also shown thermal (Soret) diffusion
can produce significant stable isotopic fractionation due to the presence of thermal
gradients, with significant enrichments in heavier isotopes at the colder end of the

piston cylinder apparatus (Richter et al., 2003; Richter et al., 2008).

1.1.3 Mass Independent Isotope Fractionation

Mass independent fractionation does not scale relative to isotopic mass and thus
produces deviations from mass dependent fractionations as there is no systematic
separation of light and heavy isotopes according to their mass (see Thiemens, 2006 for
a detailed review). Mass independent fractionations are related to processes such as
radioactive decay, nucleosynthesis and the degree of mixing of isotopic sources in the
solar protoplanetary disk (e.g. Thiemens, 1999; Leya et al., 2008; Young et al., 2008;
Trinquier et al., 2009; Larsen et al., 2011; Burkhardt et al., 2014)

Clayton (1973) first recognised mass independent effects within the oxygen
isotopic composition of calcium-aluminium inclusions within the carbonaceous

chondrite, Allende, and later other meteorites (Clayton et al., 1976). The origin of these
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mass-independent effects continues to be a matter of contentious debate (see
Thiemens, 2006 for a detailed review).

Mass independent effects relating to nucleosynthetic anomalies have been
observed in the bulk “Ti and *Ti isotopic composition of meteorites which could
provide insights into the evolution of the solar proto-planetary disk (e.g. Leya et al.,
2008; Trinquier et al., 2009). *Ti and °Ti have distinct nucleosynthetic origins, neutron
rich 5Ti is thought to produced be type 1A supernovae, whereas *Ti originates from
type 2 supernovae (Woosley and Weaver, 1995). However, Trinquier et al. (2009)
observed correlated anomalies in *Ti and *Ti despite their different stellar sources
within Orguiel Cl chondrite. This isotopic heterogeneity was interpreted as the result
of varying degrees of thermal processing of molecular cloud material that was initially
sourced from an isotopically homogeneous or well-mixed protoplanetary disk

(Trinquier et al., 2009).

1.1.4 Reference Geo-Standards and Delta Notation

Stable isotope data is commonly reported in what is referred to as delta (d)
notation. The d value expresses the deviation of the isotopic ratio of a sample from the
ratio of a well-known reference standard in units of per mil (%o). Mass dependent
variation in titanium isotopes, is reported as d**TioLt (Eq. 1-2), the & value is
expressed as the deviation of the ¥Ti/*Ti ratio of a sample relative to the Origins

Laboratory Ti standard (OL-Ti) developed by Millet and Dauphas (2014) as:

Eq. 12

4-9T'
( l 47Ti) Sample

_ 3
(49Ti/47Ti) oL T 1] 10

549/47Ti0L—Ti (%o0) =

(where the #“Ti/*Ti of OL-Ti = 0.7497666). Prior to the development of OL-Ti by Millet
and Dauphas (2014), NIST SRM3162, a pure Ti solution had been used as a reference
standard (Zhang et al, 2011). However, NIST SRM3162 exhibits significant
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fractionation in comparison to terrestrial igneous standards BCR-2 and BIR-1 and thus
is not an appropriate reference standard for investigations of stable titanium isotopes
in magmatic systems (Millet and Dauphas, 2014).

The Origins Laboratory titanium standard (OL-Ti) was obtained from a pure-Ti
metal rod and has been shown to exhibit a Ti stable isotopic composition much closer
to that of terrestrial igneous rocks, OL-Ti also exhibits a homogeneous 0*Ti
composition across the length of the metal rod from which it was sourced (Millet and
Dauphas, 2014). The bar of pure Ti used to create OL-Ti has now been transferred to
SARM (Nancy, France), where it can be requested for use. Therefore OL-Ti complies
with the criteria for reference standards recommended by Teng et al. (2017) which are

as follows:

- The isotope composition should be demonstrably homogeneous within
current analytical precision

- The reference material should be a pure element or chemical compound that
is easily dissolved in diluted acids

- The reference material should have an isotope composition that is
geologically relevant, i.e., its isotope composition is within the range of
natural variability and is ideally comparable to a major geologic reservoir

- The reference material should be measured at high precision for all its
isotopes to identify any potential anomalies

- The choice of the reference material and its associated notation should be a
community driven effort and its application must be consistent

- Reference materials should be widely accessible and held by organisations

that have no conflict of interest

1.2 Elemental and Isotopic Characteristics of Titanium

1.2.1 The Geo-chemical Characteristics of Titanium

Titanium is a transition metal that possesses an atomic number of 22 and an

atomic mass of 47.867, which possess 5 stable isotopes: “Ti: 8.01%; *Ti: 7.33%; **Ti:
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73.81%; “Ti: 5.50%; °Ti: 5.35% (Berglund and Wieser, 2011). Titanium is a refractory
lithophile element (McDonough and Sun, 1995; Palme and O’Neill, 2014) that is
considered fluid immobile during most geologic processes (Cann, 1970; Pearce and
Norry, 1979; Van Baalen, 1993) and exhibits moderately incompatible behaviour in
Earth’s mantle (McDonough et al., 1992; Prytulak and Elliott, 2007). Under terrestrial
conditions Ti exists primarily as Ti*, but has the potential to exist as Ti** under more
reducing conditions such as the lunar mantle (Papike et al., 2005; Papike et al., 2016;
Simon and Sutton, 2017; Simon and Sutton, 2018). In magmatic systems Ti can exist in
several coordination states; it primarily occupies a V-fold coordination in silicate melts
but can also occupy IV and VI coordination in silicic and mafic melts respectively
(Farges et al., 1996b; Farges and Brown, 1997; Mysen and Richet, 2018; Ackerson et al.,
2020). Additionally, V-fold coordinated Ti in silicate melts transitions to VI-fold
coordination during the crystallisation of Ti-bearing oxide minerals such as ilmenite,
rutile and titanomagnetite (Farges and Brown, 1997). Thus in accordance with stable
isotope theory (Schauble, 2004), the mass dependent fractionation of Ti stable isotopes
should be driven by contrasts in the coordination environment between silicates melts
and Ti-bearing oxides. Hence Ti isotopes have the potential to trace oxide-melt

equilibria during magmatic processes.

1.2.2 Titanium Isotope Composition of the Terrestrial Mantle

Millet and Dauphas (2014) produced the first analyses of the Ti isotope
composition of terrestrial samples which included five well characterised basaltic rock
standards and eight subduction zone basalts (Fig. 1.1). Millet and Dauphas (2014)
observed no resolvable variations between terrestrial basalts and the OI-Ti reference
standard, with a mean of &%#Ti = +0.004 + 0.062%o0 which they interpreted as a robust
proxy for the composition of the upper mantle. Millet et al. (2016) expanded that data
set by measuring a larger and more diverse array of terrestrial samples including mid-

ocean ridge, island arc, and intraplate basalts, alongside mantle-derived rocks and
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eclogites (Fig. 1.1). Using this expanded sample set, Millet et al. (2016) derived a 0*/#"Ti
composition for the bulk silicate earth (BSE) of +0.005 + 0.005%o (Fig. 1.1).

Primitive Terrestrial Rocks
Intraplate Intraplate
l_‘ Island arc
0.009 = 0.019 % —
v Island arc (Excl.)
N-MORB
A E-MORB
_<>_ @ Eclogite
Island ﬁ @ Mantle rocks
sland arc N
0.007 % 0.010 %o g Komatiite

N-MORB
0.001 = 0.015 %o

Bulk Silicate Earth
0.005 = 0.005 %o

Eclogites
-0.014 = 0.015 %o

Mantle rocks
0.013 = 0.023 %o

Komatiites
0.005 = 0.049 %o

| '#ﬁ +

—
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Fig. 1.1 0*/#7Ti compositions of primitive terrestrial rocks (Millet and Dauphas, 2014; Millet et al., 2016;
Greber et al., 2017b; Deng et al., 2018). Island arc samples with open symbols have experienced
fractionation or accumulation of Ti oxides and were excluded from the mean value. The 6*/47Ti
composition of the BSE is indicated by the shaded grey bar (+0.005 + 0.005%o). The plot shows the bulk
of primitive terrestrial igneous rocks are within error of the BSE despite differing geologic settings and
petrogenetic histories.
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As Ti behaves as a moderately incompatible element during the melting of both
spinel and garnet-bearing peridotite (Prytulak and Elliott, 2007) and is efficiently
extracted during basalt petrogenesis, this suggests basalts should record the Ti
isotopic composition of their mantle source (Millet and Dauphas, 2014; Millet et al.,
2016). The Ti isotopic composition of the bulk primitive terrestrial basalts from a
variety of geodynamic settings in Fig. 1.1 demonstrates that Earth’s upper mantle
possess a homogeneous Ti isotope composition which is indistinguishable from the
composition of mantle-derived samples, which suggests mantle melting induces no
fractionation of Ti isotopes (Millet and Dauphas, 2014; Millet et al., 2016). This is
turther evidenced by the observation that the vast majority of komatiites, the product
of high degrees of melting (e.g. Walter, 1998), are within error of the BSE (Fig. 1.1;
Greber et al., 2017). However, Deng et al. (2018) observed a subtle offset in the 0*/+Ti
composition of enriched (E) mid-ocean basalts relative to normal (N) mid-ocean ridge
basalts (Fig. 1.1). Deng et al. (2018) attributed this variation to the recycling of
isotopically light residues, formed during continental crust formation in the Archean,
into the mantle source of N-MORB and late-Archean komatiites. However, this
interpretation remains controversial and requires further analysis of a global data set
of well-characterised mid-ocean basalts coupled with radiogenic isotope systematics
(e.g., Pb-Pb, Sm-Nd, Rb-Sr) to be fully validated.

Whilst the mobility of Ti in subduction zone fluids is highly debated (e.g. Kessel
et al., 2005), the indistinguishable Ti isotope compositions of N-MORB and island arc
basalts suggests that dehydration of subduction zone fluids exerts no influence on the
Ti isotope budget of basalts (Millet et al., 2016). In addition, eclogites and subduction-
zone related serpentinites exhibit similar Ti isotope compositions to MORB (Fig. 1.1),
despite having experienced substantial dehydration. This further supports the notion
that Ti is largely immobile in subduction zones and that the recycling of oceanic

lithosphere does not produce resolvable Ti isotope fractionation (Millet et al., 2016).
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1.2.3 Titanium Isotopes as Tracers of Magmatic Differentiation

In addition to providing constraints on the Ti isotope composition of the
terrestrial mantle, Millet et al. (2016) demonstrated the efficacy of Ti isotopes as tracers
of Fe-Ti oxide-melt equilibria during magmatic differentiation. Millet et al. (2016)
observed that evolved magmatic rocks from the Agung volcano (Sunda arc,
Indonesia) exhibited a pronounced enrichment in heavy Ti isotopes in comparison to
their more mafic counterparts (Fig. 1.2). The increase in 8*#’Ti is positively correlated
with indices of magmatic differentiation such as increasing SiO: content (Fig. 1.2). The
moderately to highly incompatible behaviour of Ti coupled with its relatively low
concentrations in major silicate minerals (e.g. pyroxenes, olivine, and plagioclase;
McDonough et al.,, 1992), suggest the crystallisation of silicate minerals is unlikely to
induce any significant Ti isotope fractionation during magmatic differentiation.
Therefore, the Ti isotope budget of evolved melts is likely to be controlled by the onset
of Fe-Ti oxide crystallisation (Millet et al., 2016). The fractionation of Ti isotopes
during magmatic differentiation is driven by a contrast in co-ordination number
between silicate melt and Fe-Ti oxides, with Ti predominantly occupying a V-fold co-
ordination, in silicate melts compared to VI-fold co-ordination in Fe-Ti oxides (e.g.
Farges et al., 1996). As heavier isotopes prefer to occupy low co-ordination number
sites, and thus stronger and stiffer bonds (Schauble, 2004), light Ti isotopes are
preferentially sequestered into Fe-Ti oxides and thus as a consequence the remaining
melt will be enriched in heavy Ti isotopes during fractional crystallisation (Fig. 1.2;
Millet et al., 2016).

Furthermore, Deng et al. (2019) observed that at a given SiO: content, lavas from
TiO: rich intraplate magmas display significantly greater variation in 6*/#'Ti relative
to the Agung differentiation suite from Millet et al. (2016; Fig. 1.2). Deng et al. (2019)
postulated that this contrast is the result of delayed onset of Fe-Ti oxide crystallisation
in intraplate magmas relative to arc magmas due to lower oxygen fugacities (fO2) in
intraplate mantle sources. Fractional crystallisation of olivine and plagioclase under

reduced conditions produces substantial enrichments in TiOz in mafic to intermediate
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intraplate lavas compared to arc lavas, which Deng et al. (2019) argued results in a
greater magnitude of Ti isotope fractionation with respect to SiO: contents at the onset

of Fe-Ti oxide crystallisation.
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Fig. 1.2 Variations in &*/#7Ti relative to SiO2 contents for the Agung differentiation suite from the Sunda
arc, Indonesia (Millet et al., 2016), compared to intraplate differentiation suites from Hekla (Iceland)
and the Afar rift (East Africa) from Deng et al. (2019). Samples display co-variation between d*/#7Ti and
SiOz2 due to Fe-Ti oxide crystallisation during magmatic differentiation.

1.2.4 Titanium Isotopes as Recorders of Continental Crust Formation
Greber et al. (2017a) conducted a study of the Ti isotope composition of shales of
various ages to elucidate the chemical composition of continental crust exposed to
weathering, particularly its SiO: content to estimate the relative proportion of mafic
and felsic rocks in the continental crust through time. The Ti isotopic composition of
shales is unlikely to be affected by numerous processes in terrestrial surface
environments that effect the composition of sedimentary rocks such as weathering

and diagenesis as Ti is highly insoluble (Orians et al., 1990). Titanium is biologically
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inert (Orians et al., 1990), thus is also immune to the implications of large-scale
biogeochemical changes that transpired at the Archean-Proterozoic boundary. During
mechanical sorting in riverine and oceanic transport, Ti is preferentially incorporated
into clay and silt fractions (Taboada et al., 2006), which removes any potential grain
size bias. Therefore, the Ti stable isotopic composition of shales will likely reflect that
of their source rocks prior to erosion and weathering.

Previous studies have postulated that the continental crust was predominantly
mafic in composition during the Archean, only transitioning to a more felsic
composition towards 3 — 2 Ga (e.g. Tang et al., 2016), concurrent with the onset of
subduction-driven plate tectonics after 3.0 Ga (Dhuime et al., 2015; Tang et al., 2016).
Shales exhibit a substantial amount of variability in their 0*Ti composition ranging
from -0.018 to +0.791%., but are predominantly heavier in comparison to mafic rocks
(Greber et al., 2017a). On the basis of coupled 6*#’Ti and Ni/Co systematics, Greber et
al. (2017a) argued the 8*#7Ti compositions of shales of all ages could only be explained
if the crust was comprised of predominantly felsic material since approximately 3.5
Ga, and hence argued subduction related magmatism was already in operation much

earlier in the Archean than previously estimated.

1.2.5 Titanium Isotope Compositions of Lunar and Planetary Materials

The analysis of the Ti stable isotopic composition of lunar rocks has significant
potential to provide further insight into the magmatic evolution of the Moon and
address unresolved questions regarding the crystallisation of the Lunar Magma Ocean
(LMO). Millet et al. (2016) conducted the first survey of the stable Ti isotopic
composition of the Moon, analysing nine lunar samples: three low-Ti basalts, a single
green glass sample, and five high-Ti basalts. Low-Ti basalts and the green glass exhibit
a Ti stable isotopic composition ranging from *Ti =-0.008 to +0.011%e. like that of the
Earth’s mantle (Millet et al., 2016). Furthermore, Millet et al. (2016) argued that low-Ti
basalts also serve as the best estimate of the Ti isotope composition of the lunar mantle

(0¥Ti = -0.003 + 0.014%o, n=4). Consequently, the similarity observed in the &*Ti
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composition of low-Ti lunar basalts and terrestrial basalts (Millet et al., 2016), provides
further evidence to support models postulating the involvement of an
compositionally Earth-like impactor in the giant Moon-forming impact event (e.g.
Dauphas et al., 2014a; Mastrobuono-Battisti et al., 2015). In contrast to low-Ti lunar
basalts, Millet et al. (2016) observed that high-Ti lunar basalts extend to lighter Ti
isotope compositions (0*/#Ti = -0.022 to +0.033%o.), which may have arisen due to Ti
isotope fractionation induced by the precipitation of ilmenite during the generation of
the mantle source of high-Ti basalts during the late-stage crystallisation of the lunar
magma ocean (e.g. Snyder et al., 1992). In addition, Greber et al. (2017b) measured a
KREEPy (Potassium, Rare-Earth Element and Phosphorous) impact melt breccia (SaU
169), which exhibited a d*#Ti value of +0.330 + 0.034%., which correlates with
KREEP’s represent origins as residual melt left over from the ilmenite crystallisation
stage of the lunar magma ocean (e.g. Warren and Wasson, 1979).

Greber et al. (2017b) conducted the first substantial survey of the mass
dependent Ti isotope composition of various meteoritic and planetary materials.
Ordinary, enstatite and, carbonaceous chondrites, yield and average 0**Ti
composition of +0.004 + 0.010%o (Greber et al., 2017b), indistinguishable from the
estimate for the BSE and the lunar mantle estimated by Millet et al. (2016), thus
implying the Earth and Moon possess a chondritic Ti isotope composition. Similarly,
the average 6*/#Ti of basaltic meteorites from the Howardite-Eucrite-Diogenite parent
body (probably 4 Vesta; +0.011 + 0.021%o), the Angrite parent body (+0.007 + 0.038 %),
and Mars (+0.021 + 0.03%o) are within uncertainty of the chondritic value (Greber et
al., 2017b). However, Greber et al. (2017b) did observe variability in the 0*/*Ti
composition of aubrite meteorites and attributed this to isotope fractionation driven
by the co-existence of Ti* and Ti*" in aubrite melts due to the extremely reducing

conditions under which the aubrite parent body differentiated (e.g. Keil, 2010)
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1.2.6 Mass Independent Variations in Titanium Isotopes

Prior to recent investigations of the mass dependent isotope variation in Ti, the
major focus of Ti isotope geochemistry concerned studies of isotope abundance
anomalies i.e., mass independent effects observed within meteorites related to
nucleosynthetic or cosmogenic processes occurring before or during the formation of
the solar system (e.g. Niederer et al., 1980; Niemeyer and Lugmair, 1984;
Papanastassiou and Brigham, 1989; Leya et al., 2008; Trinquier et al., 2009). Leya et al.
(2008) observed that carbonaceous chondrites exhibit enrichments in Ti/#Ti and
#Ti/4Ti, and slight depletion in *Ti/*Ti relative to the Earth, Moon, Mars, HED’s and
ordinary chondrites. It was also observed that these Ti isotopic anomalies were not
just confined to special phases in refractory calcium aluminium inclusions (CAI’s), but
were distributed within a range of phases present in carbonaceous chondrites not just
CAI's (Leya et al., 2008). As galactic cosmic-ray exposure close to the early sun cannot
produce enrichments in Ti/*Ti, the isotopic anomalies must be related to
nucleosynthetic processes, which resulted in carbonaceous chondrites receiving
distinct mixture of pre-solar material compared to the Earth, which in conjunction
with their characteristic depletion in volatile elements is consistent with an
accretionary origin in the outer solar system, further away from the terrestrial planet
forming region (Leya et al., 2008).

However, Trinquier et al. (2009) observed correlated isotopic anomalies in
Orgueil Cl chondrite between “Ti and *Ti, despite these isotopes originating from
different stellar sources (e.g. Woosley and Weaver, 1995). The presence of a correlated
anomaly in “Ti and *Ti suggests that pre-solar material was initially well-mixed in
the protoplanetary disk and subsequent thermal processing related to volatile element
depletion in the inner solar system has imparted isotopic heterogeneity at the
planetary scale (Trinquier et al., 2009). Moreover, Davis et al. (2018) observed the same
linear correlation between “Ti and *Ti in 46 CAI’s from the Allende CV chondrite.
Davis et al. (2018) also measured mass dependent 8*#Ti variations and observed that

most CAI’s exhibit no variation within a 95% confidence interval. However, a select
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few CAI's exhibited significant fractionation with 6*#Ti ranging from ~-4 to ~+4.
Coincidently, the CAI's that possess the highest %°Ti anomalies exhibit more dispersion
in their 0*/*Ti compositions which further suggests that thermal processing plays an
important role in imparting Ti isotopic anomalies to CAI’s and bulk meteorites (Davis

et al., 2018).

1.3 Thesis outline

Magmas erupted at the surface of our planet offer a wide range of opportunities
to investigate chemical heterogeneity of the Earth, from the dynamics of the terrestrial
mantle to the evolution of Earth’s crust. In the past classical geochemical tools often
provide incomplete or ambiguous answers to an array of questions such as: what
minerals are involved in the evolution of magma? How much water is present in
different mantle sources and the magmas that originate from them? Can the chemical
composition of magmas tell us about the tectonic setting of ancient volcanism?

As demonstrated in this section Ti isotopes show great promise as a novel
isotopic tool to trace magmatic processes (Millet et al., 2016; Greber et al., 2017b; Deng
et al., 2019). The aim of this thesis is three-fold and are explored in detail in Chapters
3,4 and 5:

- Chapter 3 - To build upon the foundations laid by previous studies (Millet et
al., 2016; Deng et al., 2019) on the mechanics and controls of Ti isotope
fractionation during magmatic differentiation. This will be achieved by
expanding the current dataset with high precision measurements of the
O0*M7Ti compositions of differentiation suites comprised of well-characterised
lavas from different tectonic settings. The results of this work will enable us
to better quantify the behaviour of Ti isotopes during magma evolution
across different tectonic settings and to establish the extent to which different
factors such as the composition of melts and Fe-Ti oxide minerals (namely
ilmenite and titanomagnetite), redox conditions and water contents influence

Ti isotope fractionation during magmatic differentiation.
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- Chapter 4 — Whilst preliminary measurements of Fe-Ti oxide mineral
separates (Johnson et al., 2019; Mandl, 2019) and ab-initio studies (Leitzke et
al.,, 2018; Wang et al., 2020) have confirmed that oxides are isotopically light
relative to silicate melts or minerals, there is currently no data for individual
oxide-melt Ti isotope fractionation factors. In order to derive Ti isotope
fractionation factors for titanomagnetite, ilmenite and rutile, selected oxides
and groundmass, and glass were extracted in-situ via micro-mill from
crystal-groundmass pairs in lavas from Santorini (calc-alkaline arc) and
Heard Island (intraplate), and from rutile-melt experiments Klemme et al.
(2005). The resulting Ti isotope fractionation factors can then be incorporated
into petrologic models to facilitate quantitative investigation of processes
such as magmatic differentiation and mantle melting. Ultimately, this will
enable Ti isotopes to become a mature petrologic tool.

- Chapter 5 — In this chapter, the quantitative methods and understanding of
Ti isotopes in magmatic systems gained in Chapters 3 and 4 will be applied
to ascertain the efficacy of Ti isotopes as a novel tool to elucidate the
geodynamic setting of past volcanism, with a focus on the Oman ophiolite.
The Ti isotope compositions of a temporally and spatially representative set
of lavas and dikes from the ophiolite will be used to address the long-
standing debate as to whether the Oman ophiolite formed at a true mid-ocean

ridge or subduction zone setting.
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2.1 An Introduction to Multi-Collector Inductively Coupled
Plasms Mass Spectrometry

The accurate and precise determination of stable isotope ratios has been of vital
importance to geochemists due to its importance in broad range of applications in
geoscience. Historically, Thermal Ionisation Mass Spectrometry (TIMS) has been the
de facto method of choice for acquiring the highest levels of precision and accuracy
(e.g. Platzner et al., 1997 and references therein). However, since it was first utilised
by Walder et al. (1993), the rapid development of multi-collector inductively coupled
plasma mass spectrometry (MC-ICP-MS) has played a crucial role in measuring mass
dependent isotope variations in a variety of elements, and can achieve levels of
precision comparable with TIMS (e.g. Woodhead, 2002; Albarede et al., 2004; Weis et
al., 2006).

An MC-ICP-MS instrument consists of numerous components; a sample
introduction system, an inductively coupled argon plasma, ion transfer system and a
mass detector system (Wang, 2009, Lu et al., 2017). Multi-collector inductively coupled
plasma mass spectrometry has numerous other advantages over TIMS such as high
sample throughput (Lu et al.,, 2017) and highly efficient ionisation and high mass
resolution (Albarede et al., 2004; Yang, 2009; Epov et al., 2011; Lu et al., 2017) have
only served to facilitate its rapid development and utilisation in the geochemistry
community. In mass spectrometry, mass resolution is typically defined at the
minimum separation required between two mass spectral peaks of both equal height
and width in order to create a detectable ‘valley’ between them. As such, mass
resolution power is defined as m1/(mz-ma).

Importantly, MC-ICP-MS has paved the way for analysis for a multitude of so
called ‘non-traditional” stable isotopes (e.g. Fietzke and Eisenhauer, 2006; Petit et al.,
2008; Dauphas et al., 2009; Huang et al., 2009; Wombacher et al., 2009; Zhang et al.,
2011; Gall et al., 2012; Millet and Dauphas, 2014; Nanne et al., 2017; Inglis et al., 2018).
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The optimisation of the MC-ICP-MS instrument in the analysis of stable Ti
isotopes is crucial in obtaining ultra-precise isotopic compositions required resolve
the often-small variations that occur during high temperature magmatic processes.
However, there are many challenges facing the acquisition of ultra-precise Ti stable
isotope data such as: mass dependent fractionation due to non-quantitative yields
produced during sample preparation, instrumental mass bias and the presence of
isobaric interferences (Millet and Dauphas, 2014). The development of a double spike
technique (Millet and Dauphas, 2014) which can correct for fractionation that can
occur during both sample preparation and the operation of the instrument was a

fundamental stage in the optimisation of Ti stable isotope analysis via MC-ICP-MS.

2.1.1 Standard-Sample Bracketing
Standard-sample bracketing (SSB) is a widespread technique used in MC-ICP-

MS analysis in order to correct for mass bias (e.g. Albarede et al., 2004). Mass bias
refers to artificial changes in isotope ratios i.e., isotopic fractionation that is induced
by the instrument due to the variable transmission of the ion beam in the mass
spectrometer (Andrén et al., 2004), which in MC-ICP-MS occurs mainly in the plasma
and interface portions of the machine. The SSB analytical sequence consists of
bracketing a sample between standards of known isotopic composition, the mass bias
correction factor is then determined by the bracketing standards (Albarede et al., 2004;
Yang, 2009; Lu et al.,, 2017). Prior to analysis the SSB method requires that the
concentration of the target element is the same in both the sample and standard, and
that the samples have undergone extensive purification to minimize interference
because of sample-matrix mismatch (Albarede et al., 2004; Yang, 2009; Lu et al., 2017).
If matrix is introduced during column separation this can lead to the failure of the SSB
technique which has detrimental implications for the accuracy and precision of

isotope data (e.g. Pietruszka and Reznik, 2008).
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2.1.2 Double Spike Deconvolution, Calibration and Optimisation

Double-spike (DS) deconvolution is an effective mass bias correction method
that can efficiently tackle issues with isotope fractionation that can occur during
sample preparation that was first demonstrated experimentally by Dietz et al. (1962).
The mathematical framework of double spike deconvolution was established by
Dodson (1963; 1970), and is illustrated in Fig. 2.1. The relationship between the
sample/standard and the spike is described by resolving Eq. 2-1 (e.g. Albarede and
Beard, 2004; Rudge et al., 2009):

Eq.2-1

Rm = [((1 - f)(RStandard(ix/in)a)) + fRSpike] (ix/in)ﬁ

where Rm, Rstndra and Rspike represent the isotopic ratio of the measured sample,
standard and spike (Fig. 2.1; Eq. 2-1), i» is the normalised isotope for ratios, ix is any
other isotope of the target element, f is the proportion of the normalising isotope
related to the spike in the sample-spike mixture, « is the natural fractionation between
the sample and the reference standard, and f represents the instrumental fractionation
factor (Fig. 2.1, Eq. 2-1; Albarede and Beard, 2004; Rudge et al.,, 2009; Millet and
Dauphas, 2014; Klaver and Coath, 2019). Eq. 2-1 consists of three unknowns f, @ and
B, which indicates a minimum of three isotopes is required to resolve equation Eq. 2-1
by creating at least 3 versions of the equation. This calculation assumes that the sample
and the standard are related via exponential mass dependent fractionation law for all
the 3 input isotope ratios, which is appropriate for instrumental fractionation in MC-
ICP-MS (Rudge et al., 2009; Klaver and Coath, 2019). If an isotope that exhibited mass
independent variations (e.g., nucleosynthetic anomalies) or analytical errors were to
be involved in the calculation, it would produce inaccurate results (e.g. Millet and
Dauphas, 2014). Ti exhibits distinct mass independent signatures within meteorites
and lunar samples as a result of nucleosynthetic anomalies and cosmogenic effects

(e.g. Niederer et al., 1980; Leya et al., 2008; Trinquier et al., 2009), and thus >°Ti is not
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included in double-spike resolution equations. *Ti also displays MIF signatures in
meteorites (Zhang et al., 2011), however the variation is much smaller in comparison
to 5Ti (-0.03 to +0.06 vs. -0.13 to+ 0.37). Terrestrial samples do not display any “Ti
anomalies and are always related to one another by mass-dependent fractionation in
#Ti-4Ti-8Ti-*Ti space (Millet and Dauphas, 2014), however extra-terrestrial materials
that exhibit isotopic anomalies are analysed both spiked and un-spiked to elucidate

their true isotopic composition (e.g. Niederer et al., 1980).
491 /A7
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Fig. 2.1 Conceptual diagram of the double spike technique (not to scale, modified after Klaver and
Coath, 2019). Ti is used an example, in four-isotope space, the isotope ratio of a natural sample (Rsample)
and double spike (Rspike) have very different compositions. The measured isotope ratio (Rm) lies on a
mixing line and contains a mixture of the Rsample and Rspike (Where f is the proportion of double spike).
The Rm is displaced from the mixing line along an instrumental mass fractionation (IMF) line, but the
degree of fractionation, 3, is unknown. Similarly, the degree of fractionation in the natural sample
relative to a reference standard (Rstandara), is expressed as a, the natural fractionation factor. As the value
of Rspike is known, measurement of Rm and Rstandard are required to solve the double spike equation to
yield values for «, 3, and f. As a result, o can utilised to calculate the value of Rsampe.
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Fig. 2.2 Robustness of 0*/#Ti results. A) 0*/#Ti of the OL-Ti reference standard with variable proportion
of double spike (p), in the sample-spike mixture. The shaded grey region shows the range of p for
samples measured in 3 separate analytical sessions during October 2020 and hence the lack of bias on
0%/47Ti due to variable sample:spike proportions; B) 0*/47Ti of OL-Ti solutions doped with different Ca
concentrations. In both figures the filled (black) hexagon represents the mean of un-doped OL-Ti
solutions that were measured as unknows (n=9).

The optimisation of spiking methods is a matter of some debate, particularly
regarding whether double or triple spikes provide better errors (e.g. Galer and
Abouchami, 1998). In developing their “double spike toolbox” Rudge et al. (2009)
proposed the best optimum double spike composition for Ti involves *Ti, but the
calculations did not incorporate the effect of isotopic anomalies. Millet and Dauphas
(2014) developed a refined spike composition Monte-Carlo simulations to evaluate all
double and triple spike compositions in *Ti-*’Ti-*#Ti-*Ti space, the results of the
simulation were displayed in a tetrahedron, the bases of which are defined by three
pure spikes, with the Ti standard at the apex. The areas with the lowest error were
consistently confined to edges of the selected ternary error map, with error increasing
with proximity to the centre (Millet and Dauphas, 2014). This demonstrates that for
Ti, double spikes consistently provide better errors than triple spikes, with the optimal
double spike composed of 50% #Ti and 50% *Ti, which provides the lowest errors

when mixed in 48:52 proportions with the sample (Millet and Dauphas, 2014).
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During the course of this study a calibration check was performed in order to re-
confirm the ideal sample:spike proportion first proposed by Millet and Dauphas
(2014; Fig. 2.2). In the process, this also enabled an assessment of the extent to which
variable sample:spike proportions can bias the d*/*Ti compositions of the OL-Ti
standard used for standard-sample bracketing. The results of this calibration check
are shown in Fig. 2.2, and suggest the optimal range of the double spike proportion
(p) is ~0.47-0.53 (Fig. 2.2). Doping of OL-Ti with varied amounts of Ca was also carried
out (Fig. 2.2) to test the effect of “*Ca and **Ca, which are isobaric interferences (Millet
and Dauphas, 2014) and the ability of the Ca interference built into the data reduction
code. Fig. 2.2 illustrates the correction of isobaric interferences is accurate to < 0.01 V

of measured *#Ca/*Ti.

2.2 Titanium Isotope Sample Preparation

For the duration of this study sample preparation first requires digestion of 10-
60 mg (amount is dependent on the TiO: concentration of the sample to achieve at
least 5 pg of natural Ti) of fine-powdered silicate rock sample or geo-standard in
concentrated 1:1 mixture of HNOs and HF at 120°C for a period of at least 48 hours.
An additional 2 ml of concentrated HNO: is then added and evaporated to incipient
dryness. Following this step, each sample is taken up in 500 pl of concentrated HNOs
and dried down, this step is repeated 3 times. The sample is then taken up in 6 M HCl
with the addition of ~30 mg of HsBOs into the solution to ensure the removal of any
fluorides that would sequester Ti out of the sample solution. Finally, an aliquot
containing 5-10 pg of Ti is taken from the sample solution and mixed with a #Ti-*Ti

double spike in a 48:52 ratio based on the calibration of Millet and Dauphas (2014).

2.3 Titanium Isotope Cation-Exchange Chromatography

The following procedures were performed at the clean laboratory housed in the
Cardiff Earth Laboratory for Trace Element and Isotope Chemistry (CELTIC) at
Cardiff University School of Earth and Environmental Sciences. Titanium is separated

from the sample matrix using Eichrom DGA resin. The procedure adopted in this
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thesis is based on the method initially developed by Zhang et al. (2011) and later
modified by Millet and Dauphas (2014). The method used by Millet and Dauphas
(2014) is outlined in Table 2.1. This study used a double pass of Step 1 only. Following
purification, Ti fractions are treated repeatedly with a 1:1 mixture of concentrated

HNOs and 30% H20: to remove any organic material.

Table 2.1 Two-step cation exchange chromatography procedure for Ti purification of samples for MC-
ICP-MS analysis. For this this thesis Step 1 was repeated twice. Step 2 is only necessary for extra-
terrestrial samples (chondrites meteorites) enriched in Mo, which is an interference on Ti (e.g. Zhang et
al., 2011)

Step 1 — Acid Volume
DGA Resin (mD)
Clean MQ 20
Clean 3 M HNOs3 10
Condition 12 M HNO:3 10
Introduction Sample in 12 M HNO; 5
Wash 12 M HNO:3 20
Collect Ti 12 M HNO:; + 1 wt% H»0; 10
Clean MQ 20
Clean 3 M HNOs3 10
Step 2 -
AG1-X8 resin
Clean MQ 5
Condition 4 M HF 6
Load Sample in 4 M HF 2.5
Wash 4 M HF 10
Collect Ti 9M HCI1 + 0.01 M HF 5

2.4 Titanium Stable Isotopic Analysis via MC-ICP-MS

2.4.1 TiIsotope Measurements using a Nu Plasma II MC-ICP-MS

Ti isotope measurements in this study were performed using a Nu Instruments
Plasma II MC-ICP-MS at the Cardiff Earth Laboratory for Trace Element and Isotope

Chemistry (CELTIC). All results are given relative to the Origins Laboratory Titanium
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reference material (OL-Ti). Sample concentrations over the course of this study range
from 0.5-1.3 pg/mL. Samples were taken up in 0.3 M HNOs + trace HF solution and
introduced to the mass spectrometer though an Aridus II desolvating nebuliser used
with Ar. The instrument was fitted with nickel (Ni) jet-sampler and Ni (H) skimmer
cones. The measurements were performed in medium resolution mode, with a
resolution power (5-95% peak definition, AM/M) in the range of ~ 4,000 which was
sufficient to clearly identify the peak shoulders of the Ti isotopes, and simultaneously
to counter the effect of non-resolvable polyatomic interferences such as *SiF and
UN1O:H* that can be introduced via the analyte solution (0.3M HNOs — 0.005M HF),
which give inference on #Ti. The “peak shoulder’ is used to define an interference-free
mass range on the respective mass, as polyatomic interferences are typically heavier
than the respective mass. Titanium ion beam intensity ranged from 30-60 V on
amplifiers with 10" Q) resistors in their feedback loop. Ca interference on *Ti and “Ti
was monitored at mass 44 and corrected during data reduction if necessary.
Measurements of an individual sample consisted of 50-60 cycles with an integration
time of 10 s. To account for small unresolved polyatomic interferences on #Ti due to
the presence of F from the sample solution and Si from the torch (*Si"F), samples are
bracketed by measurements of the double spiked OL-Ti standard (Millet and
Dauphas, 2014; Millet et al., 2016). The cup configuration used on the Nu Plasma II at
the CELTIC lab is provided in Table 2.2.

Table 2.2 Cup configurations used on the Nu Instruments Plasma II MC-ICP-MS at the Cardiff Earth
Laboratory for Trace Element and Isotope Chemistry (CELTIC) during this study.

Collectors

H10 H9 H7 H4 Ax L2 Integration

Time (s)

Mass  49.008 48.009 47.010 46.011 44.679 44.013 10
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2.4.2 Data Reduction

Data reduction was performed offline using the algebraic method of (Millet and
Dauphas, 2014), with uncertainty estimates calculated via Monte-Carlo simulation.
The code for the data reduction scheme was written in Python using the NumPy
(Harris et al., 2020), SciPy (Virtanen et al., 2020), and OpenPyXI (Gazoni and Clark,
2018) packages. Results are reported relative to the OL-Ti standard as 0**Tiormi
(hereafter abbreviated as d*/#Ti) in accordance to the definition of Coplen (2011). To
assess the long-term reproducibility of 0*#Ti measurements conducted over the
duration of this study, a compilation of the #Ti compositions of individual
measurements of the OL-Ti standard from all measurement sessions at Cardiff from
October 2018 to June 2021 are given in Fig. 2.3. This yielded a mean OL-Ti 0*/*Ti value
of -0.001 £ 0.029 %o (2s, n=104, Fig. 2.3).
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Fig. 2.3 Compilation of d*/#7Ti compositions of OL-Ti measured over the duration of this study showing
the long-term reproducibility. Open diamonds represent individual measurements, whereas the black
hexagons give the mean of a whole measurement session (error bars represent the 95% confidence
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interval). The shaded grey area represents the overall mean OL-Ti 6*/#7Ti value of -0.007 + 0.032 %o (2s,
n=107). All data is provided in Appendix E1.

Repeated measurements of Geological (BCR-2, BHVO-2, JB-2, and RGM-2) and Ti
solution (Alfa Aesar Ti-wire and Ti solution) reference materials measured over the
duration of this study are in excellent agreement with previously published values as

shown in Fig. 2.4. Data for all reference materials are provided in Appendix E1.
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Fig. 2.4 8*/*"Ti compositions of reference geo-standards and Ti solution reference materials measured
over the duration of this study; literature values (open symbols) are shown for comparison (Millet and
Dauphas, 2014; Williams, 2015; Millet et al., 2016; Greber et al., 2017b; Greber et al., 2017a; Deng et al.,
2018; Deng et al., 2019; Johnson et al., 2019; Aarons et al., 2020; Kommescher et al., 2020; Klaver et al.,
2021; Williams et al., 2021). All data is provided in Appendix E1.

2.5 Quantitative Petrographic Methods

2.5.1 Scanning Electron Microscopy

A thorough petrographic assessment of the samples in this study was
undertaken by obtaining back-scatter electron (BSE) and element maps of Fe-Ti oxide

grains in polished ~2.5 cm diameter thick sections targeted as candidates for Ti isotope
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analyses. BSE images were acquired at 1024-pixel resolution using a Zeiss Sigma HD
Field Emission Gun SEM at the School of Earth and Environmental Sciences, Cardiff
University at 15 kV using a 60 um diameter final aperture. Element maps were
acquired using two Oxford Instruments 150 mm? Energy Dispersive X-ray
Spectrometry (EDS) silicon drift detectors on the same SEM. Operating conditions for
element maps were set at 20 kV with a 120 um aperture and a working distance of 8.9
mm, resulting in a nominal beam current of 4 nA. BSE images and element maps were
acquired using Oxford Instruments Aztec software version 5.0. Individual grains were
mapped at image resolutions of 512 by 384 or 1024 by 768 pixels. A process time of 0.5
us was used for EDS with a pixel dwell time of 2250-4500 us. The resulting element
maps were processed using the Aztec software to perform background correction and

element overlap deconvolution.

2.5.2 Major Element Mineral Chemistry

Major element chemistry of Fe-Ti oxides (Appendix E3) was acquired using the
same SEM instrument described in Section 2.5.1. Major element analyses were
performed at 20 kV with a final aperture size of 60 um and a 2 us process time with a
dead time around 50%, resulting in output count rates of 135,000 cps. A live time of
ten seconds was used for each analysis. Checks for beam stability and analytical drift
were conducted at 30-minute intervals throughout each session using a Co reference
standard. A live time of ten seconds was used for each analysis. Measurements were
calibrated using a suite of reference materials (Fe on ASTIMEX magnetite, Ti on
Smithsonian ilmenite) and data accuracy was monitored by measuring Smithsonian
magnetite and ASTIMEX rutile, and Smithsonian ilmenite as secondary standards.
The precision and accuracy of mineral secondary standard measurements are
reported in Appendix E3. Analytical procedures for the major element concentrations
obtained for rutile and glass from the rutile-melt experimental run products

(MHD15_1 and HD4_4) are reported in Klemme et al. (2005).
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2.6 Micro-milling and In-situ Sampling

Individual Fe-Ti oxide crystals (ilmenite, titanomagnetite and rutile) and
groundmass (or silicate glass in the case of the rutile-melt experimental run products)
were micro-sampled at the School of Earth and Environmental Sciences, Cardiff
University, using a NewWave Micro-Mill that was operated within a laminar flow
hood using Horico tungsten carbide drill bits with a diameter of ~100 pum. The
methodology utilised in this study is adapted from Jansen et al. (2018), with similar
techniques having been utilised successfully in previous studies (e.g. Charlier et al.,
2006). Fe-Ti oxide grains were targeted based on certain criteria which included a lack
of chemical zoning and the possession of subhedral to euhedral crystal habits, booth
oof which were assessed using the scanning electron microscope (see section 2.5 and
chapter 4). Prior to drilling, drill bits were cleaned by submerging them in a clean glass
beaker with Milli-Q water and washing them in an ultrasonic bath filled with Milli-Q
for 15 minutes. A grid of spots was placed on targeted crystals to maximise the surface
area drilled. A drop of Milli-Q was placed on the target prior to engaging the drill to
capture the drilled material in suspension. At regular intervals, the Milli-Q containing
the drilled material was pipetted into pre-cleaned 7 ml PFA beakers, and new drops
of Milli-Q were added to ensure maximum recovery of drilled sample during drilling.
Drilling speed was set at 65%, with 75-100 um/s scan- and drill plunge speeds during
drilling. For Fe-Ti oxide grains a drill depth of 75 um was chosen which produces a
hole of approximately 250 pm in diameter. A larger drill depth of 100 um was used
for groundmass targets, resulting in holes approximately 400 um in diameter. The
duration of micro-milling varied from 5-30 minutes per target, depending on the size
and TiO2 concentration of the target. To avoid sampling bias, a range of grain sizes
from 250 to 600 were targeted um, with titanomagnetite grains in Heard Island
typically being smaller than ilmenite. As multiple crystals were drilled from the same
sample, the sample surface was cleaned with Milli-Q and ethanol before drilling the
next crystal. For each sample the phase with the lowest TiO2 contents (i.e., groundmass

or glass) was drilled first to limit the risk of contamination from drilling of TiO: rich
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phases in the same sample. The acicular habit of rutile in the experimental run
products of Klemme et al. (2005) presented a challenge for precise micro-milling of
pure phases as many possess a diameter of <100 um. To circumvent this problem, I
specifically targeted rutile-glass mixtures in different proportions (in addition to
milling as close to the pure end member phases as possible) which I later utilise to

calculate compositions via endmember unmixing (see Chapter 4 for details).
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Chapter 3: Controls on Ti isotope Fractionation During
Magmatic Differentiation

3.1 Abstract

Titanium offers a burgeoning isotope system that has shown significant promise
as a tracer of magmatic processes. Recent studies have shown that Ti displays
significant mass-dependent variations linked to the crystallisation of Fe-Ti oxides
during magma differentiation. This chapter presents a comprehensive set of Ti isotope
data for a range of differentiation suites from alkaline (Ascension Island, Afar and
Heard Island), calc-alkaline (Santorini) and tholeiitic (Monowai seamount and
Alarcon Rise) magma series to further explore the mechanics of Ti isotope
fractionation in magmas. Whilst all suites display an increase in 6*/*/Ti (deviation in
¥Ti/*Ti of a sample relative to the OL-Ti reference material) during magma
differentiation relative to indices such as increasing 5iO: and decreasing Mg#, the data
reveal that each of the three-magma series have contrasting 0*#Ti fractionation
patterns over comparable ranges of 5iO2 and Mg#. Alkaline differentiation suites from
intraplate settings display the most substantial range of variation (0*#Ti = +0.01 to
+2.32%o0), followed by tholeiites (-0.01 to +1.06%o0) and calc-alkaline magmas (+0.06 to
+0.64%o). Alkaline magmas possess high initial melt TiOz contents which enables early
saturation of ilmenite + titanomagnetite and a substantial degree of oxide
crystallisation, whereas tholeiitic and calc-alkaline suites crystallise less oxide and
have titanomagnetite as the dominant oxide phase. Positive slopes of FeO*/TiOz vs.
SiO: during magma differentiation are related to high degrees of crystallisation of Ti-
rich oxides (i.e., ilmenite). Bulk solid-melt Ti isotope fractionation factors co-vary with
the magnitude of the slope of FeO*/TiOzvs. S5iO: during magma differentiation, this
indicates that the modal abundance and composition of the Fe-Ti oxide phase
assemblage, itself controlled by melt composition, governs Ti isotope fractionation
during magma evolution. In addition to this overall control, hydrous, oxidised calc-

alkaline suites display a resolvable increase in 0*#'Ti at higher Mg# relative to drier
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and more reduced tholeiitic arc suites. These subparallel Ti isotope fractionation
patterns are best explained by the earlier onset of oxide segregation in arc magmas
with a higher oxidation state and H2O content. This indicates the potential of Ti

isotopes to be utilised as proxies for geodynamic settings of magma generation.

3.2 Introduction

As a result of recent advances in mass spectrometry a growing arsenal of non-
traditional mass-dependent isotope systems have been applied to investigate the
evolution of the Earth and other terrestrial bodies in the solar system, such as Mg
(Teng et al., 2010; Hin et al., 2017), Ca (Simon and DePaolo, 2010; Chen et al., 2019), Fe
(Craddock and Dauphas, 2011; Debret et al.,, 2016), Cr (Bonnand et al., 2016;
Schoenberg et al., 2016), V (Prytulak et al., 2013; Prytulak et al., 2016; Sossi et al., 2018)
and Ni (Klaver et al., 2020). In particular, analytical advances have enabled increasing
application of non-traditional isotopes to study high temperature processes, such as
magmatic differentiation, where magnitudes of equilibrium isotope fractionation
were generally inferred to be too small to resolve prior to the advent of high-resolution
MC-ICP-MS (Zhang et al., 2011; Millet et al., 2012; Millet and Dauphas, 2014; Teng et
al., 2015; Willbold et al., 2016; McCoy-West et al., 2017; Nanne et al., 2017). Titanium
is a refractory lithophile element that is highly fluid-immobile and abundant in
igneous rocks. It has been used extensively within igneous geochemistry to trace
magmatic processes and mantle source composition, including delineating island arc
signatures in the geologic record (Pearce and Cann, 1973; Shervais, 1982), and more
recently, enriched mantle sources in ocean islands (Prytulak and Elliott, 2007). In stark
contrast to the use of Ti concentrations, the mass-dependent isotopic composition of
Ti has only recently been investigated and applied as a novel isotopic tool to study
magmatic processes (Millet et al., 2016; Greber et al., 2017b; Greber et al., 2017a; Deng
et al., 2018; Deng et al., 2019; Johnson et al., 2019)

Titanium is present in several co-ordination states within magmatic systems: it

predominantly exists in 5-fold co-ordination in silicate melts but can also occupy 4-
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fold and 6-fold co-ordination in silicic and mafic melts respectively (e.g. Farges et al.,
1996; Farges and Brown, 1997). Mass-dependent isotope fractionation theory dictates
that equilibrium mass-dependent isotope fractionation is driven by contrasts in co-
ordination number, which by extension control bond strength, with heavy isotopes
preferring stronger bonds and vice versa (e.g. Schauble, 2004; Young et al., 2015). As
the Ti budget of igneous rocks is controlled by Fe-Ti oxides, such as titanomagnetite
(Fe**[Fe*,Ti]204) and ilmenite (FeTiOs), in which Ti is predominantly hosted in 6-fold
sites, the crystallisation of Fe-Ti oxides should consequentially be the main driver of
Ti isotope fractionation in magmatic systems, with 6*/#’Ti progressively increasing
from basaltic to rhyolitic compositions (Millet et al., 2016; Deng et al., 2019; Johnson et
al., 2019). Because Fe-Ti oxide saturation in magmatic systems is controlled in part by
the intimate link between magma redox state and water content, this suggests that Ti
isotopes have the potential to provide insights into the oxidation state and water
content of mantle melts. This property holds promise because, in contrast to other
redox sensitive elements such as Fe (Sossi et al., 2012; Dauphas et al., 2014b) and V
(Prytulak et al., 2016; Sossi et al., 2018), Ti only exists in one valence state in terrestrial
magmatic environments as Ti* (Millet et al.,, 2016). This removes the additional
complexity of mass-dependent isotope fractionation between different redox states
e.g., Fe?* and Fe* (Williams et al., 2004; Sossi et al., 2012; Dauphas et al., 2014b).
Previous work (Millet et al., 2016; Deng et al., 2019; Johnson et al., 2019) has
demonstrated the utility of Ti isotopes as tracers of oxide-melt equilibrium. These
studies report magmatic samples exhibiting a progressive increase in 0*/+TioLi
(deviation in *Ti/*Ti in a sample relative to the OL-Ti reference material; hereafter
written as 0*/#"Ti) with increasing SiO2 (wt%). This was attributed to the crystallisation
of Fe-Ti oxides, in which isotopically light Ti is preferentially incorporated, thus
enriching the remaining melt in heavy Ti isotopes. Greber et al. (2017) recently utilised
this relationship to constrain the composition of continental crust through time,
identifying Ti isotope signatures in Archean shales that indicate that they were likely

derived from a felsic protolith. However, Deng et al. (2019) observed a greater range
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of fractionation in differentiated samples from sub-alkaline intraplate lavas from the
Afar rift and Hekla in Iceland (8*#7Ti of -0.005 to +2.012%o) compared to that of the
calc-alkaline Agung suite (0*/#Ti of +0.054 to +0.259%0) measured by Millet et al. (2016)
and argued for an auxiliary role of melt structure linked to the propensity of more
silicic melts to contain a higher proportion of Ti in 4-fold co-ordination (e.g. Farges et
al., 1996; Farges and Brown, 1997). The current data set of mass-dependent Ti isotope
data for differentiated samples is limited; hence, it is difficult to ascertain if other
controls beside Fe-Ti oxide crystallisation exist. The main objective of this contribution
is to present high-precision 6*#’Ti measurements of complete differentiation suites in
order to: (i) better quantify the fractionation behaviour of Ti isotopes during magmatic
differentiation in different magmatic series (alkaline, calc-alkaline and tholeiitic); (ii)
determine the presence of auxiliary controls to oxide-melt equilibrium that can either
serve to help or hinder Ti isotope fractionation, such as discerning the significance of
ilmenite versus titanomagnetite crystallisation as these phases have different Ti
bonding environments and thus potentially different fractionation factors (e.g. Leitzke
et al., 2018; Wang et al., 2020); and (iii) investigate the potential of Ti isotopes to serve

as proxy for the conditions of magma evolution such as redox and melt H>O content.

3.3 Sample Context and Background

In order to investigate the behaviour of Ti isotopes during magmatic
differentiation, a diverse range of predominantly basalt to rhyolite differentiation
suites from different geodynamic settings with distinct differentiation trends; alkaline,
calc-alkaline and tholeiitic were selected. Whole rock major element variation
diagrams and discrimination diagrams for these suites reveal distinct evolution
patterns for each of the three magma series investigated here (Fig. 3.1; Table 3.1). This
is particularly evident in K2O and total alkalis, Mg#, and TiO: (Fig. 3.1). Alkaline
intraplate and tholeiitic lavas typically have low H2O contents and are relatively
reduced (Moore, 1970; Canil, 1999; Campbell, 2001; Dixon and Clague, 2001; Lee et al.,

2005). In contrast, calc-alkaline arc magmas are H2O-rich and oxidised, and hence
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differentiation suites measured in this study (see Appendix E2 and references therein)

, 1986); for the
exhibiting the

distinct major element fractional crystallisation paths characteristic of each suite; Alkaline (red), calc-
alkaline (blue) and tholeiitic (green). Samples measured for Ti isotopic compositions are denoted by the
larger empty symbols. Samples from Deng et al. (2019) are included for comparison. Boundary lines

for K20 vs SiO:z and Total Alkalis vs. SiOz diagrams were taken from Rickwood (1989).

would display earlier onset of Fe-Ti oxide saturation during magma differentiation

(Toplis and Carroll, 1995; Howarth and Prevec, 2013; MacLeod et al., 2013;

Nandedkar

et al., 2014). Importantly, upon oxide saturation, oxidised magmas crystallise Fe-Ti
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oxides with lower Ti content than more reduced magmas (Toplis and Carroll, 1995;
Berndt et al., 2005; Feig et al, 2010). Calc-alkaline lavas are dominated by
titanomagnetite, with ilmenite only appearing in the late stages of differentiation,
whereas in reduced magmas ilmenite tends to saturate earlier (Berndt et al., 2005; Feig
et al., 2010). Since the pioneering work of Harker and Daly in the early 20" century
e.g. (Harker, 1909; Daly, 1914) it has been established that tholeiitic magmas are
characterised by enrichments in TiO: and FeO during early stages of magma
differentiation, that is less pronounced in calc-alkaline magmas due to earlier
crystallisation of clinopyroxene and Fe-Ti oxides. Alkaline differentiation suites from
intraplate settings display the largest enrichments in TiO: compared with both
tholeiitic and calc-alkaline suites due to their origin as small melt fractions derived
from enriched sources (Prytulak and Elliott, 2007; Fig. 3.1 a and b). The salience of this
origin is that their elevated TiO: contents enables them to stabilise both
titanomagnetite and ilmenite during the early stages of magmatic differentiation
(Toplis and Carroll, 1995). Additionally, these intraplate magmas tend to have an
intermediate oxygen fugacity between that of mid-ocean ridge tholeiites and calc-
alkaline arcs (Kress and Carmichael, 1991).

The suites measured in this study were selected based on the criteria that they
are the product of magma differentiation by fractional crystallisation with very
limited modification by magma mixing or hybridisation. Evidence for the general
absence of magma mixing in the studied suites comes from the scarcity of reverse
zoning and disequilibrium textures e.g. Ascension Island (Chamberlain et al., 2016;
Chamberlain et al., 2019) and Santorini (Klaver, 2016), lack of radiogenic isotope
variation in Agung (Dempsey, 2013), Heard Island (Barling and Goldstein, 1990;
Barling et al., 1994; Barling, 1994), and Monowai (Timm et al.,, 2011), or the
preservation of the FeO*, TiO, and incompatible trace element enrichment along a
single liquid line of descent in magmas recording the early stages of magma
differentiation in Alarcon Rise (Clague et al., 2018), Monowai (Kemner et al., 2015) and

the Afar Rift (Field et al., 2013). Whilst magma mixing is often invoked as the main
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mechanism of generation of intermediate arc magmas e.g. (Reubi and Blundy, 2009;
Laumonier et al., 2014; Millet et al., 2014), Santorini is unusual as its eruptive products
are the result of low-pressure fractional crystallisation without significant magma
mixing as indicated by patterns of major and trace element variation (Nicholls, 1971;
Barton and Huijsmans, 1986; Huijsmans et al., 1988; Huijsmans and Barton, 1989;
Michaud et al., 2000; Zellmer et al., 2000). Volcanic units on Santorini that do show
geochemical evidence for magma mixing, such as the Therasia dome complex and

Cape Riva Tuff (Fabbro et al., 2013), are excluded from this study.

Table 3.1 Summary of intensive variables of magmatic differentiation and oxide petrography for Afar
(Field et al., 2013); Ascension Island (Chamberlain et al., 2019), Heard Island (Barling, 1990); Santorini
(Andujar et al., 2015,2016); Alarcon Rise (Clague et al., 2018) and Monowai (Kemner et al., 2015)
differentiation suites measured for their Ti isotopic composition in this study. * indicates intensive
variables and Fe-Ti oxide compositions that are derived from Rhyolite MELTS (Gualda et al., 2012).
H20 (wt%) is based on estimates for the parental magma of each differentiation suite. Ti-mag =
titanomagnetite, Ilm = ilmenite. TiO2 (wt%) contents for titanomagnetite and ilmenite are average
compositions taken from representative datasets from the cited literature and GEOROC
(http://georoc.mpch-mainz.gwdg.de/georoc/) in the case of Santorini

_ . P H.0 . TiO, TiO,
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A summary of both the intensive variables for each differentiation suite and Fe-
Ti oxide petrography and composition is provided in Table 3.1. A brief summary of

the geologic context of each sample suite is also provided in Table 3.1.

3.3.1 Alkaline differentiation suites
3.3.1.1 Dabbahu, Afar Rift, Ethiopia

The Afar samples were collected from Dabbahu composite volcano in the
Manda-Hararo segment of the Afar Rift, Ethiopia in East Africa which has been active
for over 67 ka (Field et al., 2013) and cover a compositional range from alkali basalt
through trachyandesite to peralkaline rhyolite produced via closed system
fractionation (Field et al., 2013). Samples in this study encompass a S5iO2 range of 47 to
75 and 8.5 wt% to 0.02 wt% in MgO, while TiO: contents of the Afar lavas range from
0.16 to 2.9 wt%, with the peak in TiO: occurring at a Mg# of 34. It is important to note
that the Afar samples measured by Deng et al. (2019) are taken from the study of Pik
et al. (2006), which were sampled from a different part of the East African rift (Stratoid
Series) than those measured in this study and differ slightly in their bulk
geochemistry. The Dabbahu sample set has a higher peak TiO: content, larger range
of Mg# (Fig. 3.1, Appendix E2) and is moderately richer in alkalis (Fig. 3.1). Both
titanomagnetite and ilmenite are present as crystallising phases during the entirety of
magma differentiation in Afar samples (Table 3.1.), with the tendency for the modal

proportion of ilmenite to increase in more evolved lavas (Field et al., 2013).

3.3.1.2 Ascension Island

Ascension Island is located in the southern Atlantic Ocean, 90 km west of the
Mid-Atlantic Ridge. The onset of volcanism occurred 5-6 Ma ago, with subaerial
volcanism occurring from ~ 1 Ma to present (Jicha et al., 2013; Preece et al., 2018). The
samples are products of alkaline magmatism and fractional crystallisation
(Chamberlain et al., 2016; Chamberlain et al., 2019) and cover a similar compositional
range to that of the Afar samples. SiO: contents range from 48 to 72.3 wt%, MgO

contents from 6.1 to 0.1 wt%, and the TiO: contents from 0.23 to 2.9 wt% and the
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maximum in TiO:2 contents occurs at Mg# of 46.5 (Fig. 3.1). Similar to the Afar Rift,
both mafic and felsic lavas have titanomagnetite and ilmenite in their crystal cargo,
with the relative proportion of ilmenite versus titanomagnetite tending to increase in
more intermediate and evolved lavas based on major and trace element modelling

(Chamberlain et al., 2019).

3.3.1.3 Heard Island

The Heard Island samples were collected from the Laurens Peninsula Series on
the Mt. Dixon volcanic cone (<1 Ma; Clarke et al., 1983) from Heard Island in the
southern Indian Ocean (Barling, 1990; Barling and Goldstein, 1990; Barling et al., 1994;
Barling, 1994). The lavas of the Laurens Peninsula Series display a unique chemistry
compared to other ocean island suites with extreme enrichments in TiOg,
encompassing a range of 0.7 to 5.4 wt% (Barling, 1994) with the peak occurring at Mg#
~ 55. The lavas are also highly enriched in alkalis, being shoshonitic, and cover a
compositional range of basanite to trachyandesite. The samples span a range in SiO:
from 45. to 60 wt% and MgO contents range from 7.4 to 0.6 wt%. A striking petrologic
feature of the Heard Island lavas in the unusually high modal abundance of Fe-Ti
oxides (~17.5 - 20% of phenocrysts; titanomagnetite + ilmenite) in basanitic lavas
(Table 3.1.) which is reflective of their high initial TiO2 contents (Barling, 1994; Barling
et al., 1994). Silicic lavas are less phyric but titanomagnetite and ilmenite are still

dominant phenocryst phases (~5-15%; Barling, 1990).

3.3.2 Calc-alkaline differentiation suites
3.3.2.1 Santorini

Eight samples were measured from Santorini volcano in the South Aegean
Volcanic Arc, Greece (Klaver et al., 2016b; Klaver et al., 2016a). The Santorini samples
(all <500 ka) form a complete medium to high-K calc-alkaline fractionation trend from
basalt to rhyodacite. Santorini is the most hydrous differentiation suite sampled in this
work with estimates of the initial H2O contents in primitive lavas ranging from 3-5

wt% (Andujar et al., 2015). SiO:2 contents of the samples ranges from 51 to 71.5 wt%,
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6.9 to 0.70 wt% for MgO, and TiO: contents ranging from 0.43 to 1.22 wt%, reaching a
peak at Mg# of 44. On the basis of patterns of major and trace element variation the
studied Santorini samples were generated mainly as a result of low-pressure fractional
crystallisation under hydrous conditions (Nicholls, 1971; Barton and Huijsmans, 1986;
Huijsmans et al., 1988; Huijsmans and Barton, 1989; Michaud et al., 2000; Zellmer et
al., 2000; Andujar et al., 2015; Andtjar et al., 2016). Primitive lavas in Santorini contain
minor amounts of titanomagnetite (Nicholls, 1971), with the appearance of more Ti-
rich titanomagnetites in andesitic and dacitic lavas, accompanied by minor ilmenite

(Table 3.1.; Nicholls, 1971).

3.3.3 Tholeiitic differentiation suites
3.3.3.1 Monowai seamount

The Monowai seamount is situated in the Tonga-Kermadec arc (Timm et al,,
2011). The lavas range from tholeiitic basalts through to andesite, with their
geochemical variation being consistent with fractional crystallisation under relatively
anhydrous conditions (<1.1 wt% H20) acting as the major process based on
petrography and patterns of major and trace element variation (Timm et al., 2011;
Kemner et al., 2015). The S5iO: contents of these samples range from 51 to 61 wt%, 6.9
to 1.0 wt% for MgO, with TiO: contents encompassing a range of 0.57 to 1.17 wt%,
reaching a peak in TiOz contents at Mg# of 44.20. Petrography indicates the onset of
titanomagnetite crystallisation at ~ 4 wt % MgO (Timm et al., 2011; Kemner et al.,
2015). Magnetite is present in basaltic and basaltic andesite lavas as a groundmass
phase, but major element variation and least squares modelling suggest it is Ti-poor

(Kemner et al., 2015).

3.3.3.2 Alarcon Rise

Situated adjacent to the southeastern tip of Baja California (Mexico), Alarcon Rise
forms part of the northernmost segment of the East Pacific Rise. It is a unique MORB
differentiation suite spanning a compositional range from basalt through to andesite

and rhyolite with up to 77 wt% SiO: (Clague et al., 2018; Portner et al., 2021). Alarcon
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Fig. 3.2 Variations of d*47Ti (%o) versus (a) SiO, content, (b) Mg#, (c) TiOz and (d) V contents (where
data is available). Uncertainties for 0*/47Ti (95% confidence interval measurement precision) are smaller

than the size of the symbols.
rise contains the first known rhyolites to have originated from a mid ocean ridge
setting, with their geochemistry being consistent with petrogenesis via fractional
crystallisation (Clague et al., 2018; Portner et al., 2021). The SiO: contents of samples
selected for this study range from 49 to 77 wt%, 8.9 to 0.1 wt% for MgO. The peak TiO:

contents of the suite ranges from 0.17 to 3.0 wt% with the peak coinciding with an Mg#
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of ~40. Fe-Ti oxide saturation in Alarcon Rise occurs at approximately ~4.5 wt% MgO,
with titanomagnetite appearing first in the crystallising assemblage with minor

ilmenite occurring in the more evolved lavas (Clague et al., 2018; Portner et al., 2021).

3.4 Results

Mass-dependent Ti isotopic compositions for all reference materials and samples
measured in this study are provided in Appendix E2 and illustrated in Fig. 3.2. Data
from previous studies (Millet et al., 2016; Deng et al., 2019; Johnson et al., 2019) are
included for comparison. Samples of all three magma series define broadly similar
trends of increasing 0*/#Ti values with increasing SiO: (Fig. 3.2a), consistent with
previous studies (Millet et al.,, 2016; Deng et al., 2019; Johnson et al., 2019), and
decreasing Mg# (Fig. 3.2b), TiO2 (Fig. 3.2c) and V contents (Fig. 3.2d). As first reported
by Millet et al. (2016), no significant variation is exhibited across primitive basaltic
samples from MORB (tholeiitic), OIB (alkaline) or arc settings (calc-alkaline/tholeiitic),
which fall within analytical uncertainty and define the BSE value. Fractionation
pathways are offset between the different magma series across a given SiO: or Mg#
range yet are internally consistent within each magma series (Fig. 3.2). The following

section outlines the 8**"Ti isotopic variation within each magma series.

3.4.1 Alkaline differentiation suites

Alkaline samples measured in this study define a range from +0.01 + 0.03 %o to
+2.32 +£0.03 %o (Fig. 3.2). The Afar suite spans the greatest compositional range (0*4"Ti
= +0.03 to +2.32 %o), in comparison to Ascension (+0.01 to +2.09 %) and Heard (+0.05
to +0.89). The range of d*/*Ti compositions observed in alkaline intraplate lavas is
comparable to that recently observed in intraplate lavas measured by Deng et al. (2019;
Hekla and Afar) and Johnson et al. (2019; Kilaeua Iki). At a given SiO:2 content, alkaline
suites display a greater increase in d*/#Ti relative to calc-alkaline and tholeiitic magma
series, particularly at more silicic compositions (>65 wt% SiO; Fig. 3.2). Fig. 3.2 shows
that all three alkaline suites exhibit consistent patterns of 8*#Ti variation with respect

to both increasing SiO:and decreasing Mg#.

42



Chapter 3: Controls on Ti isotope Fractionation During Magmatic Differentiation

3.4.2 Calc-alkaline differentiation suites

The 3*/*Ti values of all calc-alkaline differentiation suites included in this study
vary between +0.05 + 0.03 %o and +0.64 + 0.02 %o. The Santorini suite displays a greater
range of variation (+0.06 %o to +0.64 %o0) compared to Agung (+0.05 %o to +0.26 %o; Fig.
3.2) which essentially encapsulates the entire range of 8*#'Ti variation observed thus
far in calc-alkaline arc suites. Calc-alkaline suites display the least fractionation at a
given SiO:2 content (Fig. 3.2a), yet conversely display a larger increase in 0*/#Ti values
at a higher Mg# in comparison to the tholeiitic differentiation suites of Monowai
(tholeiitic island arc) and Alarcon Rise (MOR; Fig. 3.2b). Interestingly, whilst Santorini
lavas exhibit a mild TiO: enrichment trend at high Mg# (Fig. 3.1b), they also exhibit a

resolvable increase in 0*/*Ti over this Mg# range (Fig. 3.2b).

3.4.3 Tholeiitic differentiation suites

The 3*#"Ti composition of samples from the Monowai tholeiitic island arc suite
ranges from -0.01 to +0.27, the smallest magnitude of fractionation of any suite
measured in this study, whereas the mid-ocean ridge tholeiites from Alarcon Rise
range from -0.01 to +1.06 (Fig. 3.2). When plotted against SiO2, the 5*/*’Ti values of the
tholeiitic suites occupy a region between the alkaline and calc-alkaline suites (Fig.
3.2a). However, at a given Mg#, tholeiitic suites display lighter &94Ti values

compared to both calc-alkaline and alkaline magma series (Fig. 3.2b).

3.5 Discussion - Controls on the Behaviour of Titanium Isotopes
during Magmatic Differentiation

3.5.1 Titanium isotope fractionation during magmatic differentiation in
different settings

The mass-dependent Ti isotopic composition of samples from alkaline, calc-
alkaline, and tholeiitic differentiation suites reveals increases in 0*/#’Ti that are
correlated with indices of magmatic differentiation such as increasing SiO: content
and decreasing Mg# (Fig. 3.2 a and b). These results are congruous with and

complimentary to earlier work (Millet et al., 2016; Deng et al., 2019). The onset of
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resolvable Ti isotope fractionation coincides with a decrease in TiO: contents in all
suites apart from Santorini (Fig. 3.2c), and in V (Fig. 3.2d). This reinforces the
postulation that these trends are the manifestation of fractional crystallisation of Fe-Ti
oxides, namely titanomagnetite and ilmenite (Millet et al., 2016; Johnson et al., 2019).
Thus, the main driver of Ti isotope fractionation is the proclivity for Fe-Ti oxides to
extract light Ti isotopes from the melt, due to the co-ordination number contrast
between Fe-Ti oxides (predominantly 6-fold) and melt (dominantly 5-fold with minor
6-fold; see Farges et al., 1996, and Farges and Brown, 1997).

A recent study by Deng et al. (2019), based on measurements of samples from
the Afar rift (Pik et al., 2006) and Hekla (Savage et al., 2011), observed that sub-alkaline
lavas from intraplate settings are more fractionated than differentiated lavas from
other settings at a given SiO: content. The data reveal that each of the three-magma
series, alkaline, calc-alkaline, and tholeiitic display distinct 0*/#Ti fractionation
patterns across multiple indices of magmatic differentiation (Fig. 3.2). Importantly, the
majority of 0*#’Ti data in the literature have been reported with SiO: contents as the
sole differentiation index. In this compositional space, alkaline suites display greater
Ti isotope fractionation at a given SiO:2 content relative to tholeiitic and calc-alkaline
suites respectively (Fig. 3.2a). The offset in Ti isotopic compositions between the three-
magma series is particularly apparent at the more evolved end of the fractionation
paths (>65 wt% S5iO2), with samples from alkaline suites surpassing the range recorded
in the other suites by >1 %o (Fig. 3.2). It is noteworthy that the evolved lavas of
intraplate settings are depleted in TiO2 (0.2-0.4 wt% for samples with SiO: >65 wt%)
relative to those of arc settings (0.3 — 1.0 wt% for samples with 5iO2 >65 wt%). This is
consistent with i) large amounts of Fe-Ti oxide crystallisation (e.g. Barling, 1994) and
ii) evolved lavas from intraplate settings being the products of high degrees (>80%) of
fractional crystallisation (e.g., Chamberlain et al.,, 2019), hence the fraction of Ti
remaining in the melt is lower and in accordance with the lever rule the Ti isotopic
variation between primitive and evolved melts is enhanced (Fig. 3.2c). Contrasting

patterns of fractionation emerge depending on the differentiation index used (i.e., SiO:z
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content or Mg#), which can be utilised to better constrain the mechanisms of Ti isotope
fractionation in magmas. In 0*/*Ti-Mg# space, calc-alkaline suites display higher
O¥7T] values relative to tholeiitic suites at a given Mg# (Fig. 3.2b), with tholeiitic series
exhibiting the smallest increase in 0*/#'Ti at a given Mg# (Fig. 3.2b). These observations
(compared to S5iO2) can be accounted for by the more oxidised and H2O-rich nature of
calc-alkaline magmas, which serves to supress the onset of plagioclase fractionation
and enable the earlier crystallisation of clinopyroxene and Fe-Ti oxides during magma
evolution (Gaetani et al., 1993; Sisson and Grove, 1993; Grove et al., 2003; Berndt et al.,
2005; Feig et al., 2006; Feig et al., 2010; Parman et al., 2011). This effect promotes a
faster increase in SiO: relative to a slower decrease in Mg# during differentiation of
oxidised magmas, thus leading to different trajectories during magma evolution
observed between Fig. 3.2 a and b.

The data also show a systematic offset between alkaline and tholeiitic magma
suites, with alkaline suites always displaying higher 6*/#"Ti relative to tholeiitic suites
at a given SiO: or Mg#. This might be related to the generally higher TiO: content of
alkaline lavas, which controls the composition of the oxide phase(s) at equilibrium
(Toplis and Carroll, 1995). The effect of melt chemistry on the composition of the oxide
phase is best seen in Fig. 3.3, in which the evolution of TiO: concentration and
FeO*/TiO2, which are both strongly controlled by the composition of the oxide phase
(e.g. Shellnutt et al., 2009), is shown with respect to SiO2. The evolution of FeO*/TiO:
with respect to SiO: can be divided into two distinct stages (stage 1 and stage 2) for
each differentiation suite (Fig. 3.3). Each of the three magma series displays a sharp
contrast in slope (i.e. d(FeO*/TiO2)/dSiO:z and dTiO:/dSiOz) between the two stages (Fig.
3.3). The slope d(FeO*/TiO2)/dSiO: ranges from negative in stage 1 of tholeiitic suites
to positive in alkaline suites. The d(FeO*/TiO2)/dSiO: slopes of stage 2 are consistently

more positive than their stage 1 counterparts in each differentiation suite (Fig. 3.3).
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Chapter 3: Controls on Ti isotope Fractionation During Magmatic Differentiation

Fig. 3.3 Whole rock TiO2 vs. SiO2 and FeO*/TiO: vs. SiO:z diagrams of the differentiation suites measured
in this study. Samples measured for Ti isotopic compositions are marked as gold crosses. Data are
reported in Appendix E2. Inflections in both FeO*/TiOz vs. SiO2 and TiO: vs. SiO2 compositional space,
indicated by the dashed lines, define two stages (stage 1 and stage 2) of evolution of each of the suites.
These inflections mark either the appearance or change in the modal abundance and composition of
Fe-Ti oxides (see section 3.5.2 for details).

The range of d(FeO*/TiO2)/dSiO: displayed in the sample suites is best explained
by the crystallisation of oxides of varying compositions, from Ti-poor (negative
slopes) to Ti-rich (positive slopes). This is corroborated by petrographic evidence
indicating that slope inflections in Fig. 3.3 are the manifestation of changes in the
crystallising oxide phase during magmatic differentiation. Indeed, samples that fall
within stage 1 of alkaline suites contain high-Ti titanomagnetite (>19 wt% TiO:) and a
minor amount of ilmenite (>48 wt% TiOz; Table 3.1.), whereas both calc-alkaline and
tholeiitic suites lack ilmenite in stage 1. Calc-alkaline suites (Santorini) crystallise
minor amounts of titanomagnetite and display a weak negative slope. All tholeiitic
suites lack Fe-Ti oxide phenocrysts during stage 1 and display strong negative slopes.
The onset of stage 2 in alkaline suites corresponds to the increase in the modal
proportion of ilmenite relative to Ti-magnetite (Table 3.1.). In contrast for both calc-
alkaline and tholeiitic suites, titanomagnetite becomes dominant and more Ti-rich
than in stage 1. This results in d(FeO*/TiO2)/dSiO: that is more positive in stage 2
relative to stage 1 yet less positive than in alkaline suite due to the absence of

significant amount of ilmenite.

3.5.2 Modelling Ti isotope fractionation during magmatic differentiation

As noted by Deng et al. (2019) the Ti concentration of silicic melts (>65 wt% SiOz)
from different magmatic series are roughly comparable, yet their d*/*'Ti compositions
differ considerably (Fig. 3.2). This suggests that differences in the crystal phases
segregated and/or the total amount of crystallisation during magma evolution in
different magma series control the Ti elemental and isotopic budget of magmas. Here,

these contrasts are investigated using linear regressions (Fig. 3.4).
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The fraction of Ti in a melt (expressed as —In fT1i in order to linearise fractionation
relationships, see below) is derived using the relative differences in concentrations of
TiO2 and the average of two highly incompatible trace elements (for which the bulk
K is <<1 and can effectively be assumed to be 0) that show consistent enrichment
patterns with increasing differentiation (Rb and Th, Rb and Ba, Rb and La, and Ba or
La where appropriate, see Appendix E2) between any sample and the most primitive
sample of each suite as a proxy for the fraction of remaining melt.

Bulk solid-melt fractionation factors (ctsoid-met) were derived empirically by
taking a weighted least squares linear regression between the fraction of Ti remaining
in the melt and the isotopic composition for each differentiation suite. Rearranging the

conventional isotopic Rayleigh distillation equation for fractional crystallisation gives:
Eq.3-1

R4 .
In (le —) — alIn fTi
Ry

Where fTi is the fraction of Ti remaining in the melt, Ra/Ro is the “Ti/*Ti of a
sample (A) relative to the most primitive sample (0) and a is the bulk solid-melt
fractionation factor. The value of a, and related uncertainties, for a set of samples can
then be obtained by weighted least squares linear regression, which one was done for
both stages of each sample suite (Fig. 3.4). As there are currently no published trace
element data for the Alarcon Rise samples, the fractional crystallisation of this suite
was modelled using the Rhyolite MELTS software (Gualda et al., 2012; Fig. 3.5). Using
D395-R11 as a staring composition (Appendix E2) crystallisation occurs under
parameters similar to those specified by Clague et al. (2018), with 0.2 wt % H:0, a
pressure of 800 bar and oxidation state of QFM-1 (Fig. 3.5). Following the approach of
Millet et al. (2016), the Ti isotope evolution of the melt is then calculated using a

Rayleigh distillation law and an isotope fractionation factor between Fe-Ti oxides and
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Fig. 3.4 Ordinary least squares linear regressions of the Ti isotopic evolution of differentiation suites
from each of the three magma series; (a) Afar (alkaline), (b) Ascension (alkaline), (c) Heard (alkaline),
(d) Hekla (data from Deng et al., 2019; sub-alkaline), (e) Santorini (calc-alkaline) and (f) Monowai
(tholeiitic). The fraction of Ti remaining in the melt (-InfTi) was calculated using incompatible trace
elements (see Appendix E2). The Afar suite from Deng et al. (2019) could not be considered due to lack
of available major and trace element data. Ordinary least regressions were performed for each of the
two stages of melt evolution as defined by the major element relationships (Fig. 3.3), with the stage
boundaries demarcated by the coloured dashed lines. Bulk asolia-mett fractionation factors derived from
weighted least squares regression (see section 3.5.2 for details). Bulk asolia-meit values are labelled for each
stage and are shown as dashed black lines. Shaded areas denote the 2s error envelope of the ordinary
least squares linear regression. Stage 1 asolid-melt values re-calculated at the recorded temperature ranges
for stage 2 (see Table 3.1., temperature ranges for stage 1 and 2 of Hekla were sourced from
Hoskuldsson et al., 2007; Lucic et al., 2016; Weber and Castro, 2017) are plotted as dashed black lines
and show that the temperature decrease during magma differentiation cannot account for the observed
range of Ti isotope fractionation (see section 3.5.3 for details).

49



Chapter 3: Controls on Ti isotope Fractionation During Magmatic Differentiation

1.2 T 1.2 7
1.0 ¥ . 10f ®
08 ¥ o 08 ¥
2 1 &
06 ¥ -06
Fﬁ I 3 ]
5 0.4 3 Eoasi
g ] 2 1
o 0.2 é: ® Alarcon Rise i 0.2 ]
] —MELTS Model
0.0 ¥ 0.0
0.2 1 ; . . . . ; -0.2 . . t t + +
45 50 55 60 65 70 75 80 0 1 1 2 2 3 3 4
TiO, (Wt%)

Si0, (wt%)

5% Tigp.1; (%)
5% Tigp.7; (%)

10 0 10 20 30 40 50 60 70 80
Mg#

MgO (Wt%)

Fig. 3.5 Evolution of Alarcon §*/#7Ti values with respect to a) SiOz, b) MgO, c) Mg# and, d) TiOz. The
black dashed line represents a fractional crystallisation model produced using Rhyolite-MELTS
(Gualda et al., 2012) assigned to fit the Alarcon Rise differentiation suite. Sample D395-R11 was used
as a starting composition (see Appendix E2). Crystallisation occurs conditions similar to those specified
in Clague et al. (2018); 0.2 wt.% H20, an oxidation state of QFM-1 and 800 kbar. Best fit for the data was
obtained using a Ti stable isotope fractionation factor between oxides and melt of A*/#7Ti oxide-melt =

-0.38 x 10¢/T2 (with T in K).
melt (A**Tioxide-melt) weighted according to the proportion of Ti sequestered by Fe-Ti
oxides at each step of the model. The best fit for the Alarcon Rise data was achieved
using an empirical value of A**Tioxide-melt = -0.38 %0 x 10°/T? (with T in K).

Titanium isotopic fractionation models reveal that no single fractionation factor
can account for: (i) the full Ti isotopic evolution of all magma series; and (ii) the range
of variation within individual differentiation suites. In all suites where a large range
of magma differentiation is captured (i.e., from mafic to silicic magmas), the bulk
solid-melt fractionation factors for stage 1 and 2 are significantly distinct (Fig. 3.4). The
point at which each linear regression intersects the stage 1/stage 2 boundary from Fig.
3 are consistently within error (Fig. 3.4). Because both stages of magma evolution

occur at different temperatures (Table 3.1.), the effect of temperature on the magnitude
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of Ti isotope fractionation in stage 1 and 2 within each suite must be examined (Fig.

3.4).

3.5.3 The effect of temperature on Ti isotope fractionation

It has been well established that isotope fractionation factors (expressed as Ina)
are proportional to 1/T? (where T is the absolute temperature in Kelvin, e.g., Urey,
1947; Bigeleisen and Mayer, 1947; Schauble, 2004). As such, differences in observed
fractionation factors between sample suites could be linked to difference in the
temperature of magmatic differentiation between geodynamic settings and/or in
magma storage conditions. However, two lines of argument indicate that temperature
does not play a major role in the observed Ti isotope fractionation observed in the
sample suites.

First, the decrease in temperature from stage 1 to stage 2 for all magma suites
could be consistent with the decrease in the bulk asolia-meit. The effect of temperature on
modelled bulk crystal-melt fractionation factors was tested by recalculating minimum
and maximum Qsolid-met Values for stage 1 over the published temperature range of
stage 2 for each suite (Fig. 3.4). Temperatures ranges were derived using multiple
techniques such as Fe-Ti oxide thermometry and various silicate-liquid thermometers
including olivine, plagioclase and clinopyroxene (see Table 3.1. and references
therein). The temperature-dependent models reveal that across all three magma
series, temperature only has a minor influence on the fractionation patterns, as all
models demonstrate that simply decreasing the temperature is not sufficient to alter
the stage 1 asoliamerin order to reach the increased 6*/#'Ti values observed in stage 2

(Fig. 3.4).

51



Chapter 3: Controls on Ti isotope Fractionation During Magmatic Differentiation

T(°C)
16001400 1200 1000 800
I I I I I
1.0002 -
1 0000 as-m 1000°C=1
B B < ST R R R
£ 0.9998 | RN
E i : S o S o
| ~o S
2 0.9996 | N
Q
n
S
0.9994
0.9992
0.9990 ' '
0.0 0.2 0.4 0.6 0.8 1.0
106/T2 (K'z)
B AfarSi [] AfarS2
@® Ascension S1 O Ascension S2
¢ HeardsSl () Heard S2
@ Hekla S1 (Deng et al., 2019) O Hekla S2 (Deng et al., 2019)
A Kilauea Iki (Johnson et al., 2019)
B Agung (Millet et al., 2016)
¢ Santorini S1 () Santorini S2
Bl AlarconS1 [] Alarcon S2
@ MonowaiS1 O Monowai S2

Fig. 3.6 Bulk solid-melt fractionation factors (ctsolid-metr) plotted as a function of 1/T2 (K2). X axis error
bars indicate the range of temperature taken from Table 3.1. for stage 1 and 2 (temperature ranges for
stage 1 and 2 of Hekla were sourced from Hoskuldsson et al., 2007; Lucic et al., 2016; and Weber and
Castro, 2017). Dashed black lines indicate linear functions of sotid-mett versus1/T2 (K-2).

Second, the asolid-melt Values for both stage 1 and 2 do not follow a simple linear
relationship with 1/T? (Fig. 3.6) but instead solia-meit across all three magma series
displays a large variation at a given temperature (Fig. 3.6). Both calc-alkaline and
tholeiitic suites consistently display significantly smaller fractionation factors with
decreasing temperature (increasing 1/T?) compared to alkaline suites (Fig. 3.6)

Consequently, temperature only has a secondary control on Ti isotope fractionation
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during magma evolution and other factors such as melt chemistry and/or structure

govern Ti isotope fractionation during magma differentiation.

3.5.4 Linking contrasting magnitudes of titanium isotope fractionation to
melt composition

Titanium-bearing oxides host Ti in 6-fold co-ordinated sites, whereas Ti is
dominantly present in 5-fold coordination in silicate melts relative to 6-fold co-
ordinated Ti, with 4-fold co-ordinated Ti found in minor amounts only in silicic melts
(Farges et al., 1996). Therefore, the appearance of 4-fold co-ordinated Ti during
magma differentiation may lead to distinct fractionation patterns and increased
isotope fractionation factors in silicic melts relative to mafic melts. The lack of detailed
melt structure data for Ti makes it difficult to estimate how melt composition affects
the Ti coordination as well as over what range of silica content 4-fold co-ordinated
titanium appears and whether it coincides with the boundary between stage 1 and 2
(Fig. 3.3; Fig. 3.4). Nevertheless, the coordination environment in silicate melts can be
qualitatively evaluated using an estimate of melt polymerisation such as NBO/T (i.e.,
the ratio between non-bridging oxygen and tetrahedrally co-ordinated cations; Mills,
1993). Across all the sample suites investigate in this study, it is notable that i) the
decrease in NBO/T is monotonic over the entire SiO: range and ii) all suites broadly
align on the same overall trend, thus indicating no major differences in their respective
coordination environment (Fig. 3.7). Therefore, while more detailed studies of Ti
coordination in silicate melts are warranted, it appears unlikely that melt structure
plays a dominant role in controlling mass dependent Ti isotope variations in
magmatic systems. In contrast, the data suggest that Ti isotope fractionation in
magmas is controlled by the abundance and composition of oxides in the segregating
crystal fraction, which itself is controlled by melt chemistry, especially melt FeO and
TiO:2 content (e.g., Toplis and Carroll, 1995). The boundary between stage 1 and stage
2 does not occur at the same proportion of Ti remaining in the melt (-InfTi) in all suites,
yet it is broadly consistent between suites of the same magma series and corresponds

to major inflections in FeO*/TiO2 vs. SiOz. Importantly, the least fractionated suites
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also have the most Ti remaining in the melt after stage 1 (c. 50% for tholeiitic series),
followed by calc-alkaline (c. 25%) and alkaline (c. 15%). This reflects the amount of Ti
partitioning into the oxide phase, which increases from tholeiites to calc-alkaline and

alkaline magmas.
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Fig. 3.7 Variation of NBO/T (ratio of Non-Bridging Oxygen and Tetrahedrally co-ordinated cations;
Mills, 1993) vs. SiO: for all differentiation suites (Alkaline, Calc-alkaline, and Tholeiitic) measured for
their Ti isotopic composition in this study.

The melt chemistry control on Ti isotope fractionation in magma is further
indicated by a robust covariation between calculated solid-melt fractionation factors
and d(FeO*/Ti0O2)/dSiO: (Fig. 3.8). This correlation holds for all stages and all suites
(including those measured by Deng et al., 2019 and Johnson et al., 2019) apart from
stage 1 of tholeiitic suites, in which there is no resolvable fractionation (Fig. 3.8). All
fractionation factors are recalculated to a common temperature of 1000°C (Fig. 3.8).

The relationship in Fig. 3.8 can be described using a least squares regression as follows:
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Fig. 3.8 (a) Bulk solid-melt fractionation factors (asolid-melt) derived from weighted least squares
regressions calculated at 1000°C (Fig. 4) shown as a function of (dFeO*/TiO2)/dSiO: values taken from
Figure 3.3. Error bars display the 2s uncertainty on the data points. Error related to temperature ranges
for each stage has been propagated. The black line indicates the least squares regression of the data,
with the orange lines indicating the 2s uncertainty of the regression. Data from stage 1 of Tholeiitic
suites are excluded from the regression as they display no resolvable fractionation. A co-variation trend
(R2=0.75) can be observed between decreasing asolid-melt and increasing FeO*/TiO: slope. The
(dFeO*/TiO2)/dSiO2 of Hekla is based on a representative dataset sourced from GEOROC
(http://georoc.mpch-mainz.gwdg.de/georoc/), which includes all samples from Savage et al. (2011). For
Kilauea Iki, (dFeO*/TiO2)/dSiOz is based on selected whole rock and glass data from Helz et al. (1994)
and Greaney et al. (2017) respectively; picrites and olivine basalts have undergone significant
accumulation of olivine phenocrysts (Helz, 1987) and were therefore excluded. The value of -0.39 *
0.06%o (asolid-melt = 0.99961, white triangle) produced by Johnson et al. (2019) plotted for comparison
and is in good agreement with the co-variation shown in Fig. 3.8. Figure symbols are identical to those
shown in Fig. 3.6.

Eq. 3-2
FeO*
ForLiOZ) < —0.75 « =1
dSiOz . solid—melt —
FeO*
For —0.75 < d(TiOZ) +1.6
' dsio, — '
Eq.3-3
FeO*
d(770;)

Xsolid—melt = _3-1E_4 (iSE_S) X + 0.9998 (i?)E_S)

dsio,
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This correlation suggests that the Ti content of Fe-Ti oxides plays an important
role in controlling Ti isotope fractionation during magmatic differentiation, with Ti-
rich oxides having a stronger affinity for light isotopes of Ti than Ti-poor oxides, which
is consistent with the results of a recent ab-initio study of inter-mineral Ti isotope
fractionation by Wang et al. (2020), with rutile (TiOz) possessing a greater fractionation
factor than that of ilmenite and geikielite (MgTiOs). Wang et al. (2020) did not perform
ab-initio calculations for titanomagnetite but postulated that variations in its Ti
contents would also likely affect its fractionation factor. This observation is also
consistent with studies of other isotope systems, namely Fe isotopes, in which spinel
solid-solution plays an important role in controlling equilibrium Fe isotope
fractionation factors (e.g. Roskosz et al., 2015). Studies of the crystal structure of Ti-
bearing oxides indicate that while the Ti-O bonds in titanomagnetite (0.205-0.206 nm)
are longer than in ilmenite (0.197-0.199 nm; Wechsler et al.,, 1984; Wechsler and
Prewitt, 1984) they also display different crystal structure. Titanomagnetite has an
inverse spinel structure with a Fd3m space group (Bragg, 1915; Nishikawa, 1915; Barth
and Posnjak, 1932) which contains one IV-co-ordinated cation and two VI-co-
ordinated cations per four oxygens. At high temperature (>850°C), Fe and Ti can
become randomly distributed between these sites, implying that some Ti in
titanomagnetite may be hosted in 4-folded coordination (Wu and Mason, 1981; O’Neill
and Navrotsky, 1983; Wechsler and Prewitt, 1984). No such disorder could be
observed in the R3 space group of ilmenites up to a temperature of 1050°C (Wechsler
and Prewitt, 1984), where all Ti*is hosted in 6-fold coordination. Thus, the crystal
structure of titanomagnetite provides a potential mechanism by which it does not
fractionate Ti isotopes as much as ilmenite. In addition, such a mechanism would also
imply that the Ti isotope fractionation factor between titanomagnetite and melt should

be linked to its Ti content for a given temperature.
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3.5.5 Implications of redox conditions and water content on titanium isotope
fractionation

The data establishes that at, a given Mg#, calc-alkaline arc suites have a heavier
Ti isotopic composition than tholeiitic suites (Fig. 3.2). However, when the three
individual arc suites are examined in isolation, they define distinct Ti isotopic
fractionation paths (Fig. 3.9). Primitive Santorini samples display an early increase in
O¥M7T] at high Mg#, compared to Agung, which in turn, is heavier than Monowai (Fig.
8). The resolvable Ti isotopic fractionation in basalts and basaltic andesites is a result
of the early onset of Fe-Ti oxide crystallisation (Fig. 3.9). Basaltic magmas at Santorini
have an estimated initial H-O content of 3-5 wt% and fO: ~ QFM +0.5 (Andujar et al.,
2015; Andujar et al., 2016). Based on the methodology of Parman et al. (2010), which
utilises Al2Os vs. MgO fractionation paths as a proxy for the suppression of plagioclase
to infer pre-eruptive H20 contents, Dempsey (2013) derived initial H2O contents of 2-
3 wt% for the Agung suite. Based on major element trends and thermobarometry of
basaltic glasses, Kemner et al. (2015) concluded that Monowai parental basalts contain
between ~0.5-1.1 wt% H:0 and follow a typical tholeiitic and hence a reduced
fractionation path.

The onset of Fe-Ti oxide crystallisation is dependent on the interplay between
initial melt H2O contents and fO:. Toplis and Carroll (1995; 1996) demonstrated that
the saturation temperatures of Fe-Ti oxides are dependent on fO, with oxidising
conditions in calc-alkaline suites being favourable to the early saturation of
titanomagnetite. Increasing the H20 content in a melt depresses the temperature of
when both Fe-Mg silicates and plagioclase appears on the liquidus, whereas magnetite
crystallisation is independent of H2O contents (Sisson and Grove, 1993; Berndt et al.,
2005; Feig et al., 2006; Feig et al., 2010). Experimental studies have examined the
differentiation pathways of tholeiitic basalts (e.g., Berndt et al., 2005; Feig et al., 2006;
Feig et al., 2010) and arc basalts (Sisson and Grove, 1993; Tatsumi and Suzuki, 2009;
Andujar et al., 2015; Melekhova et al., 2015) under differing initial H-O contents and

fO2 conditions. Hydrous experiments on arc basalt starting compositions produced
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both a higher modal abundance of Fe-Ti oxides and greater depletions in TiO: with

increasing H2O (Tatsumi and Suzuki, 2009; Andtjar et al.,, 2015; Melekhova et al,,

2015).
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Fig. 3.9 Variations of 049/47Ti versus Mg# for arc differentiation suites. Distinct fractionation patterns
are observed for the different suites, with suites deriving from wetter and more oxidised parental
magmas displaying earlier onset of Ti isotope fractionation linked to earlier onset of oxide saturation

(see section 3.5.5 for details).

Therefore, the pattern of Ti isotope fractionation observed in the arc
differentiation suites is consistent with earlier oxide saturation, specifically
titanomagnetite, in more hydrous and oxidised magmas (Gaetani et al., 1993; Sisson
and Grove, 1993; Grove et al., 2003), such as Santorini and Agung. The latter have
significantly higher initial HO contents than Monowai which sets differentiating
magmas under different fO. conditions on distinct but subparallel trends in 6*/#"Ti
versus Mg# space (Fig. 3.9). These results indicate that variation of Ti isotope
fractionation between different arc differentiation suites is in part a function of
contrasting magma water content and hence redox conditions. Measurements of Ti

isotopic variations in other arc differentiation suites that have well-constrained redox
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and H:O information, will allow the calibration of Ti isotopes as a novel isotopic proxy

for H20 contents and fO: conditions in arc magmas.

3.6 Conclusions

This study presents a comprehensive investigation of the behaviour of mass
dependent Ti isotope variations in terrestrial magmatic systems to deduce the controls

on its isotopic fractionation. The main conclusions of this study are as follows:

i.  There are contrasting patterns of Ti isotope fractionation during magmatic
differentiation between different magmatic environments related to the
fractional crystallisation of isotopically light Fe-Ti oxides. Of the investigated
magma series, alkaline differentiation suites from intraplate settings display
the most substantial variation in their Ti isotopic composition (0*/#Ti=+0.01 to
+2.32%o), followed by tholeiites (-0.01 to +1.06%o0) and calc-alkaline suites (+0.06
to +0.64%o).

ii.  The co-evolution of FeO*/TiO2 and */#Ti in differentiating magmas indicates
that magnitude of Ti isotopic fractionation is dominantly controlled by the
composition and abundance of Fe-Ti oxides. This, in turn, is linked to the Fe-Ti
contents of primitive magmas. Alkaline suites have a much higher FeO* and
TiO2 melt content which enables the early crystallisation of titanomagnetite and
ilmenite, and a higher modal abundance of Fe-Ti oxides in general. In contrast,
titanomagnetite serves as the dominant control of the Ti budget in the other
suites.

iii.  Arc suites show different Ti isotope fractionation paths that scale with the
redox state and H2O content of parental magmas. Hydrous, oxidised calc-
alkaline suites like Santorini and Agung display an enrichment in heavier Ti
isotopes at a given Mg# relative to drier and more reduced arc tholeiitic suites

such as Monowai.
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Chapter 4: Empirical and Experimental Constraints on
Fe-Ti Oxide-Melt Titanium Isotope Fractionation
Factors

4.1 Abstract

Studies of the titanium (Ti) isotope composition of terrestrial igneous rocks have

revealed significant mass-dependent variations, with i) felsic rocks exhibiting
isotopically heavier compositions in comparison to mafic rocks; and ii) alkaline
magmas displaying heavier Ti isotope compositions than tholeiitic and calc-alkaline
magmas at similar 5iO:2 content. This fractionation pattern is the manifestation of Fe-
Ti oxide-melt equilibria, with light Ti isotopes preferentially sequestered by Fe-Ti
oxides, which results in a progressive enrichment of heavy isotopes in co-existing melt
during magmatic differentiation. Quantitative constraints on equilibrium Ti isotope
fractionation between different species of Fe-Ti oxides (titanomagnetite, ilmenite and
rutile) and silicate melts are, however, still lacking. To address this, I have measured
the Ti isotope composition of co-existing Fe-Ti oxides and groundmass or silicate melt
in both natural lavas from contrasting tectonic settings (Heard Island and Santorini),
and experimental run products (rutile-melt). All Fe-Ti oxide phases analysed were
consistently isotopically lighter than their host groundmass or silicate melt. Ilmenite
and rutile possess relatively homogeneous A**#'Ti values. The observed difference in
Ti isotope composition between these phases and melt is primarily reflective of small
differences in their Ti-O bond length, with ilmenite being isotopically lighter
(A¥*Tiiimenite-mett at 1000 K = -0.59+0.04%0) compared to rutile (A** Tirutiemerrat 1000 K =
-0.41+0.09) due to slightly longer Ti-O bonds in ilmenite. In contrast, the variation in
A¥*Ti observed between titanomagnetite and groundmass increases as a function of
TiO:z contents with A** Tititanomagnetite-mert Values at 1000 K ranging up to -1.12%o in Ti-
rich titanomagnetite (~23 wt.% TiO:) from Heard Island compared to -0.64%o in
Santorini (~13 wt.% TiOz2), which could be interpreted as resulting from a weaker
crystal lattice due to strain from exchange of smaller Fe* ions with larger Fe?* and Ti*

ions during magnetite-ulvospinel solid solution. These results are consistent with
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fractionation factors inferred from Ti isotopic analyses of mineral separates and ab-
initio calculations. Finally, these fractionation factors, in combination with Ti isotope
fractionation factors for silicate minerals proposed by previous studies to successfully
model the behaviour of Ti isotopes during partial melting of Earth’s mantle as well as

fractional crystallisation of magmas from distinct magma series.

4.2 Introduction

Studies investigating the mass-dependent titanium (Ti) isotope variation have
recently gained momentum, with Ti isotopes displaying great potential as a novel tool
to trace terrestrial magmatic and sedimentary processes (Millet et al., 2016; Greber et
al., 2017a; Greber et al., 2017b; Johnson et al., 2019; Hoare et al., 2020; Zhao et al., 2020;
Klaver et al., 2021) as well as lunar and other extra-terrestrial magmatism (Millet et
al., 2016; Greber et al., 2017b; Kommescher et al., 2020; Rzehak et al., 2021; Williams et
al., 2021). Several of these studies have previously demonstrated the potency of Ti
isotope variations as a tracer of Fe-Ti oxide-melt equilibria. Evolved melts invariably
display higher 0*/*'Ti relative to primitive melts, which is likely driven by the
fractional crystallisation of isotopically light Fe-Ti oxides, thereby progressively
enriching the melt with heavy isotopes during fractional crystallisation (Millet et al.,
2016; Deng et al., 2019; Johnson et al., 2019; Hoare et al., 2020). The empirical evidence
that Fe-Ti oxides appear to prefer the lighter isotopes of Ti is bolstered by the
difference in coordination of Ti between oxides and silicate; Ti primarily occupies a 5-
fold coordination in silicate melts and 6-fold coordination in Fe-Ti oxides (Farges et
al., 1996a; Farges et al., 1996b; Farges and Brown, 1997). This coordination contrast
serves as the main mechanism driving Ti isotope fractionation in accordance with
stable isotope theory (Bigeleisen and Mayer, 1947; Urey, 1947; Schauble, 2004).
Contrasts in the magnitude of 6*/#Ti variation have also been documented among
magmas from different tectonic settings with evolved melts from Ti-rich alkaline
intraplate magmas exhibiting significantly greater Ti isotope variation compared to

those from tholeiitic and calc-alkaline magmas (Deng et al., 2019; Hoare et al., 2020;
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Zhao et al., 2020). Hence, the magnitude of Ti isotope fractionation observed during
magmatic differentiation is controlled additionally by melt TiO: content and redox
conditions, both of which influence the timing of Fe-Ti oxide crystallisation, modal
abundance and composition of Fe-Ti oxides that crystallise (Toplis and Carroll, 1995;
Hoare et al., 2020). As such, Ti isotopes have the potential be to utilised as a proxy for
the geodynamic origins of magmas throughout geologic history (Greber et al., 2017a;
Aarons et al., 2020; Hoare et al., 2020).

rutile

anatase

MgTiO; brookite
geikielite karooite

MgO

TiO;

ulvospinel pseudobrookite

FeO magnetite Fe203
Fe?*Fe3*,0, hematite

Fig. 4.1 TiO2-FeO-Fe:03 and TiO2-MgO-FeO ternary diagrams showing the compositional diversity of
different Fe-Ti oxide species. The lines denote high temperature solid solutions (ulvospinel-magnetite,
hematite-ilmenite, pseudobrookite-ferropseudobrookite, geikielite-ilmenite, and karooite-armalcolite).
The boldened mineral species and highlighted solid solutions are the focus of this study.

Measurements of bulk Fe-Ti oxides separates have confirmed they are
isotopically lighter in comparison to co-existing melt, groundmass, and silicates
minerals (Johnson et al., 2019; Mandl, 2019; Greber et al., 2021; Nie et al., 2021; Rzehak
et al., 2021). However, studies of bulk mineral separates, while useful, are limited by
the inability to separate different co-existing oxides for analysis (e.g.,
titanomagnetite+ilmenite) as well as by the lack of critical petrographic information

pertaining to mineral-melt equilibrium. Hence, even though quantification of Fe-Ti
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oxide-melt Ti isotope fractionation factors is key to fully develop Ti isotopes into a
mature petrological tool, such quantitative fractionation factors are currently lacking.
Important aspects that require attention are the effects of mineral composition (e.g.,
the magnetite-ulvospinel solid-solution; Fig. 4.1) and the full range of Ti isotope
variation in other Fe-Ti oxide phases such as ilmenite and rutile (Fig. 4.1), which
remain unconstrained.

In this chapter I present measurements of the Ti isotope composition of
individual Fe-Ti oxide phenocrysts (titanomagnetite, ilmenite, and rutile) and their co-
existing silicate melt or microcrystalline groundmass. Using micro-milling, I sampled
two experimental run products (rutile-melt; Klemme et al., 2005), and six lavas (three
per suite) from Heard Island (alkaline, intraplate) and Santorini (calc-alkaline,
subduction zone). Measurement of individual Fe-Ti oxides from contrasting melt
compositions (intraplate vs. subduction zone) enables us to further explore the
controls of both melt and Fe-Ti oxide composition on the magnitude of Ti isotope
fractionation during magmatic differentiation. Once the mechanics of Ti isotope
fractionation are better constrained these fractionation factors are then be applied to
forward modelling of igneous processes such as mantle melting and magmatic

differentiation.

4.3 Sample Petrography

A petrographic summary and modal phase assemblages for all samples used in
this study are provided in Table 4.1. Fe-Ti oxide compositions are given in Appendix
E3. A brief petrographic description of the natural sample sets (Heard Island and

Santorini) and the rutile-melt experiments is provided in the following section.

4.3.1 Santorini

The island of Santorini is located in the Aegean sea (Greece) and forms part of
the South Aegean Volcanic Arc (e.g., Druitt et al., 1999). The three samples (Table 4.1)

selected for use in this study are <500 ka and form part of a low pressure, medium-K
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Table 4.1 Modal abundances (modal %) of the main phases within Heard Island and Santorini samples
selected for micro-milling. Mineral abbreviations are from Whitney and Evans (2010).

Modes % Phenocrysts
Suite Sample )
Matrix  Crystals | Mag Ilm Ol Cpx Opx Pl Amp
HB24 39 61 3 9 22 63 - 3 -
Heard Is. 65054 89 11 3 5 21 58 - 13 -
65019 84 16 2 1 11 24 - 44 18
AAS-
- - < -
021 70 30 6 39 <1l 54
AAS-
ini } - < -
Santorini 027 65 35 2 17 =<1 81
AAS-
- - < -
008 72 28 4 17 <1 78

calc alkaline differentiation sequence (Nicholls, 1971; Huijsmans et al., 198§;
Huijsmans and Barton, 1989; Andujar et al., 2015; Andujar et al., 2016). Sample AAS-
021 is an andesite from Mt. Mikro Profitis Ilias, whereas AAS-027 and -028 are samples
from the 1940-1941 and 1866 dacitic lava flows of Nea Kameni, respectively (Klaver
et al,, 2016a; Klaver et al., 2016b). The samples contain variable proportions of
euhedral to subhedral phenocrysts (50-500 um) of clinopyroxene, plagioclase, and
magnetite, with minor orthopyroxene and apatite, set within a microcrystalline
groundmass (Fig. 4.2a). Titanomagnetites are predominantly euhedral and possess
relatively homogeneous compositions across the three samples (13-15 wt.% TiO;
Appendix E3), with no compositional zoning observed in individual phenocrysts (Fig.
4.2a, b), which indicates titanomagnetite and the melt are in equilibrium. However,
some titanomagnetite crystals were observed with fine exsolution lamellae of slightly
higher TiO: contents (19-21 wt.%), which is typically the result of sub-solidus cooling.
Of the targeted crystals, only one (AAS-021 G3-M1) exhibited these fine Ti-rich

lamellae.
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Fig. 4.2 False colour element maps of Fe-Ti oxides from Santorini and Heard Island samples. Mineral
abbreviations shown in the figure are in accordance with those defined by Whitney and Evans (2010).
a) Titanomagnetite phenocryst (LH 010) in rhyodacite AAS-028 from Santorini. b) Titanomagnetite
phenocryst (LH 005) in rhyodacite AAS-027 from Santorini. Note the presence of minor apatite
inclusions (bright blue). The groundmass includes small crystals of orthopyroxene (green) and small
laths of plagioclase (purple). c) Titanomagnetite (LH 012) in basanite HB24 (Heard Island). The
groundmass includes olivine (green), zoned titan-augite (pale blue to blue-green), small laths of
plagioclase (purple) and small crystals of titanomagnetite (red/orange) and ilmenite (yellow/light
orange). d) Titanomagnetite (LH 016) phenocryst in basaltic trachyandesite 65054 (Heard Island). e)
IImenite phenocryst in HB24 (LH 019). f) Ilmenite (LH 012) phenocryst in 65054. Note that all the Fe-Ti
oxides are compositionally un-zoned.
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4.3.2 Heard Island

Heard Island is located on the Kerguelen Plateau in the southern Indian Ocean.
The lavas included in this study are from the <1 Ma Mt. Dixon volcanic cone and
belong to the Laurens Peninsula series (LPS) (Clarke et al., 1983; Fox et al., 2021). The
samples have previously been measured for major- and trace elements contents as
well as radiogenic isotopes (Barling, 1990; Barling and Goldstein, 1990; Barling, 1994;
Barling et al., 1994). Whole rock d*’Ti measurements are reported in Hoare et al.
(2020). The three Heard Island samples (Table 4.1) selected for micro-milling are HB24
(basanite), 65054 (basaltic trachyandesite), and 65019 (trachyandesite) that fall on the
liquid line of descent observed in the LPS (Barling, 1990; Barling, 1994; Hoare et al.,
2020). A common feature present across all LPS lavas is the high modal abundance of
Fe-Ti oxides (ilmenite and titanomagnetite), which is reflective of the high TiO:
contents (> 5 wt.%) of their parental magma (Barling, 1994; Hoare et al., 2020). Sample
HB24 is a porphyritic basanite with ~30% phenocrysts hosted within a
microcrystalline groundmass comprised of olivine, augite, plagioclase, ilmenite and
titanomagnetite (Fig. 4.2¢c, e). Minor amounts of apatite and sulfide are also present.
The phenocryst assemblage is identical to that of the groundmass. Phenocrysts are
euhedral to subhedral and range from 0.1 to 1 mm in size. Some phenocrysts also
contain minor inclusions of apatite (Fig. 4.2 ¢, e). Sample 65054 is a basaltic
trachyandesite with ~10-15% phenocrysts within a vesicular microcrystalline
groundmass. The mineral assemblage of 65054 is like HB24, with phenocrysts of
olivine, augite, plagioclase, ilmenite and titanomagnetite (Fig. 4.2d, f). Sample 65019
is a trachyandesite with ~5-10% phenocrysts in a vesicular microcrystalline
groundmass. The phenocryst assemblage of 65019 is comprised of augite, plagioclase,
ilmenite, titanomagnetite, kaersutitic amphibole, and minor amounts of biotite.
Samples 65054 and 65019 are noticeably less phyric than HB24 (Fig. 4.2); in both
samples, phenocrysts are euhedral to subhedral and range from 0.1 to 0.5 mm in size.
Fe-Ti oxide compositions are relatively homogenous across all three samples,

exhibiting a narrow range of variation in TiO: contents from 21-23

66



Chapter 4: Empirical and Experimental Constraints on Fe-Ti Oxide-Melt Titanium Isotope
Fractionation Factors

MHDI15_1 A

Pt thermocouple B
e

Silicate glass

RULIE

Fig. 4.3 False colour element maps of rutile-melt experimental run products; a) MHD15_1, and b)
HD4_4. Rutile (red), either appear as acicular needles or tabular euhedral crystals, surrounded by
silicate glass (blue). The platinum thermocouple is also shown (yellow).
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wt.% in titanomagnetite and 47-49 wt.% in ilmenite (Appendix E3). In addition to Fe-
Ti oxides, sample 65019 also possesses other Ti-bearing phases, mainly kaersutite (~6-
8 wt.% TiO2) and minor amounts of biotite (~8-10 wt.% TiOz) (Barling, 1994). The
predominantly euhedral habit and lack of compositional zoning in Fe-Ti oxides in

these Heard Island samples indicate they are in equilibrium with their host melt.

4.3.3 Rutile-melt experiments

The rutile-melt experimental run products MHD15_1 and HD4_4 used in this
study are from Klemme et al. (2005) and are comprised entirely of rutile crystals and
quenched silicate glass (Fig. 4.3). In both experiments, rutile crystal size ranges from
~50-600 um (Fig. 4.3) and exhibit no evidence of zoning or the presence of mineral
inclusions (Fig. 4.3), indicating they are equilibrium with the melt. The experimental
procedure and starting composition for these runs are given in Klemme et al. (2005),
and only a short description is provided here: both experiments analysed in this study
were conducted using an andesitic starting composition (SKHDAN1) in a 1 atm.
furnace and were run at a final run temperature of 1250°C, redox conditions (in units
of log fO2) were set at -0.96 and -4.0, with run duration times of 57 and 49 hours for
MDH15_1 and HD4_4 respectively.

4.4 Results

4.4.1 Fe-Ti Oxide Oxide Geothermometry and Oxygen-Barometry

Coexisting touching Fe-Ti oxide pairs (ilmenite and magnetite) were found in all
three Heard Island samples. The ILMAT program (Lepage, 2003) was used to calculate
FeO/Fe20s utilising the method of Carmichael (1966), and also to check the
stoichiometry. Providing the Fe-Ti oxide pairs showed no compositional zoning and
passed the Mg/Mn equilibrium test of Bacon and Hirschmann (1988), the Fe-Ti oxide
geothermometer and oxygen barometer of Ghiorso and Evans (2008) was applied
using the ENKI Cloud app front end (Ghiorso and Prissel, 2020) to determine the
temperature and oxygen fugacity (relative to the Nickel-Nickel oxide; NNO buffer).

For samples 65054 and 65019, coexisting touching pairs were less common than in
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Fig. 4.4 Kernel density estimates (KDE) of temperature and fugacity values derived from non-touching
(green) and touching Fe-Ti oxide pairs (ilmenite and titanomagnetite). Uncertainties (dashed lines) on

the mean values (solid lines) are reported as 2se.

HB24 and thus adjacent non-touching Fe-Ti oxides were selected using the same

criteria as for touching pairs to supplement the touching pairs. The temperature and

fO2 values derived from both touching and non-touching pairs overlap and are in

general agreement (Fig. 4.4 and Fig. 4.5). Temperatures based on the Fe-Ti oxide

thermometer range from 1103 to 1227 °C (n=11) for HB24, 1039 to 1103 °C (n=7) for

65054, and 1003 to 1092 °C (n=8) for 65019 (Fig. 4.4 and Fig. 4.5). Oxygen fugacity (fO-,
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expressed as ANNO) ranges from +0.05 to -0.22 for HB24, -0.08 to -0.56 for 65054, and
-0.33 to -0.78 for 65019 (Fig. 4.4 and Fig. 4.5).

0.2
NTP=Non-touching Pair, TP=Touching Pair
|_—_| HB24-NTP . HB24-TP HB24-Mean
65054-NTP 65054-TP ‘ 65054-Mean .
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Fig. 4.5 Oxygen fugacity relative to NNO (nickel-nickel oxide) versus temperature values derived from
Fe-Ti oxide pairs calculated using the method of Ghiorso and Evans (2008). Open symbols represent
non-touching oxide pairs, filled symbols represent touching oxide pairs. The error bars represent the
2se of the mean values (black symbols).

It is common for equilibrium Fe-Ti oxide pairs from a single sample to show a range
of temperature and fO: values which reflects temporal evolution in the magmatic
system (Blundy and Cashman, 2008). To provide temperature estimates that can be
tied to Ti isotope fractionation factors for Heard Island Fe-Ti oxides, the data from the
equilibrium pairs for each sample was used to calculate a mean temperature (Fig. 4.4
and Fig. 4.5; 1149 + 24 °C for HB24, 1078 + 18 °C for 65054, and 1056 + 26 °C for 65019.
Errors are reported as 2se). The 2s uncertainty on the temperature is propagated when

fractionation factors are normalised to a common temperature.
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4.4.2 Tiisotope compositions of natural samples

The 5*/*Ti data for the groundmass (for natural samples), silicate glass (for
experimental run products), and all Fe-Ti oxide phases are given in Appendix E3 and

shown in Fig. 4.6. Groundmass 0*#Ti ranges from +0.245 to +0.526 %o for Heard

AAS 021 GM AAS 021 T\-Mag HB24 GM HB24 IIm HB24 Ti-Mag
AAS 027 GM AAS 027 Ti-Mag 65054 GM 65054 Ilm 65054 Ti-Mag
AAS 028 GM AAS 028 T\rMag 65019 GM 65019 lim 65019 Ti-Mag

0.6

o
o

A —_— CaO/T:iOz of MHD1:571 Glass : : B
[LL“ — —— CaO/TiO; of HD4_4 Glass
o4l O m | 04l @ MDHIS 1
- " |4 HD4 4
3 Q m! 3
X 021 o £ 02
iI: .T HD4_4 A***7Ti tile — meit = -0.22 = 0.07%0
3 00 Q 3 oot
= e L g
5 ¢ 5 P e
2 -0.2¢7 2 —0.2%--- L
b ¢ % 02k Te-
_0.4__<> —0.4+ MDHI15_1 A**Tirygie ~mer = -0.16 + 0.04%o
—0,6%> + + + + + + -0.6 + + + +
0 1 2 3 4 5 6 7 0.0 0.2 0.4 0.6 0.8 1.0
CaO[fTiO; CaO/TiO;

Fig. 4.6 a) 0¥47Ti versus CaO/TiO: for micro-milled Fe-Ti oxides (titanomagnetite and ilmenite) and
groundmass from Heard Island and Santorini samples. b) 5*47Ti versus CaO/TiO: for micro-milled
rutile and silicate glass mixtures from rutile-melt experimental run products (MHD15_1 and HD4_4).
Vertical coloured lines indicate the CaO/TiO: value of pure glass from Klemme et al. (2005). Dashed
lines represent two component mixing lines from a york regression used to calculate the 5+/#Ti of pure
rutile and glass. The shaded area represents the 2s of the regression.

Island samples, and from +0.414 to +0.464 %o for Santorini samples. Ilmenite from
Heard Island samples has 0*/#'Ti ranging from -0.148 to +0.253 %o, with ilmenites
consistently displaying isotopically lighter compositions compared to their
corresponding groundmass (Fig. 4.6a). Titanomagnetite from Heard Island samples
possesses 0*#7Ti = -0.522 to -0.124 %0 and is isotopically lighter with respect to both
groundmass and ilmenite within the same sample (Fig. 4.6a). In Santorini samples,
titanomagnetite is also isotopically lighter with respect to groundmass but displays a
narrower range of d*"Ti (-0.141 to -0.008 %) compared to Heard Island (Fig. 4.6a).
All measured Ti isotope fractionation between micro-milled Fe-Ti oxides and
groundmass (or silicate glass) was calculated using the following equation and is

shown in Fig. 4.7 and provided in Appendix E3:
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Eq. 4-1

49/47 7 — £49/47 7 _ S49/477;
A Tloxide—melt =4 Tloxide 6 Tlgroundmass

Individual A**Tioxidemet values for titanomagnetite, ilmenite and rutile are
provided in Appendix E3. A**Timagnetite-meit Values exhibited by Santorini samples
define a relatively narrow range of -0.453 to -0.605%o, in comparison to the larger
variation observed in Heard Island of -0.401 to -0.794%. (Fig. 4.7 and Appendix E3).
IImenite-melt Ti isotope fractionation (A*/*Tiimenite-merr) calculated for Heard Island
samples ranges from -0.420 to -0.273 %0 (Appendix E3). Values of A*/"Ti obtained from
mineral separates by Mandl (2019) from the Kneeling Nun Tuff (KNT) are also
included for comparison (Fig. 4.7a). The A**Ti value of KNT ilmenite is in good
agreement with those observed in Heard Island and the A*#Ti value of KNT

titanomagnetite is comparable to those of Santorini (Fig. 4.7a).
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Fig. 4.7 a) A®*Ti values for rutile-melt, titanomagnetite-melt and ilmenite-melt as reported in this
study. Fractionation factors derived from mineral separates from the Kneeling Nun Tuff (KNT; Mandl,
2019) are shown for comparison. Error bars report 2s errors.
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4.4.3 Tiisotope compositions of experimental samples

The 6*/#'Ti values for micro-milled samples in the rutile-melt experiments range
from -0.265 to -0.123 %o and are positively correlated with CaO/TiO2 (Fig. 4.6b). Mixing
lines on 0*#'Ti vs. CaO/TiO2 were utilised to calculate the 0*/#'Ti value for pure rutile
and silicate glass in each experimental run product. This was performed using a York
regression for the linear relationship between ?47Ti and CaO/TiO:of the micro-milled
samples (Fig. 4.6b) and extrapolating the regression to the CaO/TiO: of rutile
(assumed to be 0) and the composition of the silicate glass reported in Klemme et al.,
(2005). The 0*/#"Ti values calculated for pure rutile (CaO/TiO:= 0) are -0.264 + 0.025%o
and -0.224 + 0.024%. for MDH15_1 and HD4_4 respectively. The d*/*Ti values
calculated for pure silicate glass are -0.106 + 0.035%o and -0.002+ 0.069 %o, for MDH15_1
and HD4_4 respectively (see Appendix E3). These values were then used to quantify
rutile-melt Ti isotope fractionation following Eqn.1. The values of A**"Tirutite-melt are -
0.159 £ 0.043%0 and -0.222 + 0.073%o0 for MDH15_1 and HD4_4 respectively (see
Appendix E3); the fractionation factors observed in both experiments are within error

of each other.

4.4.4 Fe-Ti oxide-melt Ti isotope fractionation factors

At magmatic temperatures, isotopic fractionation factors (expressed as Ina
where a is the ratio of the isotopic composition of two phases; cf. Young et al., 2015)
are proportional to the inverse square of the absolute temperature. To quantify Ti
isotope oxide-melt fractionation factors, the data was regresed versus temperature (as
10¢/T? with T in K) and, in the case of titanomagnetite, its TiOz content (Fig. 4.8).

Temperature values for Heard Island samples are the mean values obtained from
Fe-Ti oxide geothermometry (see section 4.1). Temperature estimates for Santorini
samples were taken from a compilation of literature data including two-pyroxene
thermometry (Barton and Huijsmans, 1986); Fe-Ti oxide thermometry (Gertisser et al.,
2009; Druitt, 2014); and melt inclusion analyses (Gardner et al., 1996; Michaud et al.,

2000). This data gave a mean temperature estimate of 921 + 31 °C (n=9).
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Fig. 4.8 Regression of Fe-Ti oxide-melt Ti isotope fractionation factors (expressed as Incioxide-melr). a)
Inctimenite-mett as function of temperature (expressed as 10¢/T2 in units of Kelvin and degrees Celsius). b)
Inatrutite-iimenite as function of temperature calculated by Wang et al. (2020) (red) and this study (blue). The
shaded areas represent the 2s uncertainty accounting for the propagation of uncertainty on the linear
regression for both Inatiimenite-mett and Inctrutite-rutite. €) INAttitanomagnetite-melt Normalised to 1000K versus TiO2
(wt.%). d) Results of regressions of Inatitanomagnetite-mett for varying TiOz content (5, 15, and 20 wt.%; solid
lines, 10 and 20 wt.%; dashed grey lines). Inctitanomagnetite-meit values for Santorini, Heard Island and KNT
(Mandl, 2019) are also plotted at their respective temperature values. The 2s uncertainty of the
regressions is indicated by the shaded areas.

for the dacites (AAS-027 and 28) and 987 + 12 °C (n=11) for the andesitic sample AAS-
021. These temperature estimates are in good agreement with optical pyrometer
measurements conducted during the 1925-1926 eruption on Nea Kameni
(Washington, 1926; Reck et al., 1936). For the ilmenite and titanomagnetite data

reported by Mandl (2019) for the Kneeling Nun Tuff, temperature constraints from
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Szymanowski (2019) were used that suggest a mean crystallisation temperature of 775
+ 43 °C based on plagioclase, amphibole, zircon and titanite thermometers.

A weighted linear regression of Inctimenite-meit was performed against 10°/T? (K)
using the data from this study and Mandl (2019) (Fig. 4.8a), which obtained the
following linear relationship for Inatiimenite-meit as a function of temperature, where

Inctimenite-met= 0 when 10¢/T2=0:
Eq. 42
INGmenite-mere = —5.88 * 1074(+£3.63 x 1075) « 10°/.,
The 2s uncertainty is given in brackets. The rutile-melt experiments measured in

this study yielded the following relationship with respect to temperature (10°/T?),

anchored to Ina:utite-mett= 0 when 106/T2=0:
Eq. 4-3

na,ytite-merr = —4.06 * 10_4(i8.59 * 10_5) * 106/T2

The 2s uncertainty is given in brackets. These two expressions derive a Inatutile-
imenite Of 0.00018 + 0.00009 at 1000 K, which is slightly larger than that predicted by
density functional theory (DFT) models reported by Wang et al. (2020; see Fig. 4.8b),
due to the observation that the Inctimenite-meit is greater than that of Inctrutile-meitat a given
temperature (Fig. 4.8).

Due to the broad range of TiO: content between titanomagnetite in Santorini and
Heard Island (Fig. 4.8, Appendix E3), all Inctitanomagnetite-melt were normalised to a
common temperature of 1000 K (where 10%/1000=1; Fig. 4.8c), and regressed as a

function of titanomagnetite TiO: content at a given temperature (10%/T?) to yield:

Eq. 4-4
lnatitanomagnetite—melt =

[—4.91(£5.01 * 107°) % Ti0, + 1.06 * 1075(£8.77 * 1075)] « 106/T2

The 2s uncertainties are given in brackets. The results of the regression for

Incttitanomagnetite-meit using different TiO2 contents as a function of temperature is shown in
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Fig. 4.8d, along with Inatitinomagnetitemerr Values from Heard Island, Santorini and
Kneeling Nun Tuff (KNT; Mandl, 2019), the values Inatitanomagnetite-meit calculated from
the regression are in good agreement with those observed in the natural samples (Fig.

4.8d).

4.5 Discussion

The data presented in this study provide conclusive evidence that Fe-Ti oxides
have a notably lighter Ti isotope composition than co-existing silicate melt, consistent
with previous studies (Johnson et al., 2019; Mand]l, 2019; Greber et al., 2021; Nie et al.,
2021; Rzehak et al., 2021) but, in contrast to those studies, this study is the first to
quantify oxide-melt fractionation factors. Additionally, it shows that titanomagnetite
and ilmenite, the main hosts of Ti in magmatic systems, display mutually distinct
affinity for Ti isotopes as hypothesised by Hoare et al. (2020) from whole rock data.
The following sections consider what controls the magnitude of Ti isotope
fractionation for different Fe-Ti oxides and examine applications of these fractionation

factors to model magmatic processes.

4.5.1 Controls on the magnitude of Fe-Ti oxide-melt Ti isotope
fractionation factors

4.5.1.1 The role of Ti-O bond length

Stable isotope theory asserts that heavier isotopes prefer shorter bonds, which
are stronger due to elevated vibrational frequencies (Bigeleisen and Mayer, 1947;
Urey, 1947; Schauble, 2004). The effect of bond length on the magnitude of mass-
dependent isotope fractionation factors has previously been documented for some
isotope systems such as Fe (e.g. Hill and Schauble, 2008; Sossi and O’Neill, 2017),
where the magnitude of Fe isotope fractionation factors were found to be inversely
proportional to Fe-O bond length (Sossi and O’Neill, 2017). The ab-initio study of
Wang et al. (2020) demonstrated that the reduced partition function ratio (10°Inf3) of
¥Ti/¥Ti calculated for silicates, ilmenite, and rutile were generally negatively

correlated with the average Ti-O bond lengths. Available published data on the crystal
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structure of Fe-Ti oxide minerals indicates that titanomagnetite has longer average Ti-
O bonds (0.204+0.001 nm) compared to ilmenite (0.198+0.001 nm; Wechsler et al., 1984;
Wechsler and Prewitt, 1984). Rutile possesses a slightly shorter average Ti-O bond
length (0.196+0.001 nm) compared to ilmenite (Samat et al.,, 2016 and references
therein). Thus, on the inference from Ti-O bond lengths titanomagnetite would be
predicted to possess the greatest affinity for lighter isotopes. Fig. 4.9 shows that Ti-O
bond length only has a limited effect on the magnitude of Inaoxide-mer Which slightly
decreases from rutile to titanomagnetite at 1000 K. However, there are inconsistencies
in the relationship observed in the data compared to that of Wang et al. (2020). In the
ab-initio modelling done by Wang et al. (2020) 10°Inf3 of #Ti/*Ti for rutile is lower than
that of ilmenite-geikielite solid solution despite the longer Ti-O bond length of
ilmenite-geikielite. Whilst Ti-O bond length can account for the small difference

between Inatutite-mel: and INiimenite-melt, the resolvable variation observed for InQtitanomagnetite
-melt between 13-23 wt.% TiO:z (the entire range of TiO: contents for measured samples)
indicates that composition rather than bond length acts as the main control on

lnatitanomagnetite—melt (Flg 4.8 C, d)

4.5.1.2 The role of melt and Fe-Ti oxide composition

Elevated TiO: contents in parental magmas enable early saturation and high modal
abundance of both ilmenite and Ti-rich titanomagnetite (e.g. Toplis and Carroll, 1995),
which enhances Ti isotope fractionation during magmatic differentiation in intraplate
magmas due to the dominance of ilmenite+titanomagnetite on the elemental and
isotopic budget of Ti throughout magma evolution (Hoare et al, 2020).
Titanomagnetites in Heard Island lavas are Ti-rich (20-23 wt.% TiO2) and display
larger variation in Inatitanomagnetite-meit compared to Santorini titanomagnetites that have
lower TiO2 contents (Fig. 4.8c). The variation in the value of Inatitanomagnetite-met: could be
dependent on TiO: contents. This could be related to changes in crystal structure and
Ti-O bond length as a function of TiO: content in the ulvospinel-magnetite solid (Fig.

4.1).
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Fig. 4.9 Ina for rutile-, titanomagnetite- and ilmenite-melt at 1000 K versus average Ti-O bond length
(in nanometres). A*47Ti values were calculated from the regression of Inctoxide-meit shown in Fig. 4.8 and
errors shown are 2s. Selected TiO2 contents for titanomagnetite represent the minimum and maximum
values observed across Santorini and Heard Island samples. X-axis error bars on Ti-O represent the
range of bond lengths reported in the literature.

It has been well documented that the chemical composition of a mineral affects
its crystal structure and consequently also elemental partitioning between minerals
and their host melt (Lundstrom et al., 1998; Hill et al., 2000). More recently, studies
have begun to consider the implications for mass-dependent isotope fractionation (e.g.
Huang et al., 2010; Feng et al., 2014; Roskosz et al., 2015; Wang et al., 2017; Wu et al,,
2017). Using first principles calculations, Feng et al. (2014) observed that mass-
dependent Ca isotope fractionation between orthopyroxene (opx) and clinopyroxene
(cpx) was not solely controlled by temperature, but also a function of Ca contents as
the average Ca-O bond length in orthopyroxene is strongly affected by its Ca content.

Feng et al. (2014) observed that 10%Inawopx-cpx increased substantially with decreasing Ca
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content in orthopyroxene, (Huang et al., 2010; Wang et al., 2017). Titanomagnetite (Fe-
»TixOs) is a solid solution (Fig. 4.1) between magnetite (Fe*[Fe** Fe*]Os) and
ulvospinel (Fe**[Fe* Ti*]Os; see Fig. 4.1), which possess an ‘inverse’ spinel structure
with an Fd3m space group (Barth and Posnjak, 1932). Titanium (as Ti*) is thought to
almost exclusively occupy the octahedral site (Fujino, 1974; Wechsler et al., 1984),
although some studies have postulated that minor Ti* also exists in the tetrahedral
site (Stout and Bayliss, 1980; Sedler et al., 1994). Generally, as the Ti content of
titanomagnetite increases, the proportion of the ulvOospinel endmember increases
which results in a higher proportion of Ti* in the octahedral site at the expense of Fe*,
and a concurrent increase in Fe?* in both the tetrahedral and octahedral sites to
maintain charge balance (Akimoto et al., 1957; Bosi et al., 2009; Pearce et al., 2010;
Okube et al., 2018). The ionic radii of Ti* and Fe* occupying VI-fold coordination are
relatively similar, at 0.0605 and 0.0645 nm (high-spin) respectively (Shannon, 1976).
However, ferrous iron (Fe*) has a larger ionic radius, both in VI and IV-fold
coordination, at 0.0780 and 0.0630 nm respectively (Shannon, 1976). Therefore, as the
proportion of the ulvospinel endmember (and hence the TiO: content) increases so
does the proportion of Fe?* in both the VI and IV sites with smaller ions (Fe**) being
replaced. This has the potential to impose strain on the crystal lattice and possibly
weaken the bonding environment which could consequently influence isotope
fractionation. This is supported via crystallographic evidence of the positive
correlation between increasing Ti content and the size of the unit cell parameter of
titanomagnetite (Bosi et al.,, 2009; Pearce et al., 2010). These observations are
concomitant with an increase in the structural instability of titanomagnetite, with Bosi
et al. (2009) noting that the global instability index (GII, see Salinas-Sanchez et al., 1992;
Brown, 2016) increases as function of increasing Ti contents. Hence, these conditions
would make Ti-rich titanomagnetite favour lighter isotopes which is consistent with
the observation that when normalised to a common temperature, Ti-rich
titanomagnetite from Heard Island consistently display more negative Inctitanomagnetite-

melt Values than those from Santorini (Fig. 4.8c).
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4.5.2 Geologic applications of Ti isotope fractionation factors

The Ti isotope fractionation factors derived in this study provide new
opportunities to utilise and develop Ti isotopes as a geochemical tool which can be
applied to a variety of geologic processes. In this section the robustness of these new
fractionation factors is tested using forward modelling of terrestrial mantle melting

and magmatic differentiation.

4.5.2.1 Estimating silicate-melt Ti isotope fractionation factors

Whilst the elemental and hence isotopic budget of Ti in magmatic rocks is
predominantly controlled by Fe-Ti oxides, silicates could influence Ti isotopes in
magmatic systems where Fe-Ti oxides are largely absent such as in un-metasomatized
peridotites or in certain magmas where silicate phases such as amphibole, biotite, and
titanite contain non-trivial amounts of Ti. Titanium isotope analyses of silicates are
thus far limited. Mandl (2019) reported Ti isotope compositions for amphibole, biotite,
and titanite mineral separates from the Kneeling Nun Tuff and observed that they
were isotopically lighter with respect to their host groundmass. This is consistent with
Ti occupying a higher coordination state in all these phases compared to silicate melt.

Analyses of orthopyroxene-melt experimental run products by (Rzehak et al.,
2021) revealed A**"Tiorthopyroxene-meit displays relatively limited fractionation at -0.002 *+
0.017%o to +0.050 + 0.025%0 at conditions relevant to terrestrial magmatism (Air to
FMQ-2; where Ti* is absent). The coordination state of Ti in silicates is difficult to
constrain and often non-uniform, ranging from IV-fold in quartz (Sandstrom et al.,
1980) and plagioclase (Oberti et al., 1992), to variable proportions of IV-fold and VI-
fold in olivine and clinopyroxene (Leitzke et al., 2018), with clinopyroxene being the
main host of Ti in oxide-free mafic melts. Quartz, plagioclase and olivine have
negligible influence on the Ti budget of igneous rocks. For Ti-rich biotite (8-14 wt.%
TiOy), it has been suggested that up to 90% Ti occupies a site with VI-fold coordination
(Henderson and Foland, 1996). Phases that control the Ti budget of typical of

terrestrial mantle lithologies, like pyroxene, garnet and spinel, appear to host Ti
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predominantly in VI-fold coordination (O’Neill and Navrotsky, 1983; Waychunas,
1987).Variations of the coordination state of Ti in silicate phases have important
ramifications for Ti isotopes in magmatic systems as a higher proportion of IV-fold
coordinated Ti will drive silicates to heavier isotopic compositions relative to melt.

To provide estimates on the magnitude of various silicate-melt Ti isotope
fractionation factors (Fig. 4.10), the new rutile-melt fractionation factor (Eq. 4-4) is
combined with the mineral-mineral fractionation factors for rutile and Ti-bearing
silicates that are derived from the ab initio density functional theory calculations as
reported by Leitzke et al. (2018) and Wang et al. (2020). The rutile-melt fractionation
factor was chosen as opposed to ilmenite due the relative simplicity of its structure
and limited compositional variability in comparison to ilmenite (Ina values for
silicates when anchored to ilmenite-melt are provided in Appendix E3 and shown in
Fig. 4.11). Resulting mineral-melt fractionation factors for silicate minerals at 1000 K
are listed in Appendix E3 and shown in Fig. 4.10 alongside empirical data from the
literature (Mandl, 2019; Rzehak et al., 2021) and the complete set of Fe-Ti oxide
fractionation factors from this study. The ab initio models from Leitzke et al. (2018) and
Wang et al. (2020) indicate that if Ti is exclusively present in IV-fold coordination,
pyroxene and garnet are isotopically heavier than coexisting melt, consistent with
stable isotope theory (Fig. 4.10).

Conversely, if Ti is exclusively hosted in an octahedral site (VI-fold coordinated),
pyroxene and garnet show minimal fractionation (Fig. 4.10). The amphibole, biotite
and titanite Ti isotope fractionation factors reported by Mandl (2019) for natural
samples are smaller than those derived ab initio for clinopyroxene and garnet with Ti
in VI-fold coordination (Fig. 4.10). This is consistent with the presence of longer Ti-O
bonds in these phases (Farges et al., 1996b; Henderson and Foland, 1996; Tiepolo et
al., 2007). The values for orthopyroxene-melt fractionation from Rzehak et al. (2021)
show a narrow range of variation, and are within error of the clinopyroxene-melt and

garnet-melt fractionation factors calculated from the ab initio studies of Leitzke et al.
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(2018) and Wang et al. (2020) assuming Ti is exclusively in VI-fold coordination (Fig.
4.10).
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Fig. 410 Ina between a phase i and melt at 1000 K when Ina rutile-melt is used as the anchor for the
value of B melt. Mineral-mineral fractionation factors are from the first principles as reported in Wang

et al. (2020). 2s error bars on Ti isotope fractionation factors calculated from the Wang et al. (2020) data
represent the propagated uncertainty on the Ina rutile-melt regression as a function of temperature
(expressed as 10¢/T2 in units of Kelvin).
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Fig. 4.11 Ina between phase i and melt when Ina ilmenite-melt is used as the anchor for the value of B

melt. Mineral-mineral fractionation factors are from the first principles as reported in Wang et al. (2020).
2s error bars on Ti isotope fractionation factors calculated from the Wang et al. (2020) data represent
the propagated uncertainty on the Ina ilmenite-melt regression as a function of temperature (expressed
as 10¢/T2 in units of Kelvin).

4.5.2.2 Ti isotope modelling during magmatic differentiation

To evaluate the robustness of the empirical and calculated Ti isotope
fractionation factors, forward modelling was used to simulate the Ti isotope evolution
during fractional crystallisation for the differentiation suites from Hoare et al., (2020).
Least squares major element models (see Appendix E3) were used to estimate modal
proportions of fractionating phases and thus the bulk solid-melt Ti isotope
fractionation factor. The mineral modes, compositions, and bulk solid-melt Ti isotope
fractionation factors are given in Appendix E3. The Ti isotope evolution of each suite
was modelled via a Rayleigh fractionation process using the 0*/#Ti of the most

primitive sample as the starting point. The uncertainties in temperature and the
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fractionation factors are propagated into the calculation of the bulk solid-melt Ti

isotope fractionation factor.
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Fig. 4.12 9%’Ti compositions of magmatic differentiation suites (solid symbols) from Hoare et al. (2020)
plotted against MgO contents. IgPet (Carr and Gazel, 2017) was used to model the fractional
crystallisation of these differentiation suites via least-squares mass balance modelling (e.g. Bryan et al.,
1969) using mineral compositions taken from the literature (see Appendix E3). The d*/#Ti evolution
was modelled using a Rayleigh fractionation law and a bulk asolid¢-met weighted on the proportion of Ti
in each crystallising phase. Modelling was performed into two steps (S1 and S2; demarcated by the
vertical grey dashed lines) from the most primitive lava to a representative intermediate composition,
then from the intermediate to most evolved composition. The results of the model are shown by the
solid-coloured lines. The shaded error represents the 2s uncertainty on bulk asolia-mett with propagated
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uncertainty from the temperature variation at each stage of the model and the various Inx regressions
used to calculate the Ti isotope fractionation factors. The pie charts display the proportion on Ti in each
phase in each step of the model (S1 and S2) along with the value of bulk ctsolid-meit represented by the
solid-coloured lines.

The Rayleigh fractionation model results are shown in Fig. 4.12, which displays
O¥M7T] values relative to MgO contents. For each of the differentiation suites, the
modelled melt value calculated using the bulk solid-melt Ti isotope fractionation
factor is in good agreement with the 0*#Ti variation observed with respect to
decreasing MgO contents of samples from Hoare et al., (2020; Fig. 4.12). It is also clear
from Fig. 4.11 that major changes in the trajectory of 0*#’Ti variation during magmatic
differentiation correspond to changes in the modal abundance and composition of Ti-
rich phases, primarily titanomagnetite and ilmenite (Hoare et al., 2020). During the
tirst step of the differentiation of the Monowai samples, clinopyroxene is the only Ti-
bearing phase present (Fig. 4.12; Timm et al., 2011; Kemner et al., 2015). The lack of
resolvable fractionation observed in this step is consistent with the mantle melting
models where Ti is hosted in the octahedral site of clinopyroxene (see section 5.2.3;
Fig. 4.12a). The results presented here provide further evidence that the modal
proportions of Ti-bearing phases in the crystallising mineral assemblage exert the
main control on the magnitude of variation of 0**Ti values observed between
magmas of different tectonic settings (Hoare et al., 2020). High melt TiO2 contents
enables the crystallisation of Ti-rich titanomagnetite and ilmenite in high modal
abundance (e.g. Toplis and Carroll, 1995), which serves to drive bulk A** Tisolid-melt to
significantly lighter values than magmas that possess fewer Fe-Ti oxides with lower

TiO:2 contents as is the case for tholeiitic and calc-alkaline arc magmas.

4.5.2.3 Ti isotope modelling of mantle melting

During melting of either spinel- or garnet-facies peridotite, Ti behaves as a
moderately incompatible element which facilitates its efficient extraction from the
mantle during basalt petrogenesis (Prytulak and Elliott, 2007, Gale et al., 2013).
Consequently, previous studies have proposed that the 5*/#Ti compositions of basalts

is reflective of their mantle source, and hence that partial melting of the mantle
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produces no resolvable Ti isotope fractionation (Millet et al., 2016). This is supported
by the indistinguishable 0*#Ti compositions of primitive basalts and mantle
lithologies (Millet et al., 2016). However, Deng et al. (2018) observed a subtle offset
between the 6*/#'Ti composition of N-MORB and E-MORB, arguing that the former is
isotopically lighter due to mantle depletion during the generation of continental crust
in the Archean.

The batch melting of primitive mantle is modelled from 6 to 1 GPa to test the
effect of mantle mineralogy and the genesis of mid ocean ridge basalts. Two scenarios
are considered i) the coordination of all Ti in clinopyroxene and garnet is VI-fold
coordination and ii) all Ti is in IV-fold coordination.

Modelling of mantle melting was undertaken using both pMELTS (Ghiorso et
al., 2002) for melting of primitive mantle (Palme and O’Neill, 2014) of which 6*/#'Ti =
0 at 1 GPa, and using experimental data from Walter (1998) for garnet-peridotite
melting at 4 and 6 GPa. The 1 GPa pMELTS models were run in 5°C increments from
the liquidus to solidus at fO2 = FMQ-1. Ti isotope compositions of melt and residue at
each increment was calculated from isotopic mass balance. Given that spinel and
titanomagnetite share a common crystal structure with VI coordinated Ti (O’Neill and
Navrotsky, 1983; Waychunas, 1987), the Ti isotope fractionation factor for spinel-melt
is calculated using Eqn. 5 at every temperature step and using spinel TiO: contents
produced by pMELTS. The results of melting a primitive mantle composition at 1-6
GPa over the batch melting interval of 0-25% are shown in Fig. 4.13 and are plotted
relative to the BSE value of +0.005%o from Millet et al. (2016). The same models using
silicate-melt Ti isotope fractionation factors anchored to ilmenite-melt, as opposed to
rutile-melt, are shown in Fig.4.14 and Appendix E3.

Fig. 4.13 shows that the coordination state of Ti in typical mantle mineralogies
has a significant influence on the resulting Ti isotope composition of partial melts of
the mantle. If Ti is in VI-fold in silicates melting of the primitive mantle produces no

significant variation in 0*#Ti that is resolvable at the current limits of analytical
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uncertainty (£0.02 %o), with both melt and residue being close to the BSE value (Fig.

4.13a, Fig.4.14a). However, when Ti in mantle silicates is in IV-fold coordination,
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Fig. 4.13 A*7Ti values mantle melting models relative to the BSE for melt (solid lines) and residue
(dashed lines) as a function of degree of melting and pressure for; a) pMELTS modelling of a primitive
mantle source (PM; Palme and O’Neill, 2014) at 1 GPa and melting of a garnet peridotite (KR4003) at 4
and 6 GPa (Walter, 1998) when Ti in silicates is in VI-fold coordination; b) Same models as panel a) but
for a scenario where Ti in silicates is in IV-fold coordination. The orange field represents the mean
AT value of N-MORB relative to the BSE (-0.004 + 0.039 %o (2sd); Millet et al., 2016, Deng et al., 2018;
Hoare et al., 2020; Zhao et al., 2020). Shaded areas represent the 2s error on the models. All a values

used are anchored to a rutile-melt (see fig 4.10).
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partial melting produces melts that are significantly isotopically lighter and residua
that are isotopically heavier relative to the BSE (Fig. 4.13b, Fig. 4.14b). Previous studies
(Greber et al., 2017b; Williams et al., 2021) have shown the &“4Ti compositions of
chondrites are within error of primitive basalts and mantle samples (Millet et al.,
2016). These results can only be reproduced in a partial melting model in which Ti is
hosted in 6-fold coordination in mantle clinopyroxenes and garnets. Furthermore, this
model reproduces the lack of variation observed between ultramafic-mafic rocks
derived from different degrees of mantle melting such as komatiites (Millet et al., 2016;
Greber et al., 2017b; Hoare et al., 2020; Zhao et al., 2020).

It is notable however, that Deng et al. (2018) observed an offset between
chondrites and komatiites, which was best explained by Ti isotope fractionation
during extraction of the continental crust. However, this cannot be reconciled by
partial melting of the mantle with Ti in a 4-fold coordination as this generates heavy
residues relative to melts, contrary to that particular dataset. While it is beyond the
scope of this study to discuss these particular data, the fractionation factors clearly
indicate that Ti is hosted in 6-fold coordination in the mantle and this results in
limited, within current analytical uncertainty, isotope fractionation during partial

melting.

4.6 Conclusions

This chapter presents the 6*/#Ti compositions of micro-milled Fe-Ti oxides and
groundmass to derive Fe-Ti oxide-melt Ti fractionation factors. A well-constrained set
of Ti isotope fractionation factors are necessary to provide further quantitative
constraints on the mechanics of Ti isotope fractionation in magmatic processes and at

the mineral scale. The main conclusions of this study are as follows:

i. These results show that titanomagnetite displays the largest mineral/melt
O%M7T] fractionation factors, followed by ilmenite, and then rutile. This is

consistent with stable isotope theory which dictates lighter isotopes prefer
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i.

1ii.

iv.

longer bonds, with Ti-O bond length decreasing from magnetite to ilmenite and
rutile.

The titanomagnetite-melt fractionation factor increases as a function of
titanomagnetite TiO2 content, with titanomagnetite from Heard Island (>20
wt.% TiO2) consistently displaying larger fractionation factors compared
Santorini (<15 wt.% TiOz).

The data enables the calculation of Fe-Ti oxide-melt fractionation factors as a
function of temperature, and TiO: content in the case of titanomagnetite.
These fractionation factors combined with petrographic constraints, can be
applied to successfully model mantle melting and reproduce the 0*/*Ti

evolution of a series of differentiation suites.
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Chapter 5: Titanium isotope and trace element insights
into the redox evolution of the Oman ophiolite mantle
sources and melts

5.1 Abstract

The Oman ophiolite is the best preserved and largest ophiolite complex available
for study. Long-standing debate surrounding its geodynamic context of formation
hinges on two competing hypotheses: (1) the ophiolite formed at an open-ocean mid-
ocean ridge, and thus is a unique, invaluable direct analogue for fast-spreading
oceanic crust, or (2) it formed by spreading above a nascent subduction zone. Evidence
supporting the latter is provided by the presence of elevated water contents and arc-
like geochemical signatures, but this has remained controversial, as some have instead
attributed these signatures to other processes such as hydrothermal fluids. This
chapter uses a novel combination of trace element ratios and titanium (Ti) isotope
compositions of sheeted dikes and lavas to differentiate between these hypotheses,
with particular focus on the redox state of melts and mantle sources throughout the
magmatic history of the ophiolite. Primitive (MgO > 6 wt.%) lavas and dikes from
Oman, filtered from an overall database of >1200 samples, show large variations in
concentrations and ratios of redox-sensitive elements. Importantly, the range of
variation in these elements and ratios increases both spatially (from S to N) and
temporally throughout the ophiolite. Mantle melting models considering varying
source redox state indicate that the trace element systematics of the lavas and sheeted
dikes can be replicated by melting of a progressively oxidised source. The trace
element systematics are complemented by the observation that the Ti isotope
evolution of differentiated Oman ophiolite melts mirror hydrous fractionation trends
distinct from dry tholeiitic suites typical of MOR settings, suggesting parental melts
that are oxidised relative to N-MORB. Overall, the trace element and Ti isotope
systematic of Oman ophiolite dikes and lavas suggest the progressive introduction of
water in the active melting column under the Oman ophiolite and thus its likely

formation in proximity to a nascent subduction zone.
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5.2 Introduction: The ophiolite — mid-ocean ridge connection

The growth and accretion of oceanic crust produced at mid ocean-ridges via
seafloor spreading is one of the predominant mechanisms driving the physio-
chemical evolution of the Earth. Approximately 70% of our planet’s surface is
generated via mid-ocean ridge magmatism, with mid-ocean ridge basalts (MORB)
being the most voluminous igneous rocks on the Earth. The structure of oceanic crust
created at fast-spreading ridges is characterised by homogeneous layers mainly
composed of mafic cumulate rocks (e.g. Madsen et al., 1990; Lin and Morgan, 1992;
Canales et al., 1998; Pablo Canales et al., 2003). At fast spreading ridges the generation
of oceanic crust is driven by the ascent, differentiation and crystallisation of MORB
magmas which originate from the axial melt lens (AML), situated between a solidified
gabbroic layer and an overlying sheeted dike sequence (e.g. Vera et al., 1990; Koepke
and Zhang, 2020 and references therein). The role of the AML during crustal formation
is actively debated, centred around two competing hypotheses: (i) the AML is the
progenitor of the entire lower, gabbroic lower crust, with cumulates crystallising from
a suspended crystal mush (e.g. Henstock et al., 1993; Morgan and Chen, 1993; Coogan
et al., 2007; Faak et al., 2015) or (ii) significant portions of mafic cumulates are derived
from in-situ crystallisation deep in the crust (e.g. Kelemen et al., 1997; Lissenberg et
al., 2004; Maclennan et al., 2005; VanTongeren et al., 2008; VanTongeren et al., 2015).

Since pristine outcrops of lower oceanic crust formed at modern fast-spreading
mid-ocean ridge systems are notoriously rare and challenging to access it has become
necessary to pursue studies of potential analogues within the geologic record. The
study of ophiolites, which are fragments of oceanic lithosphere thrusted on land, have
played a fundamental role in contributing to our understanding of the geodynamic
processes associated with mid-ocean ridges (e.g. Nicolas et al., 2000; Nicolas, 2012),
with some regarding them as direct analogues for open-ocean fast-spreading ridge
systems (e.g. Coleman, 1981; Nicolas et al., 1988; Boudier et al., 1997). The Oman-

United Arab Emirates (UAE; or Semail) ophiolite, the focus of this chapter, has been
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pivotal in advancing our conceptual understanding of oceanic lithosphere and other

ophiolites on Earth.

5.3 The Oman-UAE ophiolite

5.3.1 Geologic setting
The Oman-EAU ophiolite, the majority of which is located within the Sultanate

of Oman (with the northernmost section in the UAE), spans approximately >10,000
km?2 (~500 km long and ~150 km wide; Searle and Cox, 1999), and is considered as one
the largest and best-preserved portions of oceanic lithosphere on Earth. The ophiolite
formed ca 96. Ma (Rioux et al., 2012) at a fast-spreading centre situated above a north-
east dipping subduction zone, that resulted in its transport and emplacement onto to
the Arabian continent in the late Cretaceous during the closure of the Tethyan ocean
(e.g. Lippard, 1986; Ernewein et al., 1988; Searle and Cox, 1999; Rioux et al., 2012).
Despite its complex history, the ophiolite is relatively un-deformed and is comprised
of 12 fault-bounded blocks (Fig. 5.1) exhibiting a classic “Penrose” structure
(Anonymous, 1972) defined by, from the bottom to the top, ultramafic mantle
cumulates, layered and high level gabbroic cumulates, a sheeted dike complex (SDC)
and associated pillow lavas.

The precise geodynamic setting of the Oman ophiolite is still actively debated,
with decades of field studies and geochemical data suggesting a polygenetic origin
which could consequently invalidate its use as a direct analogue for oceanic
lithosphere formed at a fast-spreading mid-ocean ridge. Initially, the Oman ophiolite
was regarded as a perfect representation of crust generated at a mid-ocean ridge
(Coleman, 1981), with some making direct comparisons to that of crust formed at the
East Pacific Rise (e.g. Boudier et al., 1997; Nicolas, 2012). However, in the northern
section of the ophiolite there is a notable increase in the geochemical diversity of
volcanic units (Fig. 5.1), ranging from depleted tholeiites (e.g. Pearce et al., 1981;
Alabaster et al., 1982; Belgrano and Diamond, 2019) to boninites (e.g. Ishikawa et al.,

2002; Goodenough et al., 2013) which are indicative of a depleted and hydrated mantle
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Fig. 5.1 Simplified geologic map of the Oman/UAE ophiolite. Sample locations are represented by
pentagons. Maps is adapted from Goodenough et al. (2014) with subsequent modifications from de
Graaff et al. (2019). The locations of samples selected for Ti isotope analyses are denoted by the
pentagon symbols.

source related to the onset of subduction (e.g. Reagan et al., 2010). Plutonic equivalents
of these units have also been found in the south (Fig. 5.1; De Graaff et al., 2019). In
addition, more recent studies have observed that the formation of the main gabbro-
sheeted dike-pillow lava sequence most akin to oceanic lithosphere required parental

melts with water contents far greater than typical MORB magmas (>0.2 - 1 wt. % H20;
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MacLeod et al., 2013; Miiller et al., 2017; Koepke et al., 2021), and thus the subduction
signature is ubiquitous throughout the entire ophiolite.

Despite mounting evidence that the Oman ophiolite formed at a subduction
zone, others maintain it formed at a true open-ocean mid-ocean ridge and provide
alternative hypotheses for the origins of the water in the mantle source from ancient
subduction (e.g. Moores and Kellogg, 2000) to hydrothermal fluids (e.g. Benoit et al.,
1999; Abily et al., 2011). The aim of this chapter will attempt to resolve the debate by
using Ti isotope composition of Oman lavas and dikes as a novel isotopic tool to

deduce the geodynamic origin of the ophiolite.

5.3.2 Magmatic history and diversity

Owing to the geochemical diversity observed within the Oman ophiolite,
numerous workers have attempted to define the various phases and types of
magmatism (e.g. Pearce et al.,, 1981; Alabaster et al.,, 1982; Ernewein et al., 1988;
Goodenough et al., 2013; Goodenough et al., 2014; Belgrano et al., 2019). This chapter
will follow the terminology of Goodenough et al. (2014) who utilised a combination
of field data, geochemistry and mineralogy to broadly classify Oman ophiolite
magmatism into two distinct groups: Phase 1 and Phase 2.

Phase 1 magmatism encompasses the earliest stages of magmatism which
includes upper mantle mafic cumulates, gabbroic cumulates, and the sheeted dike
with associated pillow lavas. These units have previously been referred to as the
‘Geotimes’ (Alabaster et al., 1982) and V1 (Ernewein et al., 1988). The composition of
Phase 1 parental magmas is broadly comparable to that of Indian MORB (Fig. 5.2 e.g.
Godard et al., 2003; Godard et al., 2006). However, a significant amount of Phase 1 also
exhibit trace element characteristics comparable to that of fore-arc basalts and back-
arc basalts (Fig. 5.2; Fig. 5.3; MacLeod et al., 2013). Relative to Indian MORB, Phase 1
compositions extend to lower MgO (Fig. 5.2; and higher SiOz). TiO2 and Cr also exhibit
a more pronounced decrease during magmatic differentiation (i.e., decreasing MgO

or increasing Y; Fig. 5.2). However, some Phase 1 lavas and dikes display large
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Fig. 5.2 Selected major and trace element variation and discrimination diagrams for Oman Phase 1 (blue
squares) and 2 (yellow diamonds) lavas (L) and dikes (D). Quartz diorites (QZD) are from Phase 1 (see
text). Larger symbols with black outlines represent samples measured for Ti isotopes. Boninitic Phase
2 (green symbols; classified based on criteria from Todd et al., 2012; and Pearce and Reagan, 2019) is
included for comparison but is excluded from further plots and discussion. (A) - TiO2 v.s. MgO
(anhydrous, wt. %). (B) - Ti v.s. an immobile trace element, Y as an alteration resistant differentiation
proxy after Pearce et al. (1981) and Alabaster et al. (1982) but with Y replacing Zr. (C) - Cr v.s. Y. (D) -
Th/YDb - Nb/Yb diagram for subduction influence after. Oman data are from ‘Oman DB’ which include
>1200 published and unpublished data compiled by Christopher Macleod and used with permission.
Indian MORB, Back-arc basin (BAB) and Izu-Bonin-Mariana Fore-arc (FAB) basalt fields are defined by
a kernel density contour that contains 95% of the data. Indian MORB and BAB data are taken from the
compilation of Gale et al. (2013) and references therein. IBM-FAB data are from Reagan et al. (2010) and
Shervais et al. (2019).
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Fig. 5.3 Normal-MORB normalised trace element spider diagrams with fields showing the absolute 20
range for primitive Oman ophiolite lavas and dikes compared to Indian MORB, back-arc basin (BAB)
basalts, and Izu-Bonin-Mariana fore-arc basalts (IBM-FAB). Data sources for all suites are the same as
those presented in Fig. 5.2, but filtered for samples with MgO (wt.%) > 6. Normalising values are from
Pearce and Parkinson (1993).

variations in Th coupled with subtle depletion in Nb (Fig. 5.3), and elevated Th/Yb

(Fig. 5.2) indicative of mild source depletion and/or influence from subduction-
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derived fluids (Pearce, 1982; Pearce, 2008), relative to typical MORB. This is
complemented by the observation that liquid lines of descent for major and minor
elements (notably MgO vs. TiOz) in Phase 1 resemble hydrous tholeiitic magmas often
associated with fore and back arc spreading centres (Fig. 5.2; MacLeod et al., 2013;
Miiller et al., 2017; De Graaff et al., 2019).

Phase 2 comprises the later stages of magmatism in the Oman ophiolite and is
characterised by cross-cutting sequences of plutonic units that include webhrlites,
gabbros, tonalites and trondhjemites (e.g. De Graaff et al., 2019), and lavas and dikes
that range in composition from basaltic to rhyolitic (e.g. Alabaster et al., 1982; Godard
et al.,, 2006). Relative to Phase 1, Phase 2 magmas are characterised by lower TiO:
contents (Fig. 5.2) notable depletions in rare earth (REE; e.g. Y, La, Ce, Nd and Sm)
and high field strength (HFSE; e.g. Zr, Hf, Nb and Ta) elements (Fig. 5.2; Fig. 5.3).
Phase 2 incorporates the Lasail, Alley and clinopyroxene-phyric units of Alabaster et
al. (1982), which were later collectively termed ‘V2’ by (Ernewein et al., 1988) and also
units with boninitic affinity (Ishikawa et al.,, 2002). Whilst there are nuanced
compositional differences amongst some of these subdivisions (e.g. clinopyroxene
compositions; see Alabaster et al., 1982; Belgrano et al., 2019), the bulk major and trace
element systematics of non-boninitic Phase 2 magmas are broadly consistent with
origins from the same subduction-related hydrous depleted source (Goodenough et
al., 2014; Haase et al., 2016; De Graaff et al., 2019). Phase 2 samples with a boninitic
affinity (defined using criteria from Todd et al., 2012; Pearce and Reagan, 2019) are
show separately in Fig. 5.2 and are excluded from discussion for the remainder of this
chapter due to the complex and often disputed nature of their geodynamic
significance and classification (for a detailed review see Pearce and Reagan, 2019 and

references therein).

5.3.3 Sample selection

Samples selected for Ti isotope analyses were chosen from both Phase 1 and

Phase 2 from several localities to provide comprehensive spatial and temporal
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coverage across the entire ophiolite complex (Fig. 5.1), with the aim to utilise Ti
isotopes to trace the onset of hydration of Oman ophiolite magmas through time by
comparing observed Ti isotope fractionation trends in Oman suites to modern
volcanic suites where the water contents of the parental magma is well constrained

(see chapter 3 and Hoare et al., 2020).
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Fig. 5.4 Screening for mobility of conventional major element indices of magmatic differentiation in
samples selected for Ti isotope analysis, relative to Y, an immobile, incompatible element based on the
methodology of Cann (1970). (A) - Y vs. SiOz; (B) - Y vs. MgO; (C) - Y vs. Mg#; (D) — Y vs. FeO*. All
major elements are in wt.% re-calculated on an anhydrous basis. The systematic covariation observed
between selected major elements and Y suggest they likely mirror their original magmatic compositions
and thus have not been significantly affected by alteration, apart from some of the P1L samples which
display notable scatter.
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The bulk compositions of the samples for major, minor and trace elements are
provided in Appendix E4 and select elements are shown in Fig. 5.2 and Fig. 5.4 along
with the entire dataset from ‘OmanDB’ (courtesy of Christopher MacLeod).

Phase 1 samples consist of both dikes (P1D) and lavas (P1L). The Phase 1 dikes
are sourced from the sheeted dike complex located at Wadi Saq, situated within the
north-eastern Ibra valley, Wadi Tayin massif in the southern Oman ophiolite (Fig. 5.1).
A detailed petrographic and geochemical description of these samples can be found
in Loocke (2016). Wadi Saq sample define a tholeiitic liquid line of descent, typical of
Phase 1 (Fig. 5.2). Major and minor element contents (wt.% anhydrous) are as follows
SiO:2 contents range from 50.99 to 64.04, MgO contents from 1.29 to 8.18, and TiO:
contents from 0.98 to 2.16 wt.%. SiO2 and MgO contents show coherent correlation
with variations in TiO:2 and Y (Fig. 5.2; Fig. 5.4) both of which are considered to be
immobile during alteration (e.g. Cann, 1970; Staudigel et al., 1996), indicating SiO2 and
MgO contents have been relatively unaffected by alteration. This is also consistent
with relative low loss on ignition (LOI) values in Wadi Saq samples (0.88-3.96). Phase
1 lavas are from the Ghuzayn area of the Sarami massif (Fig. 5.1) located in the central
part of the ophiolite, collected by Christopher MacLeod in 1989. The Sarami samples
exhibit greater LOI values (1.66-4.87) and scatter in co-variations of SiO2-MgO-TiO2-Y
compared to Wadi Saq (Fig. 5.2; Fig. 5.4), suggesting a higher degree of alteration.
Sarami samples cover a larger compositional range; 48.39 to 70.29 wt.% for SiO:, 8.64
to 0.85 wt.% for MgO, and 0.4 to 2.19 wt.% for TiO: relative to Wadi Saq (Fig. 5.2; Fig.
5.4). For both Wadi Saq and Sarami, the peak in TiO: contents occurs at ~5 wt.% MgO
(Fig. 5.2). In addition, 3 quartz diorites (QZD) from Wadi Saq were also selected which
continue the elemental fractionation trends seen in the sheeted dike complex to more
evolved compositions (Fig. 5.2; Fig. 5.4), and are interpreted to be co-genetic and the
products of extensive fractional crystallisation of the same source (Loocke, 2016).

Phase 2 lava samples are from the Fizh massif (n=15) in the north and the Sarami
massif (n=3) in the centre (Fig. 5.1). The bulk major, minor and trace element chemistry

for the majority of Fizh Phase 2 lavas is reported in Lippard (1986; n=6) and Pearce et
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al. (1981; n=7). The remaining Fizh Phase 2 lavas are from J. Pearce (unpublished).
Sarami Phase 2 lavas are from C. MacLeod (1989, unpublished). The selected Phase 2
lavas define a compositional range from basalt to rhyolite. SiO: contents from 48.48 to
81.59 wt.%, MgO contents from 0.14 to 9.91, and TiO: contents from 0.22 to 1.02 wt.%
(Fig. 5.2; Fig. 5.4). LOI values for Phase 2 lavas are generally higher (1.28 to 9.24)
relative to Phase 1 suggesting more extensive alteration. However, 5i02 and MgO
show systematic trends relative to variations in TiO:2 and Y (Fig. 5.2; Fig. 5.4), which
implies the effects of alteration on Mg and Si are relatively limited. The lavas also
exhibit lower Ti and Y contents, and elevated Th/Yb (Fig. 5.2; Fig. 5.4). Phase 2 dike
samples are from Goodenough et al. (2013) and were collected from the Khor Fakkan
massif located in the northern-most section of the ophiolite in the United Arab
Emirates (Fig. 5.1). Units from the Khor Fakkan area exhibit a prominent subduction
signature that is interpreted to reflect a highly depleted, hydrous mantle source
(Goodenough et al., 2014). Khor Fakkan dikes are characterised by markedly low TiO:
contents (0.42-0.46 wt.%; Fig. 5.2; Fig. 5.4), significant depletion in REE’s such as Y,
and elevated Th/Yb (Fig. 5.2; Fig. 5.4). SiOz2contents for Khor Fakkan dikes range from
49.70 to 56.65 wt.%, with MgO contents from 6.22 to 9.18 (Fig. 5.2; Fig. 5.4). LOI values

of 0.53-1.3 suggest the dikes are relatively unaltered.

5.4 MELTS modelling

The effect of water on fractionation trends in Oman ophiolite lavas and dikes,
liquid lines of descent were modelled using the 1.1.0 version of Rhyolite MELTS
(Ghiorso and Gualda, 2015). An experimental MORB composition from Kinzler and
Grove (1993) was used as the parental magma composition but with the TiOz contents
lowered to 0.7 wt.% to match the inferred parental magma of the Oman ophiolite
(Pallister, 1984; MacLeod et al., 2013). The starting water contents of the parental
magma was progressively varied between 0 to 1 wt.% (with the inferred range of H.O
contents for Phase 1 magmas being 0.2-1 wt.%; MacLeod et al., 2013; Miiller et al., 2017;

De Graaff et al, 2019) with the pressure fixed at 200 MPa to simulate shallow
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fractionation at intra-crustal depth (De Graaff et al., 2019). The oxygen fugacity (fOz)
was set at quartz-fayalite-magnetite (QFM) buffer. From the liquidus temperature
each crystallisation step is defined by a 5°C incremental temperature decrease, with
the model stopping at 800°C, at which point ca. 70-80% of the liquid has crystallised.

The Ti isotope evolution of the evolving melt is calculated incrementally at each
step using a Rayleigh distillation law (see chapter 3 for details). The bulk fractionation
factor is weighted relative proportion of Ti in each phase in the crystallising
assemblage. The Ti isotope fractionation for each phase (i.e., titanomagnetite and
ilmenite, clino- and orthopyroxene) are calculated using the equations derived from
linear regression analysis in chapter 4. Enrichment of Zr and Y in the melt (C./Co)

during fractionation crystallisation was also calculated from the Rhyolite MELTS
output using a rayleigh fractionation law: CL / c =F (P-1) Partition coefficients (Dimei)
o

for each phase were calculated using the derived equations from the multiple linear
regression analysis of Bédard (2005; 2006; 2007; 2014), which enable D values to change
with respect to melt composition. Bulk D values were calculated incrementally using

the mineral modal proportions at each step of MELTS model.

5.5 Results

Mass-dependent Ti isotope compositions for all reference materials and Oman
samples are provided in Appendix E4 and illustrated in (Fig. 5.5). Samples from both
Phase 1 and Phase 2 exhibit trends of increasing 8*#'Ti correlates with increasing SiO,
decreasing TiO2 and Mg# consistent with previous studies (Fig. 5.5; Millet et al., 2016;
Deng et al., 2019; Johnson et al., 2019; Hoare et al., 2020; Zhao et al., 2020). &*#7Ti also
displays a positive correlation with increasing Y contents (Fig. 5.5). The following

section outlines the 8**"Ti variation within each phase of magmatism.

5.5.1 Phase 1
Phase 1 displays 0*#’Ti values that range from -0.01+0.03%o to +1.24:+0.02%. for

lavas (P1L); +0.00+0.02%o to +0.60+0.02%. for sheeted dikes (P1D); and +0.48+0.04%. to
+1.5940.03%o for quartz diorites (QZD). At a SiO: contents >60 wt.% Phase 1 exhibits a
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greater increase in 0**’Ti relative to Phase 2, with this observation most apparent in

Phase 1 dikes (Fig. 5.5). Phase 1 samples define a &9#Ti vs. SiO: trend that is
intermediate between the trends observed in high-Ti intraplate magmas (Fig. 5.5;
Deng et al., 2019; Hoare et al., 2020) and those from tholeiitic and calc-alkaline suites
(Fig. 5.5; Hoare et al., 2020). Relative to Mg# the majority of Phase 1 show d*#Ti
values that fall along a similar trend to calc-alkaline magmas (Hoare et al., 2020),

notwithstanding some scatter (Fig. 5.5).
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Fig. 5.5 Variations of d*/47Ti (%o) versus: (A) — SiOz; (B) — Mg# (100"Mg/Mg+Fe?); (C) — TiOz; and (D) —
Y contents in microgram per gram (pg/g). SiO2 and TiO: are in weight percent (wt.%; recalculated on
an anhydrous basis). Uncertainties for 0*/#7Ti (95% confidence intervals) are smaller than the symbol
size. The coloured arrows indicate the general evolution pathways for magmatic differentiation suites
of varying geodynamic origin compiled from the literature (see Millet et al., 2016; Deng et al., 2019;
Johnson et al., 2019; Hoare et al., 2020, and Chapter 3).
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5.5.2 Phase 2

O¥MTi values for Phase 2 samples vary from range from -0.01+0.02%o to
+0.9740.04%0 for lavas (P2L) and -0.01£0.02%. to +0.19+0.02%. for dikes (P2D).
Compared to Phase 1, Phase 2 samples display elevated */#’Ti values at lower TiO:
and Y contents (Fig. 5.5). Phase 2 samples display the least variation in d*/*Ti at a
given 5iO2 (Fig. 5.5), yet conversely exhibit larger variation in 0*/#Ti with decreasing

Mg relative to Phase 1, but with notable scatter at Mg# <40 (Fig. 5.5).

5.6 Discussion: Ti isotope and trace element constraints on the
geodynamic setting of the Oman Ophiolite

Whilst the general trace element systematics of units within the Oman ophiolite
provide clear evidence for progressive depletion of mantle sources, they fail to
provide unambiguous constraints for or against either a polygenetic, supra-
subduction setting or a pure mid ocean ridge origin. In this section a novel
combination of Ti isotopes, incompatible, immobile, and redox-sensitive trace
elements are utilised to probe the redox conditions of differentiated magmas and the

mantle source from which they originated.

5.6.1 Pitfalls and Challenges to Finding Robust Indices of Magma
Differentiation in Ophiolites

Hydrous and hence oxidised magmas display distinct Ti isotope fractionation
trends relative to drier and more reduced tholeiitic magmas (Chapter 3 and Hoare et
al., 2020). This is best represented by covariation of 8*#Ti with respect to Mg#, with
hydrous calc-alkaline arc magmas (>2 wt.% H:0) exhibiting elevated 5*#"Ti at a given
Mg# relative to both island-arc (<1 wt.% H20) and mid-ocean ridge tholeiites (<0.2
wt.% H20). This contrast in *#’Ti is a direct manifestation of the earlier onset of Fe-
Ti oxide crystallisation in hydrous magmas (Hoare et al., 2020), due to the suppression
of the plagioclase liquidus temperature (e.g. Berndt et al., 2005; Feig et al., 2006; Feig
et al., 2010; Nandedkar et al.,, 2014). Additionally, as the terrestrial mantle is

homogenous with respect to 0*/#Ti (e.g. Millet et al., 2016; Greber et al., 2017; Zhao et
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al., 2020), the 6*#"Ti of parental magmas is unlikely to be modified by source depletion
or enrichment processes as evidenced by mantle melting modelling in Chapter 4.
However, there is an additional caveat in that the calc-alkaline and tholeiitic Ti
isotope evolution trends are dictated by analyses of differentiated lavas that are
geologically young (all < 3 Ma), fresh, well-characterised, and have strong
petrographic and geochemical evidence supporting origins as the products of
fractional crystallisation (see Chapter 3 for details). Thus, this poses potential
problems when attempting to apply such a proxy further back into the geologic
record, particularly as ophiolites have often experienced intense alteration (e.g.
Pearce, 2008; Pearce, 2014 and references therein). Whilst Ti is an immobile element
(e.g. Staudigel et al., 1996), and, as such its isotopic budget is likely unaffected by
processes such as weathering and metamorphism, major element proxies for
magmatic differentiation such as Si, Mg and Fe can be mobilised to varying degrees
(Fig. 5.4, Cann, 1970; Floyd and Winchester, 1978; Pearce, 2014). In the past use of
conventional major elements has led to some erroneous classification of altered rocks
from ophiolites as evolved calc-alkaline arc lavas (e.g. Miyashiro, 1973; Pearce and
Robinson, 2010). Whilst it is apparent from Fig. 5.5 that Oman samples generally
exhibit increasing 8**"Ti with decreasing Mg# likely due to Fe-Ti oxide crystallisation,
there is notable scatter that encompasses the range of both calc-alkaline and tholeiitic
differentiation pathways. For example, most Phase 1 samples evolve along a trajectory
comparable to that of calc-alkaline suites with parental magmas that have initial H.O
contents >2 wt.%, which is at odds with previous H20O estimates for Phase 1 of 0.2-1
wt.%, and hence their origins from ‘moist’ MORB magmas. Similarly, 0**#Ti-Mg#
systematics would suggest Phase 2 samples evolved from parental magmas that range
from relatively dry tholeiites to hydrous arc magmas (Fig. 5.5). Therefore, it difficult
to place precise constraints on the water contents of Oman magmas using Mg# alone,
as alteration has to potential to induce modifications to the concentrations of both
mobile elements used to calculate this ratio as can be observed Fig. 5.4, where some

samples exhibit scatter in both MgO and FeO* relative to Y.

104



Chapter 5: Titanium isotope and trace element insights into the redox evolution of the Oman ophiolite
mantle sources and melts

Recently there have also been efforts to apply 0*#Ti-SiO: variations as a
geodynamic proxy for Archean rocks (Aarons et al., 2020). However, differentiation
trajectories in 0*/*Ti-SiO:z space are primarily a reflection of the Ti contents of the
parental magma (Hoare et al.,, 2020 and Chapters 2 and 3). Ti-rich intraplate magmas
displaying greater variation in 8*/#Ti-S5iO2 space as high melt Ti contents enables
crystallisation of both ilmenite and high-Ti titanomagnetite (Hoare et al., 2020; and
Chapters 3 and 4). Despite varying parental water contents, Arc magmas and MOR
tholeiites define relatively similar trends for 84Ti-SiO: (Fig. 5.5; Hoare et al., 2020).
The observation that Phase 1 samples that are spatially related display a large range
of variation 0*#Ti-SiO: compositional space makes it difficult to derive any
meaningful geodynamic information. Hence 6*#'Ti-SiO2 systematics can only be used
to identify Ti-rich intraplate magmas and provides no inference on the redox state of
the original parental magma from which the samples evolved.

Immobile and/or incompatible elements such as Ti, Y, Zr, and Nb have
previously been utilised to circumvent the effects of alteration and decipher the
geodynamic origin of ophiolites (e.g. Pearce and Cann, 1973; Pearce and Norry, 1979;
Pearce et al., 1981; Alabaster et al., 1982; Pearce, 2008; Pearce and Robinson, 2010), thus
providing the ideal context from which to interpret the 3*#’Ti variations observed in
Oman samples. Fig. 5.5 demonstrates that */#/Ti variations for Oman samples are best
observed relative to their co-variation with Ti and Y, with both Phase 1 and Phase 2
exhibiting coherent trends with greatly reduced scatter compared to when either SiO:

or Mg# are used as differentiation indices.

5.6.2 Estimation of Parental Magma Compositions

As demonstrated by MacLeod et al. (2013) the magmatic differentiation of Phase
1 lavas and dikes is best explained by fractionation from a hydrous tholeiitic parent
magma, and empirically, the major element compositions of Phase 1 have closer
affinity to magmas associated with both back-arc and fore-arc settings than the

majority of MOR derived magmas. By utilising the same MELTS modelling approach
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taken by MacLeod et al. (2013) the influence of water contents on Ti isotope
fractionation trends in the Oman samples can be investigated. Details of the MELTS

modelling are given in section 5.4.1.
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Fig. 5.6 Screening of primitive Phase 1 lavas (P1L) and dikes (P1D) using either MgO > 6 wt.% or Mg#
>60. (A) — Zr vs. MgO. (B) - Y vs. MgO. (C) — Zr vs. Mg#. (D) Y vs. Mg#. (E) Zr vs. Y for samples with
MgO > 6 wt.%. (F) Zr vs. Y for samples with Mg# > 60. Colour bars are shown for MgO or Mg values
depending on the panel. The shaded orange area in panels A-D indicates the compositional space from
which the estimated parental magma Zr and Y contents was derived. The dashed lines indicate the cut-
offs imposed for values of MgO, Mg#, Zr and Y were imposed to remove samples that exhibited
enrichment in Zr or Y due to fractional crystallisation (MgO < 8; Mg#<68) and outliers. The dashed lines
in panels E and F show the mean Zr and Y values derived from using MgO and Mg# respectively. The
shaded orange areas in panels E-F indicate the 2-standard error on the mean.
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Fig. 5.7 Screening of primitive Phase 2 lavas (P2L) and dikes (P2D) using either MgO > 6 wt.% or Mg#
> 60. (A) — Zr vs. MgO. (B) =Y vs. MgO. (C) — Zr vs. Mg#. (D) Y vs. Mg#. (E) Zr vs. Y for samples with
MgO > 6 wt.%. (F) Zr vs. Y for samples with Mg# > 60. Colour bars are shown for MgO or Mg values
depending on the panel. The shaded orange area in panels A-D indicates the compositional space from
which the estimated parental magma Zr and Y contents was derived. The dashed lines indicate the cut-
offs imposed for values of MgO, Mg#, Zr and Y were imposed to remove samples that exhibited
enrichment in Zr or Y due to fractional crystallisation (MgO < 7.8; Mg#<67) and outliers. The dashed
lines in panels E and F show the mean Zr and Y values derived from using MgO and Mg# respectively.
The shaded orange areas in panels E-F indicate the 2-standard error on the mean.

As primitive Phase 2 magmas are generally more depleted in elements such as
Ti, Zr, and Y relative to Phase 1, this results in an offset in the differentiation trends
observed in both Y (or Zr) with respect to either Ti or d#Ti (Fig. 5.2; Fig. 5.5).

Therefore, to facilitate direct comparison between the two phases, 0*/#'Ti variations
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should be evaluated relative to the enrichment factor of Y and Zr in the samples
relative to a primitive ‘parental magma’. By utilising a “big data” approach on all
available geochemical data for Oman ophiolite (Oman DB; MacLeod et al
unpublished) constraints can be placed on potential parental magma compositions
(Fig. 5.6; Fig. 5.7) from which Zr and Y enrichment can be propagated (see captions of
Fig. 5.6; Fig. 5.7 for details). Fig. 5.6 and Fig. 5.7 demonstrate the approach taken to
estimate the Zr and Y concentration of a representative parental magma for Phase 1
and Phase 2 respectively. The estimates are based on a selection of primitive samples
that show little to no increase in Zr or Y, with respect to MgO or Mg# due to fractional
crystallisation. This approach was slightly more challenging for Phase 2 than Phase 1
due to the smaller data set and the less apparent positive inflection in Zr or Y with
increasing MgO or decreasing Mg# (Fig. 5.7).

5.6.3 Ti isotope hygrometry: Elucidating the water contents of
differentiated Oman ophiolite melts

The 8*#'Ti values along with Zr and Y enrichment factors of Oman ophiolite
lavas and dikes superimposed onto liquid lines of descent modelled using rhyolite
MELTS outputs (for model details see 5.4.1) are show in Fig. 5.8. The TiO-MgO
systematics of Phase 1 lavas and dikes are best replicated from a parental magma with
0.2-0.5 wt.% H20 (Fig. 5.8), consistent with previous estimates for Phase 1 (MacLeod
et al., 2013). However, when 0*/#Ti evolution is modelled vs. MgO for varying H.O
contents, most samples display trends in excess of 1 wt.% H20O, with no discernible
difference between Phase 1 and Phase 2 magmas (Fig. 5.8). In contrast, when the
evolution of 0*/#"Ti is compared to the enrichment of Zr and Y, discrete differentiation
trends become apparent (Fig. 5.8). The 0*/#'Ti evolution Phase 1 lavas and dikes is best
reproduced with a parental magma with 0.5 wt.% H20O, particularly with respect to 'Y
enrichment (Fig. 5.8), whereas Zr enrichment display more scatter potentially due to
the accumulation of Zr-rich phases such as zircon (Fig. 5.8). However, most samples
are within the 95% confidence interval of the weighted linear regression of the whole

data set (Fig. 5.8). Phase 2 samples consistently display elevated &*#Ti values with
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respect to Zr or Y enrichment than Phase 1, implying their parental magma contained

>1wt.% H20 (Fig. 5.8). As rhyolite MELTS is best suited to modelling
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Fig. 5.8 Results of MELTS modelling (A) — TiO2 vs. MgO and (B) — 0*/#Ti vs. MgO for Phase 1 and Phase
2. Details of the conditions of the rhyolite MELTS models and the Rayleigh distillation modelling for
the 6*/47Ti compositions of the MELTS output can be found in section 5.4.1. (C) — Co-variation of Y and
Zr enrichment factors for Phase 1 and Phase 2 samples, error bars represent error propagated from the
uncertainty on the estimated Y or Zr contents of the parental magma from Fig. 5.6 and Fig. 5.7. Solid
black line represents a weighted linear regression of all samples, with dashed black lines indicating the
95% confidence interval of the regression. (D) — 0*/#7Ti vs. Zr enrichment factor. (E) — 0*#7Ti vs. Y
enrichment factor. Solid lines represent liquid lines of descent produced by varying the H2O contents

of the starting composition from 0-1 wt.% in rhyolite MELTS.
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Fig. 5.9 Phase 2 lavas and dikes compared to differentiated arc magmas from Chapter 3 and Hoare et
al. (2020) (A) — TiO2 vs. MgO and (B) — 8*#7Ti vs. MgO. (C) — Co-variation of Y and Zr enrichment
factors for Phase 2 samples and arc suites, error bars represent error propagated from the uncertainty
on the estimated Y or Zr contents of the parental magma from Fig. 5.6 and Fig. 5.7. The Zr and Y
enrichment factors for arc suites were derived in the same manner as the Oman samples. Arc dataset is
provided in Appendix E1 and E2. (D) — 0%/#7Ti vs. Zr enrichment factor. (E) — 0*/47Ti vs. Y enrichment
factor. The shaded grey area in panels D-E represents the maximum extent of the MELTS models from
Fig. 5.8, with the edge defined by the 1 wt.% H20O model.

tholeiitic compositions at a limited range of H2O contents (<1wt.% H:0; e.g.
Nandedkar et al.,, 2014), in order to place more precise constraints on the water
contents of Phase 2 parental magmas, their compositions were directly compared to
suites of differentiated arc magmas where the H2O contents of the parental magma is

well constrained as shown in Fig. 5.9.
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Fig. 5.9 demonstrates that not only are the major element systematics of Phase 2
comparable to arc magmas (from both tholeiitic island and calc-alkaline arcs), but they
also exhibit similar 0*/#Ti fractionation trends. In general, Phase 2 samples define a
trend that is intermediate between hydrous calc-alkaline magmas (>3 wt.% H20) and
the 1 wt.% H0O fractionation trend modelled using MELTS (Fig. 5.9). Island arc
tholeiites are often used as an analogue for Phase 2, however when compared to the
Monowai differentiation suite (<1 wt.% H20), Phase 2 consistently displays increased
O¥#"Ti values relative to Zr and Y enrichment (Fig. 5.9). When considering both
comparisons to natural arc data and MELTS modelling, it is likely that the parental
magma of Phase 2 had between 1 and 3 wt.% H:O (Fig. 5.9). This is consistent with
concentrations of H20 ranging from 1.5 to 2.7 wt.% measured in primitive (>5 wt.%
MgO) Phase 2 basaltic glasses (Belgrano et al., 2021).

Overall, the 3*#"Ti compositions of Oman ophiolite lavas and dikes indicate that
Phase 1 magmas possess initial water contents ~0.5 wt.% H:0, which is significantly
greater than observed for modern East Pacific Rise MORB (to which Phase 1 is often
compared) at ~0.2 wt.% (le Roux et al., 2006; Portner et al., 2021). The observation that
Phase 1 samples from the southernmost section of the ophiolite also exhibit a hydrous
fractionation trend further corroborates that the ‘moist MORB’, and hence subduction
signature is ubiquitous throughout the entire ophiolite. Whereas Phase 2 have
estimated initial H2O contents ~2 wt.%, comparable to modern arc magmas. This
provides further evidence for a transition from moist to wet magmatism during the
history of the Oman ophiolite. Given that constraints from geochronology date Phase
1 at 96.5-95.5 Ma, compared to 95.4-95.1 for Phase 2 (Rioux et al., 2012; Rioux et al,,

2013), it is clear the increase in the influx of water occurred extremely rapidly (~2 Myr).

5.6.4 The redox state of Oman ophiolite mantle sources

Titanium isotopes provide clear evidence that magmatic differentiation in the
Oman ophiolite, both spatially and temporally, occurred under hydrous conditions.

Observations from Ti isotopes can be combined with investigations of variations in
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redox-sensitive and incompatible elements to provide comprehensive constraints on
redox transitions within the ophiolite, whilst also assessing the impact of mantle
source depletion.

Elements that possess variable redox states under terrestrial conditions can be
utilised to probe the redox state of magmas. Vanadium (V) can possess multiple
oxidation states, which influences its partition coefficient (Dymireralmelt) during
magmatic processes such as mantle melting. V occurs in both 3+ and 4+ oxidation
states (e.g. Gaetani and Grove, 1997; Canil, 1999). V¥ is more compatible in igneous
minerals (olivine, clino- and orthopyroxene), than V#, hence Dyminera/melt decreases as
oxygen fugacity (fO:2) increases (e.g. Canil, 1999; Mallmann and O’Neill, 2009; Laubier
et al., 2014). Thus, V becomes more incompatible under oxidising conditions. The
redox-sensitive partitioning of V has previously been used to estimate the redox state
of the mantle source regions of basalts from both mid-ocean ridge and subduction
zone settings (Shervais, 1982; Pearce and Parkinson, 1993; Lee et al., 2005; Mallmann
and O'Neill, 2009; Laubier et al., 2014). When V is coupled with an incompatible
element such as Ti, Y or Yb, the depletion of V relative to these elements is a function
of redox state, and hence Ti/V or V/Y can be utilised as a redox proxy (Shervais, 1982;
Laubier et al., 2014). It has previously been documented that back arc basin basalts
(BABB) show elevated V/Yb relative to MORB, which is interpreted to be the
consequence of increased fO2 and H20, due to the influence of subduction derived
fluids on mantle source of BABB (Laubier et al., 2014). Therefore, the redox conditions
of the Oman ophiolite can be investigated by examining the V-Ti-Y systematics of
primitive Oman samples, relative to MORB and subduction-zone influenced basalts.

Following the protocol adopted by Laubier et al. (2014) only samples with MgO
> 6 wt. % and Dy/Yb < 2 were selected to avoid the effect of magnetite crystallisation
and residual garnet, respectively, on V contents. From a database (OmanDB) of >1200
entries this yielded a dataset of 291 and 117 primitive samples for Phase 1 and Phase
2 respectively. The V-Ti-Y compositions of primitive Oman samples compared to

Indian MORSB, fore arc basalts and back arc basalts are shown in Fig. 5.10, along with
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non-modal fractional melting trends produced by melting a depleted MORB mantle
source (DMM) under varying oxygen fugacity (QFM -1 to QFM+1). The parameters
used to perform the melting calculations are provided in Table 5.1.

Based on V-Ti-Y systematics, Fig. 5.10 shows that most primitive lavas and dikes
from Phase 1 can be produced by melting of a DMM source at QFM + 0.5 after 0.1-15%
melt extraction. The bulk of Phase 1 data exhibit V, Ti and Y contents comparable to
Indian MORB (Fig. 5.10). The most recent estimate of the average fO20f MOR is QFM
+0.1 (Berry and O’Neill, 2021), which is consistent with estimates from Fig. 5.10,

notwithstanding some variation.

Table 5.1 Mineral modes, melt modes and partition coefficients used to perform non-modal fractional
melting calculations using both a DMM source and a depleted residue. The same parameters were used
for the melting calculations for the depleted residue composition. The concentrations of Ti, Y and V
remaining in the residue are also provided. V partition coefficients at a given fO: were calculated using
the calibration curves of Mallmann and O'Neill (2009). 1 — Workman and Hart (2005); 2 — Niu (1997); 3
— Pearce and Parkinson (1993); 4 - Mallmann and O'Neill (2009).

Source: DMM (Salters and Stracke, 2004)
Mineral Ol Opx Cpx Sp Ref.
Mode 57 28 13 2 1
P; (Melt Mode) -0.17 0.65 0.47 0.05 2
Ti 0.010 0.110 0.350 0.100 3
Y 0.005 0.080 0.500 0.001
QFM +1.5 0.020 0.074 0.175 1.062
D, i-melt QFM +1 0.028 0.102 0.253 1.687
. v QFM +0.5 0.041 0.142 0.370 2.674 4
QFM 0.060 0.198 0.542 4.186
QFM -0.5 0.089 0.272 0.784 6.395
QFM -1 0.128 0.366 1.104 9411
Source: Residue after 8% melting of DMM at QFM+1
Mineral Ol Opx Cpx Sp
Mode 63.43 24.78 10.04 1.74
Ti (ng/g) 29431
Y (ug/g) 1.59
V (ug/g) 39.14
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Fig. 5.10 V-Ti-Y systematics of primitive Phase 1 and Phase 2 lavas and dikes with non-modal fractional
melting trends at varying oxygen fugacity. (A) — V vs. Ti with melting trends of a DMM source. (B) -V
vs. Y with melting trends of a DMM source. (C) — V vs. Ti with melting trends of an 8% residue DMM
source melted at QFM+1. (D) — V vs. Y with melting trends of an 8% residue DMM source melted at
QFM+1. Oman data are from ‘Oman DB’ which include >1200 published and unpublished data
compiled by Christopher Macleod and used with permission. Indian MORB, Back-arc basin (BAB) and
Izu-Bonin-Mariana Fore-arc (FAB) basalt fields are defined by a kernel density contour that contains
95% of the data. Indian MORB and BAB data are taken from the compilation of Gale et al. (2013) and
references therein. IBM-FAB data are from Reagan et al. (2010) and Shervais et al. (2019). Solid grey
lines represent constant Ti/V or V/Y depending on the panel. DMM source composition is from Salters
and Stracke (2004), mineral modes are from Workman and Hart (2005), and melt modes were taken
from Niu (1997). Melting trends (solid black lines) shown in panels A and B represent 0.1% to 25%
melting, with each circle representing a 5% increment. In panels C-D, melting increments are 0.1, 5, 10,
and 17%.
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This implies that the mantle source of Phase 1 shares broadly similar redox conditions
to that of average MORB. However, Fig. 5.10 also demonstrates that there is a notable
portion of primitive Phase 1 data, with Ti/V and V/Y more comparable to that of back
arc and fore arc basalts. Thus, suggesting there is greater variability in source
depletion and redox state of Phase 1 than typically observed in MORB, which would
require the presence of water (Koepke et al., 2021).Most primitive Phase 2 lavas and
dikes possess low Ti/V and high V/Y comparable to those observed in subduction zone
basalts, which indicates they are probably derived from a depleted, oxidised source
(Fig. 5.10). The generation of most Phase 2 primitive magmas requires either; (i)
extreme depletion (20-25%) of a DMM source at QFM or above, or (ii) re-melting of a
depleted residue produced from melting DMM under oxidising conditions (Fig. 5.10).
The latter scenario provides a better fit for bulk the of data and can explain the entire
range of variation observed in primitive Phase 2 magmas (Fig. 5.10).

When combined with geochronology (Rioux et al., 2012; Rioux et al., 2013), V-Ti-
Y systematics indicate that the transition to a depleted, oxidised mantle source
occurred extremely rapidly. The V-Ti-Y systematics of Phase 2 are consistent with the
previous observation that their Ti isotope evolution occurred under very hydrous
conditions (>2 wt.% H20; Fig. 5.9). Interestingly, another important caveat to consider
is that whilst V-Ti-Y suggest redox state of Phase 1 is MORB-like, their Ti isotope
evolution requires the presence of elevated water contents (~0.5 wt.% H20; Fig. 5.8).
This juxtaposition requires that water was added to the Phase 1 mantle source prior
to the onset of magmatic differentiation. A recent combination of experimental data
and phase equilibria modelling by Koepke et al. (2021) suggests that not only is the
widespread presence of water in the Phase 1 mantle source is highly plausible, it is
necessary to explain the presence of wehrlitic phase assemblages (olivine +

clinopyroxene) in the plutonic crust of the Oman ophiolite.
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5.7 Conclusions: The geodynamic setting of the Oman Ophiolite

The implications of the coupled Ti isotope and trace element systematics of the

Oman ophiolite indicate:

i.  The Ti isotope fractionation pathways of Phase 1 required H20 contents in
their parental magmas far greater than those found in modern MORB
magmas. Phase 2 exhibit Ti isotope signatures comparable to modern
hydrous arc magmas. This is further corroborated by their Ti.V and V/Y
systematics which suggest Phase 2 parental magmas are produced by melting
a highly depleted mantle source under oxidising conditions, and hence the
presence of significant amounts of H20.

ii. ~ Whilst Ti/V and V/Y systematics suggest Phase 1 mantle sources were
generated under redox conditions broadly comparable to that of average
MORSB, as evidence by Ti isotopes, the evolution of Phase 1 magmas occurred
under more hydrous conditions. This is likely the result of the progressive
hydration of an initially dry upwelling mantle column during the early stages

of subduction initiation.

The data presented in this chapter provide strong evidence for a ‘moist’ to wet
transition in the Oman ophiolite, and thus progressive development of a subduction
signature. When combined with current constraints from geochronology, this
progression occurred extremely rapidly over a period of ~1-2 Myr (Rioux et al., 2012;
Rioux et al., 2013). The absence of direct geologic evidence for an arc complex existing
concurrent with the onset of Phase 1 magmatism would argue against back arc basin
origin (e.g. Pearce et al., 1984). However, many have begun to draw parallels between
the Oman ophiolite and Izu-Bonin-Mariana system (e.g. Stern et al., 2012; MacLeod et
al., 2013; Ishizuka et al., 2014), particularly as current evidence suggest the onset of
subduction initiation was rapid in both localities (Crameri et al., 2020 and references
therein). Therefore, the coupled Ti isotope and trace element systematics presented in

this chapter contribute to providing further evidence that the Oman ophiolite formed
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as consequence of rapid subduction initiation, originating as spreading centre

associated with a nascent subduction zone.
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6.1 Summary and Concluding Remarks

Mass dependent variations in Titanium isotopes show great potential as a novel
geochemical tool with which to investigate magmatic processes. This study builds
upon the foundations of previous work that demonstrated Ti isotope fractionation
during magmatic differentiation is primarily due to Fe-Ti oxide-melt equilibria (e.g.
Millet et al., 2016; Deng et al., 2019; Johnson et al., 2019).

To enhance our understanding of the controls and mechanics of Ti isotope
fractionation during magmatic differentiation this study has expanded the current Ti
isotope dataset to include several well-characterised mafic to felsic differentiation
suites from contrast tectonic settings. Differentiated lavas from intraplate settings
display a greater magnitude of Ti isotope fractionation at a given SiO: content relative
to lavas from both mid-ocean ridge and subduction zone settings. The high TiO:
contents of the parental magmas of intraplate lavas enables them to crystallise both
ilmenite and Ti-rich titanomagnetite in high modal abundance, which combined with
extreme levels of fractional crystallisation (>80%) produces significant Ti isotope
fractionation during magmatic differentiation. In contrast tholeiitic and arc magmas
have lower parental TiO: contents, with titanomagnetite being the dominant Fe-Ti
oxide phase. In addition, hydrous calc-alkaline arc magmas display elevated 0*/+Ti
values at a given Mg# relative to tholeiitic magmas form both mid ocean ridge and
subduction zone settings. This is the manifestation of earlier Fe-Ti oxide saturation in
hydrous calc-alkaline magmas due the suppression of plagioclase in the presence of
increased water contents. The additional control of water contents on Ti isotope
fractionation trends suggests Ti isotope could be applied as a novel isotopic proxy to
elucidate the geodynamic setting of ancient volcanism.

Measurements of Fe-Ti oxide mineral separates have confirmed that Fe-Ti oxides
are isotopically light relative to silicate melt and minerals (Johnson et al., 2019).

However, there is currently no measurements of individual Fe-Ti oxide phases such
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as ilmenite, titanomagnetite and rutile. Extracting pure Fe-Ti oxides phases from
mineral separates is often complicated by the fact that these phases are often
intergrown or possess similar densities and magnetic properties. This study utilises a
novel micro-mill technique to sample individual Fe-Ti oxide-groundmass and glass
pairs in-situ from a range of natural and experimental samples, with the aim to
provide more robust quantitative constraints on the Ti isotope fractionation factors of
different Fe-Ti oxides. The Ti isotope composition of Fe-Ti oxide phases is consistently
isotopically lighter than their host groundmass or silicate melt. IImenite and rutile
possess relatively homogeneous Ti isotope compositions with ilmenite being
isotopically lighter compared to rutile. This difference is primarily reflective of small
differences in their Ti-O bond length, with ilmenite possessing slightly longer Ti-O
bonds and hence a stronger preference for lighter isotopes. The titanomagnetite Ti
isotope fractionation increases as a function of TiO: contents with A*/* Tititanomagnetite-melt
values at 1000 K ranging up to -1.12%o in Ti-rich titanomagnetite (~23 wt.% TiO:) from
Heard Island compared to -0.64 %o in Santorini (~13 wt.% TiO:). This dichotomy could
result from strain due to exchange of smaller Fe* ions with larger Fe?* and Ti* ions
during magnetite-ulvospinel solid solution creating a weaker crystal lattice in Ti-rich
titanomagnetite. The results presented in this study are consistent with Ti isotope
fractionation factors inferred from analyses of mineral separates and ab-initio
calculations (e.g. Leitzke et al., 2018; Johnson et al., 2019; Mandl, 2019; Wang et al.,
2020). The data from this study enables the calculation of Ti isotope fractionation
factors as a function of both temperature and TiO: content in the case of
titanomagnetite. This enables these fractionation factors to be used in combination
with Ti isotope inter-mineral fractionation factors for silicate minerals recalculated
from previous ab-initio studies to successfully model the behaviour of Ti isotopes
during partial melting of Earth’s mantle as well as fractional crystallisation of magmas
from distinct magma series. This work provides the foundation for Ti isotopes to
develop into a mature petrologic tool that can be applied to model a range of

magmatic processes.
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The constraints on the behaviour and mechanics of Ti isotope fractionation from
Chapters 3 and 4 provide the framework by which the efficacy of Ti isotopes as a novel
tool to identify the tectonic setting of past volcanism in the geologic record. During
this study Ti isotope measurements were performed on a temporally and spatially
representative set of lavas and dikes from the Oman-UAE ophiolite to deduce the
geodynamic setting in which it formed. The Oman ophiolite was chosen as the focus
of this study due to its recognition as the best preserved and largest ophiolite complex
available for study. There is long-standing and contentious debate surrounding its
geodynamic context of formation, which hinges on two competing hypotheses: (i) the
ophiolite formed at an open-ocean mid-ocean ridge, and thus a unique, invaluable
direct analogue for modern fast-spreading oceanic ridges; or (ii) it formed as
spreading centre in a marginal basin above a nascent subduction zone, analogous to
fore-arc spreading centres such as the Izu-Bonin-Mariana system. Ti isotope
systematics observed in the earliest phase of magmatism, Phase 1, which is
compositionally like Indian MORB, requires the presence of H2O contents far greater
than has currently been observed in any mid-ocean ridge basalt, thus ruling out a
scenario whereby Phase 1 magmas were formed at a true mid ocean ridge setting.
Additionally, magmas from the second stage of magmatism, Phase 2, display Ti
isotope systematics comparable to hydrous arc magmas. Furthermore, additional
context is provided through modelling of the incompatible and redox-sensitive trace
element systematics (V-Ti-Y) of Phase 1 and Phase 2 primitive magmas. V-Ti-Y
systematics demonstrate that Phase 2 magmas are derived from a highly depleted
oxidised source which is consistent with their Ti isotope systematics. However, V-Ti-
Y systematics of Phase 1 suggest the redox state of its mantle source is similar to that
of average MORB, and most primitive Phase 1 magmas can be produced by melting
of a depleted MORB mantle (DMM) source. When considered in conjunction with the
Ti isotope compositions of Phase 1, this indicates a progressive hydration of the Phase
1 mantle source prior to or contemporaneous with the onset of magmatic

differentiation. Thus, the combined Ti isotope and trace element investigation
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presented in this study provides convincing evidence for a rapid moist to wet
transition in the Oman ophiolite and the progressive maturation of a subduction zone
signature. Additionally, when these results are placed within a geochronological
context the data suggest that from the onset of subduction initiation the formation of

the subduction zone occurred within 2 Myr.

6.2 Outlook and Potential for Future Work

The work in this thesis has investigated the mechanics and controls that
influence mass dependent Ti isotope fractionation during magmatic processes. The
results demonstrate the efficacy of Ti isotopes as a novel tool that can be utilised to
trace magmatic differentiation and probe the geodynamic setting of ancient
volcanism. In addition, the calculation of Ti isotope Fe-Ti oxide-melt fractionation
factors provide the foundation for further petrologic modelling.

Constraints provided from mantle melting models in Chapter 4 indicate, the
degree of melting exerts no resolvable influence on the Ti isotope composition of the
terrestrial mantle. However, There is still debate surrounding the Ti isotope
composition of mid ocean ridge basalts (MORB), with Deng et al. (2018) arguing that
enriched MORB are isotopically heavier with respect to normal MORB due to mantle
recycling of isotopically light cumulates formed during continental crust formation in
the Archean. However, this interpretation is controversial and relies on a limited
number of samples. To fully address this issue, a comprehensive Ti isotope study of a
global database of well-characterised MORB lavas and glasses from all Earth’s oceans
is required. The Ti isotope systematics would also need to be coupled with constraints
from precise radiogenic isotope ratios such as Pb/Pb, Sm-Nd and Rb-Sr to identify if
there is indeed resolvable variation between the Ti isotope compositions of different
MORB'’s.

A recent investigation by Klaver et al. (2021) observed small resolvable
variations in the Ti isotope compositions of detrital marine sediments, which was

interpreted to the result of hydrodynamic sorting of Fe-Ti oxides during sediment

121



Chapter 6: Synthesis and Outlook

transport. Thus this has implications for models of crustal evolution that use Ti isotope
as a proxy for the proportion of felsic crust (e.g. Greber et al., 2017a), with
hydrodynamic sorting possessing the ability to introduce bias into such models
(Klaver et al., 2021). This work also raises an additional question on the influence of
sediment contributions to the Ti isotope composition of subduction zone lavas, as the
introduction of sediment into subduction zone mantle sources has important
implications for its bulk chemical and isotopic composition (e.g. Othman et al., 1989;
Elliott et al., 1997; Plank and Langmuir, 1998; Rapp et al., 2008; Andersen et al., 2015).
Klaver et al. (2021) demonstrated that eastern Mediterranean Sea sediment of distinct
provenance also have different Ti isotope compositions. A potential future application
could be to conduct a Ti isotope study of volcanic arc lavas where the degree and
provenance of their sediment input is well-constrained. A combined Ti isotope study
of arc lavas and associated detrital sediment could be used to constrain if sediment

input can influence the Ti isotope composition of subduction zone lavas.
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