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Summary

Sanukitoid magmatism is a unique feature of the late Archean-early Proterozoic
transition (~3.0 — 2.0 billion years ago) that marks a major shift in continental crust
composition and is thought to be linked to a geodynamic change. Sanukitoids are
distinctively enriched in both mantle-compatible and incompatible elements, showing
they formed by interaction between the mantle and a recycled crust-derived
component. However, many aspects of sanukitoid parental magma formation, as well
as their magmatic differentiation and temporal evolution, are poorly constrained,
leading to multiple interpretations of their link to geodynamics. This thesis uses novel
stable isotope systems, specifically titanium (84°Ti) and uranium (52%U) isotopes, to
provide new insights into the formation and evolution of sanukitoids. Primitive
sanukitoids have significantly heavier *°Ti than the mantle and modern arc basalts
which requires a hydrous metabasite melt component. This metabasite melt likely
formed via fluid-fluxed eclogite melting, suggesting the sanukitoid mantle source was
generated by a subduction-like process in the late Archean. Sanukitoid Ti isotope
systematics demonstrate that their parental magmas were as water-rich and oxidised
as modern arc magmas, however their U isotope systematics imply that they were
oxidised via a different mechanism to them. Sanukitoids display a small 3*°Ti increase
during differentiation due to fractional crystallisation of abundant hornblende alongside
Fe-Ti oxides. High-Sr “high pressure” TTGs (tonalites-trondhjemites-granodiorites)
constitute the evolved end of the sanukitoid 8*°Ti differentiation trend in the Yilgarn
Craton, supporting their formation by sanukitoid fractional crystallisation instead of by
high pressure (= 2 GPa) metabasite melting. High-Sr “high pressure” TTGs are
temporally and spatially associated with sanukitoids on many Archean cratons,
suggesting this petrogenetic process was widespread in the late Archean. Turning to
U isotopes, variations in sanukitoid and TTG 3%%U are primarily driven by apatite
fractional crystallisation. While samples not affected by this process are limited in
number, they hint at potential variations in sanukitoid, granitoid and oxidised magma

U isotope compositions through time.
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1. Introduction

1.1.The late Archean-early Proterozoic

transition

In the late Archean to early Proterozoic, approximately 3.0 to 2.0 billion years ago
(Ga), the Earth underwent a transformation. The composition of continental crust-
forming granitoids, which are the focus of this thesis, permanently changed from sodic
Archean tonalite-trondhjemite-granodiorite (TTG) suites to potassic granites (e.g.
Condie, 1993; Moyen and Laurent, 2018; Taylor and McLennan, 1995). Ultramafic
komatiite lavas almost completely vanished from the rock record (e.g. Condie, 1993;
Nesbitt et al.,, 1982) and global changes in basalt geochemical compositions are
reported (e.g. Condie et al., 2022; Keller and Schoene, 2018, 2012; Zhang et al.,
2025). The sedimentary rock record was transformed, with lithologies such as banded
iron formations (BIFs) and detrital uraninite and pyrite deposits disappearing (e.g.
Cuney, 2010; James, 1983; Pufahl and Hiatt, 2012), while others such as mature
sandstones, red beds and phosphorites appeared (e.g. Cosgrove et al., 2024; Pufahl
and Hiatt, 2012; Veizer and Mackenzie, 2014). Paired metamorphic belts and low T/P
(temperature/pressure gradient) metamorphism began emerging and instances of
high T/P metamorphism increased (e.g. Brown and Johnson, 2019; Cerri et al., 2024;
Holder et al., 2019), while the appearance of features like major sedimentary basins
and regional dyke swarms indicate increasing lithospheric rigidity at this time (e.g.
Cawood et al., 2018; Hawkesworth et al., 2024). Numerous chemical proxies record
rising atmospheric Oz levels in the early Paleoproterozoic (~2.45 — 2.05 Ga) (e.g.
Bekker et al., 2004; Gumsley et al., 2017; Luo et al., 2016; Poulton et al., 2021) and
eukaryotic life is thought to have emerged during this time (e.g. Butterfield, 2015;
Westall and Xiao, 2024). Figure 1.1 summarises the approximate timings of these key
changes. Overall, the late Archean-early Proterozoic transition significantly evolved

the Earth towards its present state.
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Figure 1.1: Simplified summary of the key changes to the igneous, metamorphic and
sedimentary rock records, structural features and atmospheric composition across the late
Archean-early Proterozoic transition (~3.0 to 2.0 Ga). Solid lines show abundant occurrences,
while dashed lines show infrequent or rare occurrences. The occurrence of sanukitoids almost
exclusively during this period is highlighted in green, and their temporal distribution is from my
own compilation of reported sanukitoid occurrences in published literature. Other temporal
distributions are based on Brown and Johnson (2019), Bucholz and Spencer (2019), Condie
and Stern (2023), Cosgrove et al. (2024), Hawkesworth et al. (2024), Holder et al. (2019),
Moyen and Laurent (2018), Pufahl and Hiatt (2012) and Veizer and Mackenzie (2014).

Many of the changes described above are proposed to be linked to secular cooling of
the Earth, and in particular to its influence on terrestrial geodynamics (e.g. Brown et
al., 2020; Hawkesworth et al., 2024; Keller and Schoene, 2012; Moyen and Laurent,
2018). The geodynamic regime of the modern Earth is plate tectonics, where rigid
lithospheric plates separated by continuous boundaries move laterally across the

planet’s surface as an expression of mantle convection, generating new crust where



they diverge at mid-ocean ridges, and recycling old crust into the mantle where they
converge at subduction zones. There is a consensus that modern-style plate tectonics
would not have operated on a hotter, younger Earth (e.g. Gunawardana et al., 2024;
Sizova et al., 2010; van Hunen and Moyen, 2012; van Hunen and van den Berg, 2008),
raising the questions of what geodynamic regime preceded modern-style plate
tectonics, when the transition to modern-style plate tectonics was, and how this
transition occurred. Studying the late Archean-early Proterozoic transition is therefore
crucial for improving our understanding of geodynamics and the impact of its evolution
on biogeochemical cycles. This topic is of particular importance as the Earth is the
only known planet with active plate tectonics and felsic continental crust, as well as
the only one to host life. Constraining the Earth’s geodynamic evolution may therefore
have implications for understanding our planet’s habitability and the development of

life.

The granitoids that make up the continental crust provide one of the best-preserved,
albeit incomplete, records of the late Archean-early Proterozoic transition, and are the
geological archive that | utilise in this thesis. These granitoids are preserved globally
in cratons, which are ancient, stable blocks of continental lithosphere. In the following
section | review the compositional evolution of continental crust-forming granitoids
across the late Archean-early Proterozoic transition. | then discuss current constraints
and theories on mantle temperature and potential geodynamic changes during this
time, as well as briefly describing the evolution of atmospheric oxygenation across this

transition.

1.1.1. Evolution of continental crust composition

Preserved early Archean (4.0 — 3.0 Ga) continental crust is dominated by TTG suites
which are the lithological association of three sodic plutonic rocks called tonalites,
trondhjemites and granodiorites (e.g. Jahn et al., 1981; Moyen, 2011; Moyen and
Martin, 2012). These rocks are characterised by low proportions of alkali feldspar — 10
— 35% of total feldspars in granodiorites and < 10% in tonalites and trondhjemites (fig.
1.2a). Their remaining mineralogy consists of plagioclase, quartz and biotite with
lesser amphibole (hornblende) (Moyen and Martin, 2012), and in trondhjemites the
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Figure 1.2: Comparison of Archean TTG compositions (blue) to modern granites and upper
continental crust (pink). a) QAP ternary diagram comparing the mineralogy of TTG lithologies
and granite. Q = quartz, A = alkali feldspar, P = plagioclase feldspar. b) Molar K-Na-Ca ternary
diagram comparing TTGs to the modern calc-alkaline magma series differentiation trend, after
figure 4b from Moyen and Martin (2012). c¢) Cl chondrite-normalised REE patterns for the
average TTG composition from Moyen and Martin (2012) and the average modern upper
continental crust composition from Rudnick and Gao (2014). REE concentrations are
normalised to the Cl chondrite values from O’Neill (2016).

plagioclase is mostly oligoclase (10 — 30% anorthite). They are geochemically
distinguished from modern upper continental crust by being sodic (K20/Na20 < 0.6
(Moyen and Martin, 2012) compared to K20/Na20 = 0.9 for modern upper continental
crust (Rudnick and Gao, 2014)), by having highly fractionated Cl chondrite-normalised
rare earth element (REE) patterns due to elevated light rare earth element (LREE) but
low heavy rare earth element (HREE) concentrations, and by lacking any europium



(Eu) (fig. 1.2) or strontium (Sr) anomalies (e.g. Condie, 1993; Moyen and Martin,
2012). These geochemical features are thought to reflect their petrogenesis by partial
melting of hydrated, likely incompatible element-enriched, metabasites in the garnet
stability field without significant residual plagioclase, which was constrained by
geochemical modelling (e.g. Arth and Hanson, 1972; Condie and Hunter, 1976;
Johnson et al., 2017; O’Nions and Pankhurst, 1974; Palin et al., 2016; Smithies et al.,
2009) and partial melting experiments (e.g. Moyen and Stevens, 2006; Rapp et al.,
1991; Sen and Dunn, 1994; Winther, 1996; Zhang et al., 2013). TTGs display
systematic variations in their trace element compositions, particularly their HREE
concentrations, that are traditionally interpreted to reflect metabasite partial melting
over a range of pressures (~1 — >2 GPa; e.g. Halla et al., 2009; Moyen, 2011; Moyen
and Stevens, 2006). They were consequently categorised into three geochemical
groups — “low pressure” (high HREE) TTGs that formed at ~1 — 1.2 GPa, “high
pressure” (low HREE) TTGs that formed at = 2 GPa, and “medium pressure” TTGs
that formed at intermediate pressures (Halla et al., 2009; Moyen, 2011). Recent
studies propose that mineral fractional crystallisation and/or accumulation (Ding et al.,
2024; Kendrick et al., 2021; Laurent et al., 2020; Liou and Guo, 2019; Mathieu, 2022;
Rollinson, 2021; Smithies et al., 2019), fluid-fluxed melting (Pourteau et al., 2020),
silicification of the metabasite protolith (André et al., 2022, 2019; Murphy et al., 2024),
and hybridisation of multiple melt fractions (Hernandez-Montenegro et al., 2021) may
also have been important for generating TTGs and their observed geochemical

variability.

In contrast to the early Archean, the late Archean (3.0 — 2.5 Ga) saw a significant
diversification in granitoid magmas (e.g. Laurent et al., 2014a; Moyen, 2020).
Classification and nomenclature of these late Archean granitoids have been
developed by multiple studies, in particular Champion and Sheraton (1997), Moyen et
al. (2003), Laurent et al. (2014a) and Moyen (2020). The key petrological and
geochemical characteristics and proposed petrogenesis of the main types of Archean
granitoid are summarised in table 1.1. TTGs continued to be emplaced until the end
of the Archean (2.5 Ga), and in some places into the early Paleoproterozoic (e.g.
Bruno et al., 2020; Wang and Long, 2024), but were now joined by a variety of other

granitoids. Sanukitoids are igneous rocks enriched in both compatible and



Table 1.1: Summary of the key petrological and geochemical characteristics and proposed petrogenesis of the main types of late Archean granitoids.
Characteristics taken from Laurent et al. (2014a), Martin et al. (2009), Moyen (2020), Moyen et al. (2003) and Moyen and Martin (2012). Mineral abbreviations:
PI = plagioclase, Qz = quartz, Bt = biotite, Hbl = hornblende, Ep = epidote, Kfs = K-feldspar, Px = pyroxene, Ms = muscovite, Grt = garnet. °A/CNK = molar Al;O3

/ (Ca0 + Naz0 + Kz0). "FeOr = total iron expressed as FeO.

TTGs

Sanukitoids

Biotite Granites

Two-Mica Granites

Tonalite, trondhjemite,

Diorite, quartz diorite,

Granite, granodiorite

Granite, leucogranite

Lithologies granodiorite monzodiorite, granodiorite,
rare granite
. Pl+ Qz + Bt+ Hbl + Ep Pl+ Qz + Hbl + Bt + Kfs + Px Pl + Ksf + Qz + Bt Pl + Kfs + Qz + Bt + Ms
Mineralogy

with scare Kfs

+Ep

+ Grt

Geochemistry

K>O/Na-O

Aluminium saturation
(A/CNK®)

Ferromagnesian major

oxides (FeOt° + MgO +
MnO + TiO)

CI chondrite-normalised
REE patterns

Other distinguishing
characteristics

<0.6

Sodic

~0.9-1.1

Slightly metaluminous to
slightly peraluminous
<5 wt%

Steeply fractionated
Limited Eu anomaly

Variable but on average = 0.7
Moderately potassic
=0.7-1.0

Metaluminous

5-25wt%

Steeply fractionated

Limited to slightly negative
Eu anomaly

High Mg#

Enriched in both compatible
(Ni, Cr) and incompatible (Ba,
Sr, LREE) trace elements

>0.6
Potassic
>21.0
Peraluminous

<4 wt%

Variably fractionated
Strong negative Eu
anomaly

Relatively enriched in
highly incompatible
trace elements (e.g.
Rb, Th)

>0.6

Potassic

>21.3

Strongly peraluminous

<4 wt%

Variably fractionated
Strong negative Eu
anomaly

Enriched in highly
incompatible trace
elements (e.g. Rb, Th)

Proposed
petrogenesis

Mainly partial melting of

hydrous metabasite in the

garnet stability field

Interaction between mantle
peridotite and a component
derived from recycled crustal
material

Mainly partial melting
of pre-existing TTG
crust

Partial melting of
metasediments




incompatible elements whose formation requires recycling of crustal material into the
mantle (e.g. Martin et al., 2009; Shirey and Hanson, 1984). Sanukitoids are a minor
but distinctive component of late Archean-early Proterozoic terranes (e.g. Heilimo et
al., 2010; Laurent et al., 2014a; Martin et al., 2009) and, as they are the main focus of
this thesis, they are discussed in detail in section 1.2. Potassic granitoids, primarily
biotite and two-mica granites, also started to become a significant component of
continental crust. Biotite granites are the second most abundant granitoids in Archean
terranes after TTGs (e.g. Laurent et al., 2014a; Moyen et al., 2003), and are generally
thought to have formed by intracrustal melting of pre-existing TTG crust (e.g. Dey et
al., 2012; Frost et al., 2006; Moyen et al., 2003; Skjerlie and Johnston, 1993; Watkins
et al., 2007; Whalen et al., 2004), although a couple of recent studies propose that
some biotite granites formed by partial melting of metabasites enriched in potassium
by low-temperature hydrothermal alteration (André et al., 2022; Li et al., 2021).
Strongly peraluminous two-mica (biotite-muscovite) granites are less common than
biotite granites. They show many similarities to modern S-type granites and formed by
intracrustal melting of a variety of metasediments (e.g. Breaks and Moore, 1992; Feng
and Kerrich, 1992; Li et al., 2020), and they possibly tapped increasingly diverse
sedimentary sources across the late Archean-early Proterozoic transition (Bucholz
and Spencer, 2019; Moyen and Laurent, 2018). Syenites and alkaline granites also
make rare appearances in late Archean terranes (e.g. Bourne and L'Heureux, 1991;
Champion and Sheraton, 1997; Moyen, 2020), and hybrid granitoids were generated
by interaction between the various granitoid magmas described above (e.g. Almeida
et al., 2010; Laurent et al., 2014a; Moyen, 2020). Globally, the diversification of
granitoid magmatism was a diachronous change, occurring as early as ~3.3 Ga in the
Singhbhum Craton (e.g. Chaudhuri et al., 2022) and as late as ~2.1 Ga in the S&o
Francisco Craton (e.g. Bruno et al., 2020). For individual cratons, this wide range of
granitoids was emplaced over a relatively short period of ~20 — 50 million years (myr),
in comparison to the longer period of TTG generation that preceded it (~200 — 500
myr) (Laurent et al., 2014a).

The evolution of granitoid magmatism described above significantly impacted the
chemical composition of continental crust across the late Archean-early Proterozoic
transition. The upper continental crust became more potassic (e.g. Condie, 1993;

Keller and Schoene, 2012) and was enriched in heat-producing elements (e.g. U, Th,



K), which may have been crucial for the thermochemical stabilisation of cratons (e.g.
Reimink and Smye, 2024; Schoene et al., 2008). Concentrations of incompatible trace
elements, including REE, large ion lithophile elements (LILE, e.g. Ba, Rb) and high
field strength elements (HFSE e.g. Hf, Nb, Ta), increased at ~2.5 — 2.0 Ga, while trace
element ratios like Sr/Y and La/Yb decreased and Eu anomalies became more
strongly negative (e.g. Condie, 1993; Condie et al., 2023; Gaschnig et al., 2016). The
upper continental crust may also have become more felsic during this transition (Chen
et al., 2020; Dhuime et al., 2015; Large et al., 2018; Tang et al., 2016; Tian et al.,
2023), although the magnitude of this change, and even the existence of a significant
change in upper crustal SiO2 at this time, are debated (Gargon, 2021; Greber et al.,
2017; Greber and Dauphas, 2019; Keller and Harrison, 2020; Ptacek et al., 2020; Saiji
et al., 2023). In addition, TTG geochemistry evolved across this period, with increasing
LILE contents (Sr, Ba, Sr/Y) and compatible element concentrations (Ni, Cr, Mg# [=
100*Mg / (Mg + Fe?*)]) observed (T. E. Johnson et al., 2019; Martin and Moyen, 2002;
Moyen and Laurent, 2018). These changes in part reflect the increased abundance of
“high pressure” TTGs in the late Archean (Moyen, 2020; Moyen and Laurent, 2018).
Additionally, shifts in the stable isotopic compositions of TTGs and of the bulk upper
continental crust are seen during the late Archean-early Proterozoic transition.
Increases in oxygen isotope compositions (5'80) are reported at both craton (e.g. Mole
et al., 2021; Smithies et al., 2021) and global (e.g. Bindeman et al., 2024; Gaschnig et
al., 2016; Valley et al., 2005) scales. For silicon isotopes, the 3*Si values of TTGs
appear to decrease from the Neoarchean to the early Paleoproterozoic (Zhou et al.,
2024).

The compositions of igneous rocks primarily depend on the composition of their source
and the conditions (pressure, temperature, H20) of melting, and are also influenced
by any subsequent differentiation (e.g. mineral fractionation/accumulation,
assimilation) of these primary magmas (e.g. Moyen and Laurent, 2018; Rollinson and
Pease, 2021). The changes observed in granitoids across the late Archean-early
Proterozoic transition must therefore reflect changes in these variables. The increased
diversity of granitoids, particularly regarding their major element compositions,
indicates that a greater variety of source compositions were involved in forming
granitoid magmas in the late Archean than in the early Archean. In addition to partial

melting of metabasites to form TTGs, the mantle, metasediments and TTGs



themselves started being involved in granitoid magma genesis, forming sanukitoids,
two-mica granites and biotite granites respectively (e.g. Laurent et al., 2014a; Moyen,
2020; Moyen and Laurent, 2018). This range of sources in part records increased
crustal reworking at this time, which gradually concentrated incompatible trace
elements, including heat-producing elements, in the upper continental crust (e.g.
Moyen and Laurent, 2018; Reimink and Smye, 2024). Continental emergence above
sea level likely contributed to this diversity as abundant sediments started being
produced by weathering of this emerged crust (e.g. Arndt, 2023; Bucholz and Spencer,
2019; Reimink and Smye, 2024). The increases in 5'80 indicate that source materials
that had interacted with the shallow hydrosphere became more involved in granitoid
petrogenesis (e.g. Bindeman et al., 2024; Smithies et al.,, 2021). Changes in the
compositions of TTGs appear to record an increase in high pressure melting towards
the end of the Archean, while higher compatible element concentrations may suggest
greater extents of interaction between TTG melts and the mantle (T. E. Johnson et al.,
2019; Martin and Moyen, 2002; Moyen and Laurent, 2018). In contrast, changes in the
trace element composition of the bulk upper continental crust, such as lower Sr/Y and
La/Yb, document a shift to shallower depths of melting (e.g. Condie, 1993; Condie et
al., 2023; Keller and Schoene, 2012). These conclusions drawn from changes in

granitoid composition can help constrain late Archean-early Proterozoic geodynamics.

1.1.2. Late Archean-early Proterozoic geodynamics

The geochemical compositions of igneous rocks, including of granitoids, are an
important line of evidence used to constrain Precambrian geodynamics. However, the
link between a magma’s geochemistry and its geodynamic setting of formation is not
straightforward, and it is unlikely to have a unique solution (e.g. Moyen and Laurent,
2018; Rollinson and Pease, 2021). This problem, as well as uncertainty about how
much hotter than present Archean mantle temperatures were (e.g. Ganne and Feng,
2017; Herzberg et al., 2010), significantly contribute to the debate about the nature of
early Earth geodynamics and when plate tectonics began. In this section | first provide
an overview of constraints on mantle temperature at this time, before discussing
current theories about geodynamics during the late Archean-early Proterozoic

transition.
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Figure 1.3: Proposed evolution of ambient mantle potential temperature (T,) over the Earth’s
history. T, estimates from non-arc basalts are from Dash et al. (2024), Ganne and Feng (2017)
(values calculated using Fe**/Fewt = 0.9), Herzberg et al. (2010) and Keller and Schoene
(2018). T, estimates from thermal modelling are from Davies (2009) and Korenaga (2008).
Modelled T, for three different Urey ratio (the ratio of the Earth’s internal heat production to its
surface heat flux) values (0.08, 0.23, 0.38) from Korenaga (2008) are shown. In contrast, the
T, model from Davies (2009) uses a higher Urey ratio of 0.8.

The temperature of the Earth’s mantle is the primary control on its geodynamic regime
(e.g. Brown et al., 2020; Lenardic, 2018; S. Liu et al., 2022) and it has changed over
the planet’s history. Both geochemical constraints, primarily from non-arc basalts (e.g.
Dash et al., 2024; Ganne and Feng, 2017; Herzberg et al., 2010; Keller and Schoene,
2018), and thermal modelling (e.g. Davies, 2009; Korenaga, 2008) have been used to
reconstruct mantle potential temperature (Tp) through time (fig. 1.3). Some studies
(e.g. Dash et al., 2024; Herzberg et al., 2010; Korenaga, 2008) favour Tp increasing
through the early Archean to reach peak temperatures in the mid-late Archean, before
cooling towards the present day Tp of ~1350°C. Estimates of this peak temperature
are ~200 — 300°C hotter than present. The other school of thought is that mantle

temperatures were more moderate in the mid-late Archean (~50 — 150°C hotter than
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present) and have been steadily cooling since the start of the Archean (e.g. Davies,
2009; Ganne and Feng, 2017; Keller and Schoene, 2018).

Hotter mantle temperatures would have reduced mantle viscosity and generated mafic
crust that was thicker, and possibly weaker, than present day oceanic crust (e.g.
Sizova et al., 2010; van Hunen and Moyen, 2012; van Hunen and van den Berg, 2008).
There is debate about whether this oceanic lithosphere was more positively buoyant
(e.g. Davies, 1992; van Hunen and Moyen, 2012) or had greater negative buoyancy
(e.g. Weller et al., 2019) than present. These changes alter the forces that drive plate
tectonics (e.g. slab pull, mantle convection), and hence affect the dynamics, and
possibly the viability, of subduction and modern-style plate tectonics.
Thermomechanical modelling is used to investigate the effect of hotter mantle
temperatures on geodynamics. Some studies have determined that subduction was
unable to operate until temperatures fell to < ~200 — 250°C higher than present (e.g.
Gunawardana et al., 2024; Sizova et al., 2010), while others find that it was still feasible
at these conditions (e.g. Hynes, 2014; van Hunen and van den Berg, 2008; Weller et
al., 2019). Non-plate tectonic regimes proposed for the hotter early Earth are mostly
“sluggish” or “squishy lid” modes with some degree of lateral movement but no defined
plate boundaries (e.g. Lourenco et al., 2020; Rozel et al., 2017). Vertical crustal motion
may have dominated over the lateral motion characteristic of modern-style plate
tectonics, with features like crustal drips (also referred to as “sagduction”) and lower
crustal delamination (e.g. Capitanio et al., 2019; Johnson et al., 2014; Nebel et al.,
2018; Rozel et al., 2017; Sizova et al., 2015). Alternatively, numerous studies find that
some form of subduction may have operated on a hotter Earth, but that the style
differed from modern “Benioff-style” subduction. Many models suggest that Archean
subduction was intermittent and short-lived, with frequent slab break-off (e.g.
Gunawardana et al., 2024; Moyen and van Hunen, 2012; O’Neill et al., 2007; Perchuk
et al., 2019; van Hunen and van den Berg, 2008). The lower plate might have been
subducted at a shallower angle, creating a situation akin to underthrusting (e.g.
Perchuk et al., 2025; Sizova et al., 2010). Some studies support faster subduction on
a hotter Earth (e.g. O’Neill et al., 2007; Perchuk et al., 2019), while others propose
that it was more sluggish than present (e.g. Foley, 2024, 2018). Overall, geodynamic

models support the onset and stabilisation of deep, sustained subduction and modern-
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style plate tectonics as mantle temperatures cooled (e.g. Gunawardana et al., 2024,
Perchuk et al., 2025; Sizova et al., 2010).

Given the diversity of geodynamic scenarios proposed for the early Earth, it is no
surprise that there are multiple different interpretations of how geodynamics may have
changed during the late Archean-early Proterozoic transition. From analysis of the
literature, the dominant viewpoint emerging appears to be that, while some form of
subduction may have occurred in the early Archean, it was a short-lived and relatively
uncommon phenomenon until the late Archean-early Proterozoic when it became
more stable and widespread (e.g. Gunawardana et al., 2024; Hawkesworth et al.,
2024; Moyen and Laurent, 2018; Nebel et al., 2024; Sizova et al., 2010). This change
may signal the beginning of modern-style plate tectonics at this time, initiating
subduction-collision (Wilson) cycles on a global scale (e.g. Laurent et al., 2014a),
although discerning when subduction changed from a localised event to being
representative of a global network of plate boundaries (i.e. modern-style plate
tectonics) is difficult to tell (e.g. Hawkesworth et al., 2024; Nebel et al., 2024). A
somewhat related theory is that the geodynamic regime of the Earth changed during
this transition from a “sluggish lid” or vertical tectonic mode to one more similar to plate
tectonics, with the onset of subduction occurring at this time (e.g. Ackerman et al.,
2022; Brown et al., 2020; Smithies and Champion, 2000). This model is supported by
geochemical evidence that deep recycling of supracrustal materials began at this time
(e.g. Cuietal., 2022; Mole et al., 2021). The variables controlling the onset and stability
of subduction (e.g. lithospheric thickness, radiogenic heat production, lithospheric
mantle-asthenospheric mantle density contrast) were likely not homogeneous across
the whole planet, which could explain the diachronous nature of this transition (e.g.
Huang et al., 2022; Martin et al., 2009).

Another common opinion is that many magmatic changes during the late Archean-
early Proterozoic transition reflect secular cooling of the mantle altering the style and
thermal structure of subduction zones. This cooling may have caused subduction
angles to steepen (e.g. Perchuk et al., 2025; Sizova et al., 2010) or subduction to
become faster (e.g. Foley, 2024, 2018), and these changes, in combination with
overall colder mantle and slab temperatures, resulted in lower geothermal gradients

during subduction. The locus of slab melting was consequently moved to greater
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depths, making ascending melts interact with a greater thickness of mantle wedge
(e.g. Martin and Moyen, 2002; Moyen and Laurent, 2018), and may also have shifted
it from melting metabasites to melting sediments (e.g. Laurent et al., 2011). Cooler
geotherms would result in lower degrees of slab melting, and hence these melts
interacted more extensively with the mantle and might have been completely
consumed by metasomatic reactions (e.g. Martin et al., 2009; Moyen et al., 2003). The
subducting slab may even have become too cold to melt, with slab dehydration
becoming the dominant process instead (Laurie et al., 2013; Martin, 1986).
Consequently, it is often proposed that subduction geometry and processes began to
resemble modern subduction more closely by the end of the late Archean-early

Proterozoic transition.

A few studies advocate for a geodynamic transition unrelated to plate tectonics and
subduction. These authors invoke the evolution of long-lived crustal drips, which
gradually descended into the mantle and may have become asymmetric due to
lithospheric flow, resembling a subduction zone geometry (e.g. Nebel et al., 2018;
Smithies et al., 2021). Stalling of hot, mantle-derived sanukitoid magmas at the base
of the crust may have provided heat to melt the overlying crust (Nebel et al., 2018). An
alternative opinion is that the late Archean-early Proterozoic transition does not require
a geodynamic change at all. While decreasing mantle and crustal temperatures are
still significant factors influencing this transition, other processes, such as the
emergence of continental crust above sea level and changing surface conditions, may
be more important than geodynamics for explaining the changes in igneous rock, and
particularly granitoid, compositions at this time (e.g. Arndt, 2023; Bédard, 2024;
Reimink and Smye, 2024).

In summary, there are multiple theories about how geodynamic changes may have
been involved in the late Archean-early Proterozoic transition. This period might mark
the onset of subduction (e.g. Brown et al., 2020; Smithies and Champion, 2000), the
stabilisation of global, modern-style plate tectonics (e.g. Hawkesworth et al., 2024,
Laurent et al., 2014a) or a change in the style of subduction (e.g. Martin et al., 2009;
Moyen and Laurent, 2018). Alternatively, it represents a transition not related to
subduction and plate tectonics (e.g. Nebel et al., 2018; Smithies et al., 2021), or

possibly there was no geodynamic change at all (e.g. Arndt, 2023). New constraints
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are therefore needed to elucidate the causes of the late Archean-early Proterozoic

transition.

1.1.3. Changes in atmospheric oxygenation
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Figure 1.4: The blue curve shows the evolution of atmospheric partial pressure of Oz (po2),
relative to the present atmospheric level, over the Earth’s history. Based on figure 1 from Lyons
et al. (2014). The dashed sections indicate that the detailed structures of the Great Oxidation
Event (GOE) and Neoproterozoic Oxygenation Event (NOE) need to be further constrained.
The dashed arrows indicate possible “whiffs” of O, before the GOE. The grey region shows
the late Archean-early Proterozoic transition from ~3.0 to 2.0 Ga.

At a similar time to the changes in granitoid magmatism and potential geodynamic
transition, the composition of the Earth’s atmosphere was significantly altered.
Between ca. 2.45 and 2.05 Ga (e.g. Bekker et al., 2004; Gumsley et al., 2017; Poulton
et al., 2021) global atmospheric molecular oxygen (O2) levels rose for the first time
from neglibile amounts (<0.001% of the modern level; Pavlov and Kasting, 2002) to
up to ~10% of the modern level (e.g. Holland, 2006; Kanzaki and Murakami, 2016) in
what has been labelled the “Great Oxidation Event” or “GOE” (Holland, 2002) (fig. 1.4).
The timing, tempo and magnitude of the O:2 increase at the GOE are primarily
constrained by geochemical signatures in sedimentary rocks, particularly by the

disappearance of mass-independent sulfur isotope fractionation (e.g. Bekker et al.,
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2004; Farquhar et al., 2000; Luo et al., 2016; Poulton et al., 2021). There is some
disagreement about the exact timing of the GOE (e.g. Bekker et al., 2004; Poulton et
al., 2021) and whether the rise in O2 was a single event (e.g. Luo et al., 2016) or
happened stepwise (e.g. Gumsley et al., 2017), but there is a consensus that Oz levels

had finished increasing by ~2.05 Ga.

The rise in atmospheric O2 at the GOE is primarily attributed to the emergence of
cyanobacteria, which produce Oz via photosynthesis (e.g. Kasting, 2013; Olejarz et
al., 2021). However, evidence supports the existence of photosynthesising
cyanobacteria in the Archean (e.g. Brocks et al., 1999; Farquhar et al., 2011;
Schirrmeister et al., 2015), meaning photosynthesis likely evolved several hundred
million years before the GOE. There are numerous proposals that changes in crustal
composition and geodynamics during the late Archean-early Proterozoic transition
may have also influenced the accumulation of Oz in the atmosphere. The shift towards
more felsic crustal compositions and decrease in ultramafic komatiite abundance
would have reduced rates of Hz production via serpentinisation (e.g. Leong et al.,
2021; Smit and Mezger, 2017) and decreased the abundance of crustal reductants
(e.g. Fe?*, S%) (e.g. Lee et al., 2016), diminishing the magnitude of these O2 sinks.
This shift in crustal composition might have also affected nutrient fluxes, for example
by reducing the availability of nickel which is an important nutrient for some
methanogens (e.g. Konhauser et al., 2009). Endogenic oxidation of TTG magmas by
retention of Fe?* over Fe3* in residual garnet may have generated oxidised continental
crust and helped shift the redox balance of the Earth’s surface (Tang et al., 2024).
Establishing subduction and plate tectonics globally would lead to increased
subduction rates of oxidised material, such as mid ocean ridge-altered oceanic crust
and carbon- and sulfur-rich sediments, causing a gradual increase in the oxidation
state of volcanic gases (e.g. Holland, 2009, 2002; Nebel et al., 2024). Coupling this
process with loss of reduced Hz gas to space might have helped cause net oxidation
of the Earth’s surface and crust (e.g. Catling et al., 2001; Claire et al., 2006). The
composition of volcanic gases may have also changed due to the emergence of
continents above sea level. This caused a shift from submarine volcanism to subaerial
volcanism, for which degassing occurs at lower pressures and releases more oxidised
sulfur (e.g. Gaillard et al., 2011; Kump and Barley, 2007). Continental emergence

would have also generated increased weathering fluxes of important nutrients (e.g.
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phosphorous, molybdenum) to the oceans, enhancing biological productivity (e.g. Hao
et al., 2020; Scott et al., 2011). The evolution of the solid Earth and the atmosphere

were hence likely closely linked during the late Archean-early Proterozoic transition.

The GOE hugely affected chemical processes on the Earth as widespread oxidation
could now occur, which significantly altered the biogeochemical cycling of redox-
sensitive elements such as sulfur (e.g. Lyons and Gill, 2010), iron (e.g. Watanabe et
al., 2023), arsenic (e.g. Chi Fru et al.,, 2019) and uranium (e.g. Cuney, 2010).
Consequently, the chemical and isotopic compositions of near-surface materials
(seafloor-altered oceanic crust, sediments) being recycled into the mantle changed,
meaning the GOE impacted not only the Earth’s surface but also its interior. As these
recycled materials can end up in the mantle source regions of igneous rocks,
increasing atmospheric O2 may have affected magma compositions. Several recent
studies report differences in the chemical and isotopic compositions of igneous rocks
that are interpreted as recording secular changes in the compositions of recycled
materials due to increasing atmospheric oxygenation (Ahmad et al., 2023, 2022;
Andersen et al., 2015; Liu et al., 2019; Moreira et al., 2023; Stolper and Bucholz,
2019). The igneous rock record therefore provides an opportunity to investigate how
the GOE impacted the deeper parts of biogeochemical cycles and potentially

influenced magmatism during the late Archean-early Proterozoic transition.

1.2. Sanukitoids

Sanukitoid magmatism is a distinctive feature of the late Archean-early Proterozoic
transition (fig. 1.1). Sanukitoids are a type of igneous rock characterised by enrichment
in both compatible (e.g. Mg, Ni, Cr) and incompatible (e.g. Ba, Sr, LREE) elements,
reflecting the involvement of both mantle and recycled crustal components in their
formation (e.g. Heilimo et al., 2010; Martin et al., 2009; Shirey and Hanson, 1984;
Stern et al., 1989). The geochemical composition of sanukitoids is regarded as being
transitional between those of Archean TTG suites and post-Archean granites (e.g.
Martin et al., 2009). They display highly fractionated ClI chondrite-normalised REE
patterns similar to those of TTGs (fig. 1.5a, c) (e.g. Smithies and Champion, 2000;
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Figure 1.5: Comparison of Archean-Paleoproterozoic sanukitoids (green) to Archean TTGs
(blue) and post-Archean granites and upper continental crust (pink). a) (La/Yb)n vs K2O/Na20O
where REE concentrations are normalised to the Cl chondrite values from O’Neill (2016). After
figure 2.8 from Laurent (2012). The geochemical compositions of rocks described as
“sanukitoid” in published literature are taken from my own compilation of published sanukitoid
geochemical data. Following Martin et al. (2009), this dataset was filtered for samples with <
62 wt% SiO; to exclude samples with geochemical compositions significantly affected by
differentiation. b) Molar K-Na-Ca ternary diagram comparing sanukitoids to TTGs and the
modern calc-alkaline differentiation trend. After figure 4 from Martin et al. (2009). c) Cl
chondrite-normalised REE patterns for average sanukitoids with < 62 wt% SiO, from Martin et
al. (2009), the average TTG composition from Moyen and Martin (2012) and the average
modern upper continental crust composition from Rudnick and Gao (2014). REE
concentrations are normalised to the Cl chondrite values from O’Neill (2016).

Stern et al., 1989), but follow a calc-alkaline-like differentiation trend similar to post-
Archean granites (fig. 1.5b) (e.g. de Oliveira et al., 2009; Martin et al., 2009). In
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general, sanukitoids are moderately potassic (average K20/Na20 = 0.7; Moyen, 2020),
making them intermediate between the sodic TTGs and potassic granites (fig. 1.5a).
Constraints from mineral chemistry suggest that sanukitoid parental magmas were
water-rich and oxidised, with > 7 wt% H20 and oxygen fugacity (fOz2) of NNO +0.3 to
NNO +2.5 (log units relative to the nickel-nickel oxide buffer) comparable to modern
arc magmas (de Oliveira et al., 2010; do Nascimento et al., 2023, 2021). As a result
of their temporally and geochemically transitional nature, sanukitoids are interpreted
to reflect the evolution of continental crust composition and changing geodynamics
during the late Archean-early Proterozoic transition (e.g. Laurent et al., 2014a; Martin
et al., 2009; Smithies and Champion, 2000).

%o d 3
Figure 1.6: Field photographs of sanukitoi
suite, Pilbara Craton. Photographs taken by Laura Spencer. a) Close-up of a fresh surface of
medium-grained, equigranular biotite-hornblende diorite sanukitoid. b) Diorite-granodiorite
sanukitoid outcrop containing a microgranular mafic enclave.

The vast majority of sanukitoid occurrences are plutonic, but instances of volcanic and
subvolcanic sanukitoid magmatism have been identified (e.g. Dey et al., 2015; Guo et
al., 2017; Shirey and Hanson, 1984; Smithies et al., 2019; Wang et al., 2022).
Sanukitoids cover a wide silica range and vary lithologically from diorites and quartz

diorites to monzodiorites and granodiorites plus rare granites (fig. 1.6) (e.g. Heilimo et
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al., 2010; Martin et al., 2009; Stern and Hanson, 1991). Their mineralogy consists of
a quartz- and plagioclase-dominated matrix with lesser K-feldspar that contains “clots”
r “clusters” of mafic minerals — mainly hornblende and biotite with occasional
pyroxene — and sometimes K-feldspar phenocrysts (e.g. Martin et al., 2009; Smithies
and Champion, 2000; Stern et al., 1989). Accessory phases found in sanukitoids are
mainly magnetite, ilmenite, titanite, apatite, zircon, epidote and allanite (e.g. de
Oliveira et al., 2010; Laurent et al., 2014a; Lobach-Zhuchenko et al., 2005).
Microgranular mafic, generally dioritic to monzodioritic, enclaves are also common (fig.
1.6b) (e.g. Heilimo et al., 2010; Martin et al., 2009; Smithies and Champion, 2000).
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Figure 1.7: Spatial distribution of Archean and Paleoproterozoic sanukitoid occurrences
reported in published literature. Simplified distribution of Archean cratons and Proterozoic
shields is after Bleeker (2003) and Groves and Santosh (2021).

Sanukitoids are a minor but ubiquitous component of late Archean-early Proterozoic
terranes and have been reported on the majority of cratons (fig. 1.7). Most sanukitoid
magmatism occurred during the Neoarchean (2.8 — 2.5 Ga) when it was the most
widespread, but it was also fairly common in the late Mesoarchean (3.0 — 2.8 Ga) and
earliest Paleoproterozoic (2.5 — 2.4 Ga) (fig. 1.8). A few older occurrences of

sanukitoids have also been reported, dating as far back as the Paleoarchean (~3.3 —
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3.4 Ga) on the Pilbara Craton (Vandenburg et al., 2023). A small burst of sanukitoid
magmatism appears to have occurred towards the end of the late Archean-early
Proterozoic transition at ~2.20 — 2.05 Ga when sanukitoids are again described on
multiple cratons (e.g. Aidoo et al., 2020; Angeletti et al., 2021; Bruno et al., 2020;
Terentiev and Santosh, 2017). After ~2 Ga, sanukitoids practically disappear from the
rock record. Several studies have identified potential Phanerozoic analogues to
Archean-Paleoproterozoic sanukitoids, primarily high Ba-Sr granite suites from syn- to
post-collisional settings (e.g. Fowler and Rollinson, 2012; C.-Y.-H. Liu et al., 2022; W.
Wang et al., 2018; Zhang et al., 2019) and low-silica adakites (also referred to as high-
Mg andesites) from volcanic arcs (e.g. Chiaradia et al., 2014; Martin et al., 2005; Qian
and Hermann, 2010; Tatsumi, 2006).

In the following sections, | first review how previous studies have defined and classified
sanukitoids in order to distinguish them from other late Archean-early Proterozoic
granitoids. | also detail the terminology relating to sanukitoids that has been introduced
since their initial identification. After this | describe the current state of research into
the formation and differentiation of sanukitoid magmas, and the questions that remain

about their petrogenesis.
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1.2.1. Defining and identifying sanukitoids

Sanukitoids were first recognised as a distinct component of Archean terranes,
separate from TTGs, by Shirey and Hanson (1984), who described mantle-derived
monzodiorites and trachyandesites from the Rainy Lake region of the Superior
Province. Shirey and Hanson called these rocks “sanukitoids” because they shared
distinctive geochemical characteristics — silica-oversaturation with high Mg# and high
Ni, Cr and LILE concentrations — with Miocene high-Mg andesites from the Setouchi
volcanic belt, Japan (e.g. Tatsumi, 2006; Tatsumi and Ishizaka, 1982), which were
originally named “sanukitoids” by Koto (1916). However, sanukitoid lithologies had
been described before this, particularly elsewhere in the Superior Province (Arth and
Hanson, 1975; Beakhouse, 1983; Longstaffe et al., 1980) and in the Finnish part of
the Baltic Shield (e.g. Martin et al., 1983; Vidal et al., 1980).

Following their identification, Stern et al. (1989) proposed the first quantitative
geochemical definition for Archean-Paleoproterozoic sanukitoids based on rocks from
the southwestern Superior Province (table 1.2). Their definition restricted the term
“sanukitoid” to relatively primitive (SiO2 = 55 — 60 wt%) diorites and monzodiorites, but
was expanded by Stern and Hanson (1991) to include the more differentiated high-Mg
granodiorites derived from them, collectively called the “sanukitoid suite”. Since then,
“sanukitoid” has remained a primarily geochemical term. “High-Mg diorite” was
proposed as an alternative name for Archean sanukitoids by Smithies and Champion
(2000) because of geochemical differences between the Archean rocks and the
Setouchi high-Mg andesites, namely that the Archean rocks have higher Ba and Sr
concentrations and La/Yb ratios than the high-Mg andesites. However, “high-Mg

diorite” has not been used as widely as “sanukitoid” in subsequent publications.

Over the past two decades, the geochemical definition of “sanukitoid” has further
evolved, with an emphasis on distinguishing sanukitoids from other late Archean-early
Proterozoic granitoids (i.e. TTGs, biotite granites etc.) (table 1.2) (Halla et al., 2009;
Heilimo et al., 2010; Laurent et al., 2014a; Lowrey et al., 2023; Martin et al., 2009;
Moyen, 2020). Classification diagrams for late Archean granitoids were developed by
Halla et al. (2009), Heilimo et al. (2010) (fig. 1.9) and Laurent et al. (2014a) (fig. 1.10).
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Figure 1.9: Classification diagrams for sanukitoids and TTGs proposed by Halla et al. (2009)
and Heilimo et al. (2010), after figure 10 from Heilimo et al. (2010). TTGs are divided into low
HREE and high HREE subgroups. The geochemical compositions of rocks described as
“sanukitoid” in published literature, plotted in green, are taken from my own compilation of
published sanukitoid geochemical data. Following Martin et al. (2009), this dataset was filtered
for samples with < 62 wt% SiO. to exclude samples with geochemical compositions
significantly affected by differentiation.

In these diagrams, sanukitoids are separated from TTGs by their significant
enrichment in Ba and Sr, their high MgO contents (these features are captured by
Laurent et al. in the combined parameter “2 FMSB” (= 2 * [FeOr1 + MgO] * [Sr + Ba]),
fig. 1.10), and their slightly more potassic nature (lower Na20/K20). Sanukitoids are
distinguished from biotite and two-mica granites again by their marked enrichments in

Ba, Sr and Mg, but also by their lower Al content (captured by lower A/CNK (= molar
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Table 1.2: The geochemical characteristics used in literature definitions of Archean-Paleoproterozoic sanukitoids, and comparison of the average values of
geochemical parameters used to distinguish between low-Ti and high-Ti sanukitoids from Martin et al. (2009). The subscript Xy refers to the Cl chondrite-
normalised REE concentration. Eu/Eu* is the Eu anomaly of a Cl-chondrite normalised REE pattern.

Stern and Martin et al. (2009)
Stern et al. Heilimo et Laurent et Lowrey et al. .
Paper Hanson Average composition at
(1989) al. (2010) al. (2014a) (2023) .
(1991) < 62 wt% SiO:
Sanukitoid  Sanukitoid Sanukitoid Sanukitoid Low-Ti High-Ti
Term | Sanukitoid
suite series sensu lato  (at 60 wt% SiO-) sanukitoid sanukitoid
SiO2 (wt%) 55 -60 55-73 55-70 45-70 60 <62 <62
TiO2 (Wt%) 0.69 1.21
MgO (wt%) 1.5-9 1.5-9 4.33 3.39
Mg# > 60 43 - 62 45 - 65 45 - 65 > 50 58 47
Major FeO* + MgO +
5-25
Elements MnO + TiOz (Wwt%)
Na20 (wWt%) 4-55 4.49 4.09
K20 (wt%) > 1 05-4 1.5-5 1.5-5 3.04 3.20
K2O/NaxO <1 0.33-2 20.5 0.68 0.78
P20s <05 0.42 0.72
Mantle- V (ppm) > 50
compatible Cr (ppm) > 200 <150 20 - 500 >80 143 58
trace
Ni (ppm) >100 15 -200 > 50 69 36
elements
. Sr (ppm) > 500 500 — 2000 > 400 1202 994
Large ion
Ba (ppm) > 500 500 — 2000 > 1000 1493 1445
lithophile
Ba + Sr (ppm) > 1400
elements
Rb/Sr <0.1 <0.1
(LILE)
SrlY =30
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Table 1.2 continued:

Stern and . Martin et al. (2009)
Stern et al. Heilimo et Laurent et Lowrey et al.
Paper Hanson Average composition at
(1989) al. (2010) al. (2014a) (2023)
(1991) <62 wt% SiO:
Sanukitoid  Sanukitoid Sanukitoid Sanukitoid Low-Ti High-Ti
Name | Sanukitoid
suite series sensu lato (at 60 wt% SiO-) sanukitoid sanukitoid
High field Y 20 35
strength Zr 172 316
elements
Nb 10 17
(HFSE)
_ _ Strongly
Chondrite-normalised Steeply
enriched in
REE pattern fractionated
LREE
Cen 65-170
Rare Earth
Ybn 3-6
elements
Eu/Eu* ~1 ~1 0.5-1
(REE)
10-75,
(La/Yb)n 29.2 31.5
most > 25
(Gd/Er)n 2-6
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Al203/ [Ca0 + Naz20 + K20])) and less potassic nature (higher Na2O/K20) (Laurent et
al., 2014a) (fig. 1.10). Linear discriminant analysis done by Moyen (2020) on major
elements in Archean granitoids determined that K/Na is most effective at separating
potassic granitoids (including sanukitoids) from TTGs, while Fe/Mg segregates

sanukitoids from other potassic granites.

Na,O/K;0

(& Literature sanukitoids with < 62 wt% SiO,

o ) Sanukitoid field from Laurent et al. (2014a)

‘---

TTGs

O Biotite and two-mica granites

2 A/ICNK 2 FMSB

Figure 1.10: Classification diagram for late Archean granitoids (sanukitoids, TTGs and biotite
and two-mica granites) proposed by Laurent et al. (2014a), after figure 7 from Laurent et al.
(2014a). 2 A/CNK = 2 * molar A0z / [CaO + NaxO + K>0]. 2 FMSB = 2 * [FeOr + MgQO]J] * [Sr
+ Ba]. The geochemical compositions of rocks described as “sanukitoid” in published
literature, plotted in green, are taken from my own compilation of published sanukitoid
geochemical data. Following Martin et al. (2009), this dataset was filtered for samples with <
62 wt% SiO: to exclude samples with geochemical compositions significantly affected by
differentiation.

Lowrey et al. (2023) produced a systematic, albeit more complex, classification
procedure for granitoids from the Yilgarn Craton (table 1.2, fig. 1.11). Sanukitoids are
included as part of the mafic granite group (Champion and Sheraton, 1997), which are
primarily separated from other granitoids by their high Mg# (fig. 1.11a and b; see
Lowrey et al. (2023) for the full classification procedure). Sanukitoids are then
distinguished from other mafic granites by their high Sr/Y = 30 (fig. 1.11c). They also
introduced the new term of “sanukitoid-like rocks” to describe rocks which display
many of the key characteristics of sanukitoids but have slightly lower Mg#, Ni and Cr
concentrations (fig. 1.11d-f). Lowrey et al. based the location of the boundary between
sanukitoids and sanukitoid-like rocks on the definition of Stern et al. (1989). As can be

seen in figures 1.11d-f, many samples that have been described as “sanukitoids” in
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Figure 1.11: Selected figures from Lowrey et al. (2023)’s granitoid classification procedure.
The equations of the boundary lines are given in Lowrey et al. (2023). The geochemical
compositions of rocks described as “sanukitoid” in published literature, plotted in green, are
taken from my own compilation of published sanukitoid geochemical data. a) Mg# vs SiO:
(Wt%) separating mafic granites from other granitoids, after figure 25 from Lowrey et al.; b) Sr
(ppm) vs Mg# separating mafic granites from other granitoids, after figure 34 from Lowrey et
al.; c) Sr/Y vs Mg# separating sanukitoids and sanukitoid-like rocks from other mafic granites
after figure 53 from Lowrey et al.. Figures d), e) and f) separate sanukitoids from sanukitoid-
like rocks: d) Mg# vs SiO2 (wt%) after figure 54 from Lowrey et al.; e) Ni (ppm) vs SiO2 (wt%)
after figure 56 from Lowrey et al.; f) Cr (ppm) vs SiO2 (wt%) after figure 55 from Lowrey et al..
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published literature fall into the field of sanukitoid-like rocks, being less enriched in

compatible elements than the original definitions of sanukitoid require.

Multiple studies (e.g. Laurent et al., 2014a; Moyen, 2020; Steenfelt et al., 2005) have
observed that the term “sanukitoid” has been applied to a more diverse range of rocks
than those originally described by Shirey and Hanson (1984) and Stern et al. (1989).
To try to address this, Laurent et al. (2014a) introduced the terms “sanukitoids sensu
stricto (s.s.)” to refer to sanukitoids that fit Stern et al. (1989)'s definition and
“sanukitoids sensu lato (s.l.)” to refer to a wider group of rocks that have a similar
petrogenesis to sanukitoids s.s. but differ in geochemical composition (table 1.2).
Further work is needed to investigate the various heterogeneous rocks that have been
labelled “sanukitoid” as the fluctuating and gradually broadening definition of this group
may obscure important details of the formation of mantle-derived late Archean-early
Proterozoic granitoids and their potential link to geodynamic changes during this

period.
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Further terminology relating to Archean-Paleoproterozoic sanukitoids and closely
associated rocks has been added to the lexicon. Moyen et al. (2003) identified a
unique type of late Archean granitoid in the Dharwar Craton, which they named
“Closepet-type granite” after the type locality. Closepet-type granites display many of
the key characteristics of sanukitoids, such as relatively high Mg#, steeply fractionated
chondrite-normalised REE patterns and Ba and Sr enrichment. However, Closepet-
type granites differ from typical sanukitoids (i.e. the Stern et al. (1989) and Heilimo et
al. (2010) definitions) by being more potassic, less aluminous, having higher HFSE
(e.g. Ti, Zr, Nb), REE and P20s contents and lower Mg# and Mg, Cr and Ni
concentrations (Martin et al., 2009; Moyen et al., 2003) (table 1.2). Martin et al. (2009)
encouraged grouping Closepet-type granites with sanukitoids. They introduced the
terms “low-Ti sanukitoid” to describe the typical sanukitoids of Stern et al. (1989) and
“high-Ti sanukitoid” to describe Closepet-type granites, using a plot of TiO2 vs MgO to
distinguish between the two types (fig. 1.12). The name “high-Ti sanukitoid” is now
most commonly used in published literature to describe these rocks. They are included
in sanukitoids s.I. by Laurent et al. (2014a), and high-Ti sanukitoids have also been
referred to as “high-K calc-alkaline granitoids” (HKCA granitoids) by Moyen (2020),
although this group is broader than the typical high-Ti sanukitoids and likely includes
some hybrid granitoids and granitoids of crustal origin. High-Ti sanukitoids have been
identified on multiple cratons, including the Amazonian Craton (Silva-Silva et al.,
2020), Limpopo Belt (Laurent et al., 2011), Madagascar Shield (Schofield et al., 2010),
North China Craton (Wang et al., 2024) and Sarmatian Craton (Terentiev and Santosh,
2018).

While the exact geochemical parameters used to define sanukitoids have varied over
the past four decades, some features are shared by almost all definitions (table 1.2).
These geochemical characteristics provide key constraints on how sanukitoid
magmas formed:
1. High Mg# and high concentrations of mantle-compatible elements (e.g. Ni, Cr),
which show that sanukitoids need a significant ultramafic mantle component in
their source (e.g. Martin et al., 2009; Shirey and Hanson, 1984).
2. Enrichment in Ba and Sr, including in the less evolved members of the

sanukitoid suite, which requires that this mantle source component was
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enriched in incompatible elements, likely by a component derived from recycled
crustal material (e.g. Shirey and Hanson, 1984; Stern et al., 1989).

3. Enrichment in LREE and highly fractionated chondrite-normalised REE
patterns parallel to those of TTGs, which suggest a petrogenetic link between
sanukitoids and TTGs (e.g. Martin et al., 2009; Smithies and Champion, 2000).

1.2.2. Petrogenesis of sanukitoid magmas

The distinctive geochemical characteristics of sanukitoids show that recycling of
crustal material into the mantle, followed by interaction between a component derived
from this crustal material (i.e. melt, aqueous fluid) and mantle peridotite, is needed to
form their parental magmas. This model is consistent with the near-chondritic to
suprachondritic Nd radiogenic isotope compositions (eNd(t)) of sanukitoids that
indicate a juvenile source (e.g. Heilimo et al., 2013; Laurent et al., 2014a; Ma et al.,
2013; Seixas et al., 2013; Smithies et al., 2004).

The recycled crust-derived component is most commonly proposed to be a TTG-like
melt generated by metabasite partial melting in the garnet stability field due to the
similarity between sanukitoid and TTG REE patterns (fig. 1.5¢) (e.g. Martin et al., 2009;
Smithies and Champion, 2000). Experimental studies (Rapp et al., 2010, 1999) and
geochemical modelling (e.g. de Oliveira et al., 2011; Seixas et al., 2013; Semprich et
al., 2015; Smithies and Champion, 2000) provide further support for a metabasite-
derived component. However, various other sources have also been proposed for this
incompatible element-enriched component, which may be particularly pertinent to
explaining the unique geochemical features of specific sanukitoid intrusions. A
recycled sediment-derived component is often suggested, either on its own (e.g. Halla,
2005; Laurent et al., 2011; Raza et al., 2021) or alongside a metabasite-derived
component (e.g. Scandolara et al.,, 2024; Sun et al., 2020; Wang et al., 2024).
Chemical characteristics such as relatively high K2O/Na20 (e.g. Sun et al., 2020;
Wang et al., 2024), HFSE ratios (e.g. low Zr/Ta; Sun et al., 2020; Xu et al., 2019),
enrichment in U and Th (e.g. Li et al., 2024) and high zircon &'80 (e.g. King et al.,
1998; Moreira et al., 2023; Wang et al., 2024) have been used to argue for sediment
involvement in sanukitoid petrogenesis. Laurent et al. (2019) proposed that a plot of
total LREE concentrations (ZLREE = La + Ce + Pr + Nd) vs [Sr + Ba] (fig. 1.13) could
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be used to distinguish between sanukitoids formed by mantle-metabasite interaction
and those formed by mantle-sediment interaction as the latter have high 2LREE but
relatively low [Sr + Ba] (e.g. Laurent et al., 2011). A carbonatite melt component has
been implicated for sanukitoids from West Greenland (Steenfelt et al., 2005) and the
Superior Province (Semprich et al., 2015) because these intrusions are more enriched
in Sr, Ba, P, K and REE than the majority of sanukitoids. Finally, Heilimo et al. (2010)
proposed that an alkaline melt generated from upwelling asthenospheric mantle was
additionally involved in forming sanukitoids from the Baltic Shield in order to explain
why their high K-Ba-Sr signature is not correlated with Nd-Hf isotopic evidence for a

crustal component.
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Figure 1.13: Plot of total LREE concentrations (2LREE = La + Ce + Pr + Nd) (ppm) vs [Sr +
Ba] (ppm) after figure 13 from Laurent et al. (2019). Laurent et al. (2019) proposed that this
graph can be used to distinguish between sanukitoids formed by mantle-TTG interaction (light
green field) and sanukitoids formed by mantle-sediment interaction (brown field). The
geochemical compositions of rocks described as “sanukitoid” in published literature are taken
from my own compilation of published sanukitoid geochemical data. Following Martin et al.
(2009), this dataset was filtered for samples with < 62 wt% SiO; to exclude samples with
geochemical compositions significantly affected by differentiation.
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Figure 1.14: Plot of Nb/Y vs La/Yb comparing sanukitoids (green circles) to modern high-Mg
andesites that are thought to form by felsic melt-peridotite interaction (light green field) and
modern arc magmas that are thought to form by aqueous fluid-peridotite interaction (grey
field). After figure 7a from Martin et al. (2009). The geochemical compositions of rocks
described as “sanukitoid” in published literature are taken from my own compilation of
published sanukitoid geochemical data. Following Martin et al. (2009), this dataset was filtered
for samples with < 62 wt% SiO2 to exclude samples with geochemical compositions
significantly affected by differentiation.

There is some disagreement about whether the incompatible element-enriched
component was a melt (e.g. Martin et al., 2009; Rapp et al., 2010; Semprich et al.,
2015; Smithies and Champion, 2000) or an aqueous fluid generated by dehydration
of metabasites and/or sediments (e.g. Ahmad et al., 2018; Halla, 2005; Lobach-
Zhuchenko et al., 2008; Stern et al., 1989). Support for a silicate melt comes from the
elevated La/Yb, Nb/Y and Sr/Y of sanukitoids in comparison to most modern arc
magmas, which are thought to primarily record fluid-mantle interaction (fig. 1.14) (e.g.
Martin et al., 2009; Smithies and Champion, 2000). On the other hand, some studies
favour an aqueous fluid component because sanukitoids display depletions in fluid-
immobile HFSE alongside enrichments in fluid-mobile LILE (Halla, 2005; Stern et al.,
1989). These fluids might also have been CO2-rich (Lobach-Zhuchenko et al., 2008).

32



The nature of the incompatible element-enriched component may affect the
crystallisation pathway followed by sanukitoid magmas during differentiation as higher
H20 contents stabilise amphibole over biotite (e.g. Bucholz et al., 2014; C.-Y.-H. Liu et
al., 2022). Determining whether a melt or fluid component was more important for
generating sanukitoid magmas has significant geodynamic implications because
partial melting and dehydration of metabasite/sediment lithologies occur under
different P-T conditions (e.g. Hernandez-Uribe et al., 2019; Johnson and Plank, 2000;
Martin, 1986).

While it is well-established that sanukitoids formed by interaction between a recycled
crustal component and mantle peridotite, the nature of this interaction is debated. A
two-stage process via mantle metasomatism is most commonly invoked (e.g.
Kovalenko et al., 2005; Shirey and Hanson, 1984; Smithies and Champion, 2000) and
appears to have become the default petrogenesis proposed in the literature. In this
model, the mantle is first metasomatised by the crust-derived component, meaning
the melt/fluid is completely consumed during reactions with mantle peridotite, altering
its composition and likely forming new minerals such as phlogopite and pargasitic
amphibole (e.g. Heilimo et al., 2010; Kovalenko et al., 2005; Laurent et al., 2011;
Lobach-Zhuchenko et al., 2008). This metasomatised mantle source subsequently
melts to generate sanukitoid parental magma. However, experimental studies (Rapp
et al., 2010, 1999) and geochemical modelling (e.g. Laurent, 2012; Martin et al., 2009;
Semprich et al., 2015) demonstrate that a one-stage process where a metabasite-
derived melt assimilates mantle peridotite can also create sanukitoid magmas. In this
scenario, olivine is the main mineral consumed by the metabasite-derived melt (Rapp
et al., 2010, 1999). The key difference between these processes is the melt/fluid-to-
rock ratio — in the one-stage process the melt-to-rock ratio is high and the crustal
component dominates, whereas in the two-stage process the melt/fluid-to-rock ratio is
low and mantle peridotite dominates volumetrically (e.g. Martin et al., 2009; Rapp et
al., 2010). More recently, Smithies et al. (2019, 2018) proposed that sanukitoid
magmas can evolve from lamprophyric magmas by amphibole-dominated fractional
crystallisation. This model, which is based on sanukitoids from the Yilgarn Craton, is a
variation on the two-stage process described above as calc-alkaline lamprophyres
form by low- to moderate-degree partial melting of metasomatised mantle (e.g. Choi

et al., 2020; Rock, 1991). Again, determining the nature of crust-derived component-
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mantle interaction has geodynamic implications as the two-stage petrogenetic model
requires an additional thermal trigger to start melting the metasomatised mantle (e.g.
Heilimo et al., 2010). Furthermore, the P-T conditions of this interaction are poorly
constrained (e.g. Martin et al., 2009; Semprich et al., 2015).

The variables detailed above have the potential to generate chemical heterogeneity
among sanukitoids. A key topic of debate is what is responsible for the compositional
differences between low-Ti and high-Ti sanukitoids. Martin et al. (2009) and Laurent
(2012) proposed that low-Ti sanukitoids formed via a one-stage process while high-Ti
sanukitoids formed via a two-stage process as the latter mechanism creates greater
enrichments in HFSE and REE. The P-T conditions of the mantle-crustal component
interaction may also be an important factor. Geochemical modelling by Laurent (2012)
suggested that high-Ti sanukitoids formed at relatively low pressures and
temperatures (< 2 GPa, 900 — 1100°C) within the amphibole and phlogopite stability
fields while low-Ti sanukitoids formed at higher P-T conditions (> 2.5 GPa, 1000 —
1200°C). In contrast, modelling by Wang et al. (2024) supports high-Ti sanukitoids
forming at higher pressures (~3 — 4 GPa) than low-Ti sanukitoids (~2 GPa) due to the
control of pressure on melt TiO2 content. Alternatively, different crustal components
may be involved. Wang et al. (2024) proposed that the mantle source of high-Ti
sanukitoids was metasomatised solely by sediment melts, while low-Ti sanukitoids
required a significant metabasite-derived melt component. A dominant sediment
component has been implicated for several other high-Ti sanukitoid intrusions,
including the Bulai pluton, Limpopo Belt (Laurent et al., 2011), the Anjana and Amet
granites, Aravalli Craton (Raza et al., 2021), and monzogranites from the Jinzhou area,
North China Craton (Xu et al.,, 2019). However, modelling by Laurent (2012)
determined that the composition of the metasomatic agent has only a secondary
control on sanukitoid geochemistry. Mixing between metasomatised mantle-derived
melts and magma from crustal sources may also be an important process for
generating high-Ti sanukitoids (e.g. Jayananda et al., 1995; Moyen et al., 2001;
Terentiev and Santosh, 2018).

A few studies suggest that there may be secular changes in sanukitoid compositions

across the late Archean-early Proterozoic transition. Moyen et al. (2003) observed that
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there may be a temporal relationship between low-Ti sanukitoids and high-Ti
sanukitoids in the Dharwar Craton as the high-Ti Closepet granite was emplaced at
~2520 Ma, after most low-Ti sanukitoid magmatism in the region. However, this
temporal relationship does not hold across all cratons — for example, in the Aravalli
Craton emplacement of the high-Ti Jhiri granite at ~2530 Ma (Raza et al., 2022)
precedes the majority of low-Ti sanukitoid magmatism on the craton (e.g. Ahmad et
al., 2018; Mondal and Raza, 2013; Rahaman and Mondal, 2015), and
contemporaneous low-Ti and high-Ti sanukitoids have also been reported on some
cratons (e.g. Terentiev and Santosh, 2017; Wang et al., 2024). Mauri et al. (2023)
found that Paleoproterozoic sanukitoids from the S&o Francisco Craton generally have
lower (La/Yb)n than typical Archean sanukitoids. They interpreted this as reflecting
lower degrees of interaction between the crustal component and mantle peridotite in
the Paleoproterozoic, which may record a transition from typical sanukitoid
magmatism towards modern BADR (basalt-andesite-dacite-rhyolite) magmatism.
Secular changes in the geochemistry of Archean intermediate rocks, which include
dioritic sanukitoids, have also been reported (Wang et al., 2024; Yao et al., 2023). This
dataset shows increasing K2O/Na20, (Sr + Ba), TiO2 and Fe* (= FeOr / [FeOr + MgQ])
during the late Archean (< 3 Ga) (Wang et al., 2024). On the whole, however, the
secular evolution of sanukitoid compositions remains largely unexplored, despite them
having been emplaced over an approximately one-billion-year time period (fig. 1.8).
Investigating the temporal evolution of sanukitoid chemistry may provide further insight
into changing processes during the late Archean-early Proterozoic transition. In
particular, the compositions of crustal materials (i.e. altered oceanic crust, sediments)
recycled into the mantle likely changed across this transition, and sanukitoid

compositions potentially provide a record of this evolution.

Following their formation, sanukitoid parental magmas differentiated to create the wide
range of SiO2 contents displayed by the sanukitoid suite (e.g. Heilimo et al., 2010;
Stern and Hanson, 1991). Sanukitoids follow a differentiation pathway similar to the
calc-alkaline series (fig. 1.5c), showing a slight increase in K2O/Na20O and no Fe
enrichment during their evolution, but have slightly lower CaO contents than the
modern calc-alkaline trend (e.g. de Oliveira et al., 2009; Gémez-Frutos and Castro,
2022; Martin et al., 2009). Major and trace element modelling shows that this evolution

was primarily driven by amphibole- and plagioclase-dominated fractional
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crystallisation (e.g. Laurent et al., 2013; Seixas et al., 2013; Smithies et al., 2019).
Other minerals, namely biotite, K-feldspar and pyroxenes, may have also crystallised
during differentiation, alongside accessory phases such as apatite, titanite, zircon,
allanite and Fe-Ti oxides (e.g. Seixas et al., 2013; Smithies et al., 2019; Stern and
Hanson, 1991). This process produced diorite-hornblendite cumulates that are
sometimes found entrained as xenoliths in the more evolved sanukitoid magma
(Smithies et al., 2019). Mineral thermobarometry for sanukitoids from the Amazonian
Craton determined that they crystallised at ~700 — 950°C and were emplaced at
relatively shallow crustal levels (P = 100 — 300 MPa), with some intrusions also
recording a high pressure (~600 — 900 MPa) crystallisation stage (de Oliveira et al.,
2009; do Nascimento et al., 2023, 2021). These studies also indicate that sanukitoid
crystallisation likely occurred under high fO2 conditions. In addition, mixing between
primitive sanukitoid magmas and felsic magmas may have contributed to the
differentiation of some sanukitoids (e.g. Laurent et al., 2013; Sun et al., 2019). Gbmez-
Frutos and Castro (2022) conducted crystallisation experiments on materials
analogous to Archean sanukitoids, and based on these experiments proposed that the
compositional range of the sanukitoid suite was generated by self-contamination of
primitive sanukitoid magmas by pyroxene-rich cumulates formed during the early
stages of differentiation. However, these experiments may not be particularly relevant
to the differentiation of natural sanukitoid magmas because the starting materials
contain either low amounts of H20 (3 wt%) or no H20, unlike natural sanukitoid
magmas that contained > 5 wt% H20 (de Oliveira et al., 2009; do Nascimento et al.,
2023, 2021), which likely inhibited crystallisation of hydrous minerals such as

amphibole and biotite during Gémez-Frutos and Castro’s experiments.

Recent studies have proposed a new petrogenetic link between sanukitoids and TTGs.
Smithies et al. (2019) observed that in the eastern Yilgarn Craton, the evolved end of
the sanukitoid differentiation trend intersects with a subset of “high pressure” TTGs
characterised by very high Sr/Y and Sr concentrations (fig. 1.15). They demonstrated
that these TTGs could have formed by amphibole-dominated fractional crystallisation
of sanukitoid magmas. Similarly, Liou and Guo (2019) proposed that some “high
pressure” TTGs in the North China Craton evolved from metasomatised mantle-

derived diorites with similar geochemical compositions to sanukitoids via amphibole
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fractional crystallisation. C.-Y.-H. Liu et al. (2022) suggested that only sanukitoids
which formed from aqueous fluid-metasomatised mantle sources have the potential to
evolve into TTGs because abundant amphibole crystallisation requires water-rich
magmas. This alternative petrogenetic model for “high pressure” TTGs is significant
because it implies that some TTGs were ultimately derived from a mantle source,

rather than being generated directly by high pressure metabasite partial melting.
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Figure 1.15: Comparison between sanukitoids (the Black Flag Group, green) and high-Sr “high
pressure” TTGs (light red field) from the Eastern Goldfields Superterrane, Yilgarn Craton, after
figures 4 and 6 from Smithies et al. (2019). a) Sr/Y vs SiO2 (Wt%), b) Sr/Y vs Y (ppm), c) Mg#
vs SiOz (Wt%), and d) Nb (ppm) vs SiO» (Wt%). Black Flag Group geochemical compositions
are from Smithies et al. (2022).

In summary, the dominant model for sanukitoid formation is interaction between a

TTG-like melt and mantle peridotite via either a one-stage (assimilation) or two-stage
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(metasomatism) process. Sanukitoid parental magmas then underwent amphibole-
and plagioclase-dominated fractional crystallisation to generate the sanukitoid suite.
Multiple different geodynamic scenarios that fit this petrogenetic model have been
proposed. As sanukitoid formation requires burial of crustal materials to mantle depths,
most studies link sanukitoids, or at least the creation of their metasomatised mantle
source, to a subduction zone setting. The transition from TTG to sanukitoid
magmatism may have been caused by decreasing degrees of slab melting as the
mantle cools, causing mantle metasomatism/assimilation processes to dominate (e.g.
Martin et al., 2009; Moyen et al., 2003), or by the onset of deep subduction with a
significant mantle wedge overlying the downgoing slab (e.g. Rapp et al.,, 2010;
Smithies and Champion, 2000). Some studies that favour a different crust-derived
component to TTG melts suggest that the appearance of sanukitoids reflects a change
from metabasite melting to sediment melting as subduction geothermal gradients
decreased in the late Archean (e.g. Laurent et al., 2011). Alternatively, the sanukitoid
mantle source might have formed in an intraplate setting that replicates the geometry
of subduction zones, such as delamination of dense lower crustal eclogite (e.g.
Bédard, 2006) or dripping of crust into the mantle (sagduction) (e.g. Nebel et al., 2018;
Smithies et al., 2019). In these scenarios the onset of sanukitoid magmatism may
record development of asymmetric crustal drips (Nebel et al., 2018) or strengthening
of the lithosphere and creation of lithospheric structures (e.g. shear zones) that

facilitated extraction of sanukitoid magmas from the mantle (Smithies et al., 2019).

For the two-stage process a subsequent thermal trigger is needed to melt the
metasomatised mantle source of sanukitoids. Many proposed triggers occur in a
subduction-collision setting. Slab breakoff leads to upwelling of hot asthenospheric
mantle through the newly created gap in the slab, providing heat to melt
metasomatised mantle (e.g. Heilimo et al., 2010; Lobach-Zhuchenko et al., 2008;
Moreira et al., 2020; Whalen et al., 2004). Slab breakoff may have been more frequent
on a hotter, younger Earth when subduction was less stable (e.g. Gunawardana et al.,
2024; van Hunen and van den Berg, 2008), or have occurred following attempted
subduction of buoyant continental lithosphere or oceanic plateaus (e.g. Davies and
von Blanckenburg, 1995). Slab rollback can cause extension in the overlying plate
which might have triggered mantle melting (e.g. Chen et al., 2022; Sun et al., 2019;

Yu et al.,, 2021). In a collisional setting, crustal thickening followed by lithospheric
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delamination or late- to post-collisional thermal relaxation and extension might have
melted the sanukitoid mantle source (e.g. Kovalenko et al., 2005; Laurent et al., 2014a;
Whalen et al., 2004), hence the appearance of sanukitoid magmatism in the late
Archean may reflect the stabilisation of global plate tectonics and the onset of
continental collision (Laurent et al., 2014a). In an intraplate setting the thermal trigger
for melting metasomatised mantle may have been provided by plume-like mantle
upwelling (e.g. Jayananda et al., 2000; Kovalenko et al., 2005; Smithies et al., 2019)
or lithospheric extension and rifting (e.g. Smithies et al., 2019). In the latter case, the
onset of sanukitoid magmatism might be related to increasing lithospheric strength as

the planet cooled, allowing rifting to begin (Hawkesworth et al., 2024).

Overall, while the broad-scale petrogenetic model for sanukitoid magmatism is well-
established (e.g. Martin et al., 2009), details of their formation, such as the source and
nature (i.e. melt vs aqueous fluid) of the recycled crust-derived component(s), the
character of crustal component-mantle interaction and the P-T conditions of melting,
remain debated or poorly constrained. Consequently, there are many different
interpretations of the significance of sanukitoid magmatism, and their genesis has
been linked to a variety of geodynamic settings (e.g. Bédard, 2006; Laurent et al.,
2014a; Nebel et al., 2018; Smithies and Champion, 2000). There are also currently
aspects of sanukitoid magmatism that require further exploration, including their
proposed link to “high pressure” TTGs (Liou and Guo, 2019; Smithies et al., 2019) and
potential secular evolution (e.g. Mauri et al., 2023; Wang et al., 2024), that may provide
new insights into the late Archean-early Proterozoic transition. Novel analytical
techniques present an exciting opportunity to provide new constraints on sanukitoid
formation and evolution, and to improve our understanding of continental crust

evolution and geodynamics during the late Archean-early Proterozoic transition.

1.3. Application of novel stable isotopes to

investigating sanukitoid petrogenesis

“Novel” or “non-traditional” stable isotope geochemistry is a rapidly developing area of
research that uses variations in the stable isotope compositions of a wide range of
elements to study natural processes. This growth was facilitated by advances in mass
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spectrometry over the past few decades, which expanded the isotopic systems that
could be measured at high precision from just the light, abundant, non-metallic
“traditional” isotopes (H, C, N, O, S) to virtually the entire periodic table. Novel stable
isotopes have successfully been used to trace numerous high- and low-temperature
geochemical processes, with different elements being sensitive to different processes.
In magmatic systems, novel stable isotopes have been used to trace partial melting
(e.g. Ti, Klaver et al. (2024); Fe, Williams et al. (2009)), magma differentiation (e.g. Ti,
Hoare et al. (2020); Si, Savage et al. (2011)), recycling of near-surface materials into
the source regions of igneous rocks (e.g. Ba, Wu et al. (2020); U, Andersen et al.
(2015)), redox processes (e.g. Fe, Sossi and Debret (2021); Sn, Roskosz et al. (2020))
and magmatic-hydrothermal interactions (e.g. Mo, Kaufmann et al. (2021); Ba, Deng
et al. (2024)). Therefore, novel stable isotopes may provide new constraints on
sanukitoid formation and evolution, and help further our understanding of changes in

granitoid magmatism across the late Archean-early Proterozoic transition.

Isotope fractionation is the relative partitioning of isotopes of a particular element
between two coexisting phases, creating variations in the isotopic compositions of
such substances. High-temperature stable isotope fractionation often occurs at
equilibrium, where mass-dependent isotope fractionation is driven by variations in
bond stiffness (e.g. Bigeleisen and Mayer, 1947; Urey, 1947). Heavy isotopes tend to
concentrate in strong, stiff bonds where valence state is high and/or coordination
number is low (e.g. Schauble, 2004; Young et al., 2015). The magnitude of equilibrium
isotope fractionation depends on temperature, scaling with 1/T2 (Urey, 1947), as well
as on the relative mass difference between the isotopes, making it smaller at high
temperatures and for heavier elements. However, very heavy elements (e.g. U, Tl, Hg)
are also significantly affected by a different kind of equilibrium isotope fractionation
called nuclear field shift effects that arise from differences in nuclear size and shape
between isotopes (e.g. Bigeleisen, 1996; Schauble, 2007). Isotopic fractionation
resulting from nuclear field shift effects scales with 1/T, and hence can generate mas-
independent isotope fractionations that have greater magnitudes than equilibrium
mass-dependent isotope fractionations (e.g. Bigeleisen, 1996; Fujii et al., 2009).
Kinetic processes can also cause mass-dependent isotope fractionation during
unidirectional processes. This is driven by differences in the amount of energy isotopes

need to react or move, which is lower for lighter isotopes (e.g. Schauble, 2004). Kinetic
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isotope fractionation is common in biologically mediated reactions and
evaporation/condensation processes, and helps create large isotope fractionations in
near-surface materials, but it has also been observed on small length scales at higher

temperatures due to diffusion (e.g. Watkins et al., 2017).

Over the past few years, various novel stable isotope systems have started being used
to investigate the formation and evolution of Archean-Paleoproterozoic granitoids, with
efforts mainly focussed on TTGs. The silicon (Si) isotope compositions of TTGs have
been most extensively studied using both whole rock samples (André et al., 2022,
2019; Deng et al.,, 2019a; Murphy et al., 2024; Zhou et al., 2024) and individual
minerals (Lei et al., 2023; Murphy et al., 2024). The heavy Si isotope compositions of
Archean TTGs provide evidence of a seawater silicified metabasite protolith (André et
al., 2022, 2019; Lei et al., 2023; Murphy et al., 2024), while a possible shift towards
lighter Si isotope compositions seen in Paleoproterozoic TTGs from the North China
Craton is interpreted as reflecting interaction of the metabasite protolith with meteoric
water, (Zhou et al., 2024). Titanium and iron stable isotopes generally support TTG
genesis by metabasite partial melting followed by fractional crystallisation (Aarons et
al., 2020; Hoare et al., 2023; Z.J. Zhang et al., 2023), although the iron isotope
compositions of some TTGs have been interpreted as more consistent with them
forming by fractional crystallisation of mantle-derived magmas (Doucet et al., 2020;
Liou et al., 2022). Calcium isotope fractionations in TTGs were used as a proxy for
geothermal gradient by Antonelli et al. (2021), who calculated gradients of 500 —
750°C/GPa similar to modern “hot” subduction zones. In contrast, a combined iron-
zinc (Fe-Zn) isotope investigation by Doucet et al. (2020) found no evidence in TTGs
from the Kaapvaal Craton of the Fe-Zn isotope decoupling that is generated by various

processes in modern subduction zones.

Some novel stable isotope systems have been used to study other types of Archean
granitoids. Li et al. (2020) identified two distinct magnesium isotope compositions
among Neoarchean potassic granites from the North China Craton, suggesting they
formed by partial melting of two different sources — igneous rocks and weathered
sediments. Si isotopes coupled with Ge/Si ratios demonstrated that the source of

potassic granites in the Kaapvaal Craton changed from K-enriched, silicified mafic
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rocks to pre-existing TTGs at ~3.1 Ga (André et al., 2022). Currently, novel stable
isotope data for sanukitoids are limited to Fe and Zn isotope compositions, which are
intermediate between mantle-derived rocks and crustal granitoids and hence reflect
the involvement of both crustal and mantle components in their formation (Doucet et
al., 2020, 2018; Li et al., 2024). Li et al. (2024) observed that the Zn isotope
compositions of sanukitoids from the Kaapvaal and North China Cratons positively
correlate with Th/Yb and Th/Nb and therefore appear to be tracing a recycled sediment
component. However, while Li et al. (2024) and Doucet et al. (2020, 2018) refer to
these rocks as “sanukitoids”, their geochemical compositions differ significantly from
the original geochemical definitions of Archean sanukitoid (e.g. Heilimo et al., 2010;
Stern et al., 1989) as they are more Fe-rich, have lower Mg# and less fractionated
REEs, and are not as strongly enriched in Ba (Laurent et al., 2014b; Li et al., 2024).
Typical Archean-Paleoproterozoic sanukitoids therefore remain unexplored using
novel stable isotopes, despite being a distinctive component of late Archean-early

Proterozoic terranes.

Novel stable isotopes have the potential to help answer and resolve some of the
remaining questions and debates surrounding Archean-Paleoproterozoic sanukitoids,
and the aim of this thesis is to do precisely that. Selecting appropriate isotope systems
to use for this investigation is crucial because different isotope systems are sensitive
to different processes, and our current level of understanding about how these isotope
systems behave varies between elements. In this thesis | use titanium (Ti) and uranium

(V) isotope compositions to provide insights into sanukitoid formation and evolution.

1.3.1. Titanium stable isotope systematics

Titanium is a transition metal that is abundant in the Earth’s crust and mantle. Mass
dependent Ti stable isotope variations are expressed in delta notation as 5*°Ti relative
to the Origins Laboratory Titanium standard (OL-Ti), using the ratio of “°Ti to 4Ti
(equation 1.1) (Millet and Dauphas, 2014).

917
4-7Ti
sample
49Ti
47Tl' '
OL-Ti
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A particularly attractive quality of Ti is that it is a HFSE, so it has very low mobility in
aqueous fluids, even at high salinities (e.g. Rustioni et al., 2021). Consequently, Ti
isotopes are regarded as being resistant to alteration and metamorphism, meaning
the Ti isotope compositions of ancient, often altered rocks such as sanukitoids are
expected to be robust. It also means that Ti isotopes are not significantly affected by
fluid-driven processes (Millet et al., 2016), although the recent studies by Emproto et
al. (2025, 2022) and Jiang et al. (2024) suggest that some fluid-mineral Ti isotope

fractionation might occur in hydrothermal ore systems with ligand-rich brines.
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Figure 1.16: 8*Ti (%s) vs SiO; (Wt%) showing the evolution of 6*Ti during differentiation of
calc-alkaline, tholeiitic, sub-alkaline and alkaline magma suites. Uncertainty in 6*Ti is shown
as the 95% confidence interval. The bulk silicate Earth (BSE) composition of 0.053 £ 0.005%o
(black dashed line) is from Deng et al. (2023), and the depleted MORB mantle (DMM)
composition of 0.001 + 0.015%o (grey rectangle) is from Klaver et al. (2024). Ti isotope data
are from Deng et al. (2019b), Greber et al. (2021), Hoare et al. (2020), Johnson et al. (2023),

Millet et al. (2016) and Zhao et al. (2024).

Ti isotope behaviour in igneous rocks is generally well-understood. Mineral-melt Ti

isotope fractionation is the main cause of 3*°Ti variability in terrestrial magmas, and is
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driven by differences in the coordination of Ti between silicate melts (mainly 5-fold
coordination, e.g. Farges et al., 1996; Farges and Brown, 1997) and Ti-bearing
minerals (either 6-fold or 4-fold coordination). Ab initio density functional theory (DFT)
calculations (Aarons et al., 2021; Leitzke et al., 2018; W. Wang et al., 2020),
measurements of experimental (Prissel et al., 2024; Rzehak et al., 2022, 2021) and
naturally occurring mineral separates (Greber et al., 2021; A.C. Johnson et al., 2023,
2019; Mandl, 2019; Nie et al., 2021), and measurements of micro-milled individual
crystals (Hoare et al.,, 2022) have been used to constrain mineral-melt Ti isotope
fractionation factors. Magmatic suites show increasing &*°Ti during differentiation due
to fractional crystallisation of minerals enriched in light Ti isotopes, particularly of Fe-
Ti oxides (fig. 1.16) (Aarons et al., 2020; Deng et al., 2019b; Greber et al., 2021; Hoare
et al., 2020; A. C. Johnson et al., 2023, 2019; Millet et al., 2016; Zhao et al., 2024,
2020). This process produces complementary low &*°Ti cumulates (Storck et al.,
2023). Different magma series display varying magnitudes of Ti isotope fractionation
during differentiation due to them crystallising different modal abundances and
compositions of Fe-Ti oxides (Deng et al., 2019b; Hoare et al., 2020), as well as
different proportions of Ti-bearing silicate minerals (Johnson et al., 2023) (fig. 1.16).
The alkaline magma series displays the greatest increase in &*Ti during
differentiation, while the calc-alkaline series shows the smallest increase.
Furthermore, magma H20 content and oxygen fugacity (fO2) affect the timing of Fe-Ti
oxide saturation and hence the onset of the 5*°Ti increase during differentiation (Hoare
et al., 2020), which may enable Ti isotopes to be used as a proxy for magma H20
content and fO2 (Hoare, 2021).

Ti isotope fractionation is also observed during partial melting processes. While Ti
isotopes are not significantly fractionated during melting of typical mantle lithologies
(i.e. Iherzolite, harzburgite) (Millet et al., 2016), partial melting of metabasites and
metasediments generates melts with higher 5*°Ti then their protoliths due to retention
of light Ti isotopes in residual Fe-Ti oxides (e.g. rutile) and amphibole (Hoare et al.,
2023; Klaver et al., 2024; Z.J. Zhang et al., 2023). This process is proposed to explain
the Ti isotope compositions of both Archean TTGs (Hoare et al., 2023; Z.J. Zhang et
al., 2023) and modern arc lavas (Klaver et al., 2024). Recycling of isotopically light
melting residues generated by formation of the early continental crust into the upper

mantle during the Archean may have lowered the 5*°Ti of the upper mantle from the
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chondritic value of 0.053 + 0.005%o (Deng et al., 2023) to its present-day value of 0.001
t 0.015%0 (Klaver et al., 2024), with some modern ocean island basalts (OIB) still

sampling a primordial, high *°Ti lower mantle reservoir (Deng et al., 2023).

Overall, Ti stable isotopes are a well-understood isotopic system that is capable of
tracing multiple magmatic processes. The sensitivity of 3*°Ti to metabasite partial
melting but not to aqueous fluid-driven processes means that measuring Ti stable
isotopes in sanukitoids may be able to distinguish between the involvement of silicate
melt and aqueous fluid components in their petrogenesis. Ti isotopes are sensitive to
magma differentiation and hence can be used to test the proposed petrogenetic link
between sanukitoids and “high pressure” TTGs (Liou and Guo, 2019; Smithies et al.,
2019). Finally, as Ti isotope fractionation during differentiation is affected by the H20
content and fO2 of magmas, measuring the Ti isotope compositions of sanukitoid
suites might provide further constraints on the water content and oxidation of

sanukitoid magmas.

1.3.2. Uranium isotope systematics

Uranium is a radioactive actinide series metal with atomic number 92. While there are
no stable isotopes of U, it does have two long-lived isotopes — 228U (half-life t12 = 4.468
Gyr) and 233U (t12 = 0.704 Gyr) (Villa et al., 2016) — that can be fractionated by non-
radiogenic processes in the same way as stable isotopes. This fractionation creates
variations in the 223U/2%U of geological materials, which are reported in delta notation
relative to the CRM145 standard as 5238U (equation 1.2) (e.g. Andersen et al., 2017).

238U
235U
sample
238U
235U
CRM145

234U has a much shorter half-life of 246,000 years (Cheng et al., 2013), and

measurement of variations in 234U/238U (5%3*U, equation 1.3) can be used to determine

52380 = 103 -1 (@12

whether the 238U-234U system has been disturbed from secular equilibrium (523U = 0)
within the last ~1.5 Myr. Measuring 324U alongside 5%228U can be helpful for assessing

whether U isotopes in a sample have been disturbed by recent U mobility due to

45



weathering and alteration (e.g. Andersen et al., 2015; Charbonnier et al., 2023; Pavia
et al., 2023).

234
( 238
§B4Y = 103 | —2umple 4 + 6234UCRM14-5 (1.3)

234-U
\ 238U
CRM145

U and its isotopes are particularly sensitive to redox processes as U primarily occurs
in two oxidation states — fluid-immobile U** and fluid-mobile U%* — on the Earth.
Because U is a very heavy element, its isotopes are affected by nuclear field shift
effects. For isotope substitutions involving a change in redox state, isotope
fractionation due to nuclear field shift effects dominates and concentrates light 23°U in
U®* (e.g. Bigeleisen, 1996; Fujii et al., 2006), which is the opposite direction to that
expected for mass-dependent equilibrium isotope fractionation (e.g. Bigeleisen and
Mayer, 1947; Young et al., 2015). On the present-day Earth, redox-related U isotope
fractionation has been observed during alteration of oceanic crust at mid-ocean ridges
(Andersen et al., 2024, 2015; Noordmann et al., 2016), U reduction and accumulation
in sediments (e.g. Andersen et al., 2014; Weyer et al., 2008), and mobilisation of U
from the slab in subduction zones (Freymuth et al., 2019) (fig. 1.17). The U isotope
compositions of surface reservoirs (e.g. sediments, altered oceanic crust, seawater)
on the modern Earth are summarised in figure 1.17a. Changes in the oxygenation of
the Earth’s surface during its history, such as the GOE, had a huge impact on terrestrial
U cycling (e.g. Cuney, 2010) as well as U isotope fractionation. Consequently, the U
isotope compositions of sediments (e.g. Chen et al., 2021; X. Wang et al., 2018) and
altered oceanic crust (Rodney et al., 2024, Preprint) varied through time, with generally
less U isotope fractionation occurring when the surface was less oxidised and hence
U mobility was limited. These observations mean that the 823U of materials being
recycled into the Earth’s mantle likely changed over the Earth’s history. Andersen et
al. (2015) proposed that such a change is captured by the U isotope compositions of
recent mid-ocean ridge basalts (MORB) and OIB, both of which have low Th/U ratios
indicating addition of recycled U to their sources. MORB have slightly higher 3%38U
than the bulk Earth due to addition of high 238U altered oceanic crust, similar to that

found at present-day mid-ocean ridges, to their mantle source. OIB, on the other hand,
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Figure 1.17: a) Modern U isotope compositions of the Earth’s surface reservoirs, modified from
figure 1 from Cole et al. (2020). Altered oceanic crust 6**%U is from Andersen et al. (2024).
Bulk upper continental crust U (black star) is from Noordmann et al. (2016) and Tissot and
Dauphas (2015). b) Schematic diagram (not to scale) of the modern terrestrial U isotope cycle,
modified from figure 2c from Andersen et al. (2015). Arc lava 5**%U values are from Andersen
etal. (2015), Avanzinelli et al. (2018) and Freymuth et al. (2019), and serpentinite-derived fluid
6%%8U is from Freymuth et al. (2019). Ocean island basalt (OIB) 6**®U values are from Andersen
etal. (2015), Gaschnig et al. (2021a, 2021b) and Goldmann et al. (2015). Bulk altered oceanic
crust (AOC) 6%**U values are from Andersen et al. (2015, 2024) and Noordmann et al. (2016).
Average mid-ocean ridge basalt (MORB) 6°**U is from Andersen et al. (2015).

47



have identical 8238U to the bulk Earth which suggests that the recycled altered oceanic
crust in their source had unfractionated 823U and hence likely formed before the
second major increase in surface oxygenation during the Neoproterozoic Oxygenation
Event at ~0.8 — 0.55 Ga (e.g. Fike et al., 2006; Scott et al., 2008).

High-temperature fractionation of U isotopes during magmatic processes is more
poorly constrained than it is for Ti isotopes. No significant U isotope fractionation is
thought to occur during mantle partial melting because U is a highly incompatible
element and partitions almost entirely into the melt phase (Andersen et al., 2017). Most
unaltered igneous rocks have 8238U values that are close to the bulk Earth composition
(-0.306 * 0.026%0; Andersen et al., 2015), and the present-day continental crust is also
estimated to have indistinguishable 238U to the bulk Earth at ~-0.3%. (Noordmann et
al., 2016; Tissot and Dauphas, 2015). No correlation between 323U and indices of
magma differentiation (e.g. SiO2, MgO) has been observed in terrestrial igneous rocks
(Gaschnig et al., 2021a; Noordmann et al., 2016; Sheng et al., 2025; Telus et al.,
2012), implying that limited U isotope fractionation occurs during magmatic
differentiation. However, Tissot et al. (2017) reported variation of 5238U with REE
concentrations in angrite meteorites which they proposed was caused by pyroxene
accumulation. The U isotope compositions of some igneous and metamorphic mineral
separates and single zircon crystals have also been measured, and were found to
have significantly variable 3%38U (Hiess et al., 2012; Livermore et al., 2018; Tissot et
al., 2019), suggesting that some high-temperature mineral-melt U isotope fractionation
does occur on the Earth. U isotope variations in bulk igneous rocks are instead
dominated by the involvement of recycled crustal materials with heterogeneous 523U
in their formation. Arc lavas in particular display variable 3%38U due to addition of
oxidised, serpentinite-derived fluids with low 328U (Andersen et al., 2015; Freymuth
et al., 2019) or recycled sediments (Avanzinelli et al., 2018) to their mantle source.
OIB from St. Helena and Samoa have low 523U which may reflect an ancient altered
oceanic crust component in their sources (Gaschnig et al., 2021b). However, Telus et
al. (2012) found that I-, S- and A-type granites from the Lachlan fold belt had
indistinguishable U isotope compositions, despite them having very different sources.
U isotopes may also trace magmatic-hydrothermal interactions, which are proposed
to have generated low 5238U in pegmatites from the Tibetan Plateau (Sheng et al.,

2025). Figure 1.17b summarises the modern terrestrial U isotope cycle.
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Overall, the U isotope compositions of igneous rocks mainly record the presence of
recycled crustal materials with distinct 823U in their sources (e.g. Andersen et al.,
2015; Gaschnig et al., 2021b). As the U isotope compositions of crustal materials are
particularly sensitive to changes in redox processes (e.g. Chen et al., 2021; Rodney
et al., 2024, Preprint) and terrestrial U cycling was significantly altered by the GOE
(e.g. Cuney, 2010), U isotopes are well-suited to investigating whether sanukitoids
record a change in the composition of crustal materials being recycled into the mantle
across the GOE. While U is more mobile than Ti during weathering and alteration
processes, and hence the U isotope compositions of Archean-Paleoproterozoic rocks
are less robust, measuring 623U alongside 623U will help monitor for the effects of

recent U mobility.

1.4. Thesis outline

The late Archean-early Proterozoic transition saw numerous significant changes occur
on the Earth, many of which might be related to geodynamic changes at this time.
Sanukitoid magmatism is a distinctive feature of this period and marks a major shift in
continental crust composition, but many aspects of sanukitoid formation, such as the
nature (melt vs fluid) and source of the recycled crustal component, are debated,
which has led to multiple different interpretations of their link to geodynamics.
Furthermore, there are aspects of sanukitoid magmatism, such as its proposed
petrogenetic link to some TTGs and the potential temporal evolution of sanukitoid
compositions, that have not been extensively investigated. The aim of this thesis is to
use novel stable isotopes, specifically titanium and uranium isotopes, to gain new
insights into the formation and evolution of sanukitoid magmas. This investigation aims
to improve our understanding of sanukitoid magmatism and further constrain the
nature of geodynamic changes that occurred during the late Archean-early Proterozoic

transition.

The chapters of this thesis each focus on investigating different aspects of sanukitoid
magmatism:
e In Chapter 3 | use Ti stable isotopes to determine whether the recycled crustal

component involved in sanukitoid formation was a silicate melt or an aqueous
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fluid, as well as to provide additional constraints on the differentiation and H20
content/fO2 of sanukitoid magmas. | achieve this by measuring the Ti isotope
compositions of sanukitoids from multiple cratons with ages spanning across
the late Archean-early Proterozoic transition, and by comparing these to
Phanerozoic high Ba-Sr granites from Scotland that are proposed to be recent
sanukitoid analogues. This is accompanied by modelling of the Ti isotope
compositions of experimental melts to investigate the effect of different melting
conditions on the magnitude of Ti isotope fractionation during metabasite partial
melting. | find that sanukitoids show a muted &*Ti increase during
differentiation due to removal of significant proportions of Ti in hornblende
during fractional crystallisation, which fractionates Ti isotopes less than Fe-Ti
oxides. Their Ti isotope systematics record early Fe-Ti oxide saturation,
implying sanukitoid parental magmas were as water-rich and oxidised as
modern arc magmas. Primitive (pre-oxide saturation) sanukitoids have
significantly heavier 8*°Ti than the mantle and modern arc basalts, which
requires the involvement of a metabasite partial melt. | favour formation of this
metabasite melt by fluid-fluxed eclogite partial melting, supporting generation
of the sanukitoid mantle source by a subduction-like process in the late
Archean.

In Chapter 4 | use Ti stable isotopes to investigate the proposed formation of
high-Sr “high pressure” TTGs by amphibole-dominated fractional crystallisation
of sanukitoids in the Neoarchean Eastern Goldfields Superterrane, Yilgarn
Craton. | achieve this by measuring the Ti isotope compositions of high-Sr “high
pressure” TTG samples and comparing these data with the Ti isotope
compositions of the Yilgarn Craton sanukitoids they are proposed to have
evolved from, which are presented in Chapter 3. | also analyse TTGs with
different trace element compositions (i.e. low pressure, medium pressure and
other high pressure TTGs) from the region to compare the Ti isotope
compositions of TTGs that are proposed to have formed by different
mechanisms. Additionally, | use published geochemical data for TTGs and
sanukitoids to identify other occurrences of high-Sr “high pressure” TTGs and
hence assess the potential global significance of this mechanism of forming
“high pressure” TTGs across the late Archean-early Proterozoic transition. | find

that the 8*°Ti values of high-Sr “high pressure” TTGs plot at the evolved end of
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the Yilgarn sanukitoid differentiation trend and Rayleigh fractionation model,
providing strong support for their generation by fractional crystallisation of
sanukitoid magmas. The Ti isotope and trace element compositions of the other
TTGs are best explained by partial melting of hydrous metabasite, sometimes
followed by fractional crystallisation, demonstrating the diverse petrogenesis of
TTGs in the Neoarchean Yilgarn Craton. High-Sr “high pressure” TTGs are
temporally and spatially associated with sanukitoids on many Archean cratons,
implying that formation of TTGs by fractional crystallisation of metasomatised
mantle-derived sanukitoid magmas was likely a global phenomenon that
emerged in the late Archean due to a geodynamic transition which promoted
interaction between metabasite melts and mantle peridotite.

e In Chapter 5 | use U isotopes to investigate whether the composition of the
recycled crustal component involved in sanukitoid formation changed across
the GOE as a result of changing surface oxygenation. | achieve this by
measuring the U isotope compositions of sanukitoids with ages spanning
across the entire late Archean-early Proterozoic transition, as well as of the
Phanerozoic high Ba-Sr granites from Scotland that are proposed to be recent
sanukitoid analogues. | supplement these data by measuring the U isotope
compositions of Archean TTGs to improve constraints on the U isotope
composition of the main constituent of Archean continental crust. | show that
0238U variations in TTGs and sanukitoids are primarily driven by apatite
fractional crystallisation. Archean sanukitoid samples not affected by this
process display distinct *%U-Th/U systematics to modern arc magmas and
hence show no evidence for addition of oxidised aqueous fluids or sediments
to the sanukitoid mantle source. This result implies that sanukitoid parental
magmas were likely oxidised via a different mechanism to modern arc magmas.
Data for sanukitoid and granitoid samples not affected by apatite fractional
crystallisation are too limited to confidently discern any secular evolution in their
U isotope compositions.

Details of the analytical methodology used to measure Ti and U isotope compositions
and descriptions of the samples analysed in this thesis are provided in Chapter 2.
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2. Analytical methods and samples

This chapter first details the analytical methods used in this thesis. It then describes
the rock samples that were analysed using these methods for the work presented in

the following chapters.

2.1. Analytical methods

Multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) is the
principal analytical technique for measuring non-traditional stable isotope
compositions and was used to measure titanium (Ti) and uranium (U) isotope
compositions for this thesis. This section first gives an overview of how MC-ICP-MS
works, and then describes the specific methods used to purify Ti and U from silicate

rock samples and analyse their isotopic compositions via MC-ICP-MS.

2.1.1. Overview of multi-collector inductively coupled
plasma mass spectrometry (MC-ICP-MS)

MC-ICP-MS is a relatively recent development in the field of mass spectrometry, with
the first measurements from a MC-ICP-MS reported by Walder et al. (1993). It has
proven particularly useful for measurement of “non-traditional” or “novel” stable isotope
systems (e.g. Ti, Millet and Dauphas, 2014; Cu and Zn, Maréchal et al., 1999; Zr, Inglis
et al., 2018) as the plasma source can efficiently ionize a wider range of elements than
a thermal ionisation mass spectrometer (TIMS) (Albaréde and Beard, 2004). The
higher supply of ions from the plasma also makes measurements quicker for MC-ICP-
MS than for TIMS. However, there is low transmission of ions from the plasma to the
mass spectrometer, and this contributes to the significant instrumental mass bias
(mass-dependent isotope fractionation that occurs in the instrument during
measurement) associated with MC-ICP-MS (e.g. Albaréde and Beard, 2004; Balaram
et al., 2022). The plasma gas, most commonly argon (Ar), can also introduce isobaric

interferences that need to be corrected for.
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A MC-ICP-MS consists of several key parts — a sample introduction system, a plasma
source, an interface and focussing lenses, an analyser, and multiple collectors. Figure
2.1 shows a schematic diagram of a MC-ICP-MS based on the Nu Plasma Il used in
this thesis. Typically, liquid samples are analysed and are introduced to the instrument
using a nebuliser to form an aerosol. The inductively coupled plasma is generated in
a torch using an electromagnetic coil to heat and partially ionise Ar gas. The sample
aerosol passes through the centre of the torch, and the extreme temperatures of the
plasma cause the sample to split into individual atoms (atomisation) which are then
ionised via collisions with electrons from the plasma, forming predominantly singly-
charged, positive ions. The ionised sample then proceeds through the mass
spectrometer interface which consists of two cones — the sampler cone and the
skimmer cone. The interface enables the mass spectrometer to be kept under vacuum
while the samples are at atmospheric pressure, but a substantial fraction of the ions
are lost during transfer across the interface. The ions are accelerated using a high
voltage applied to the cones and are focussed using a series of lenses to create a
beam of positive ions that passes into the analyser. The Nu Plasma Il is double-
focussing, meaning its analyser consists of two sectors. First is the electrostatic sector
which only makes sure that only ions with specific kinetic energies enter the magnet.
Next is the magnetic sector which uses a magnetic field to separate ions based on
their mass/charge ratio. The separated beams then need to be directed into the
collectors. Some MC-ICP-MS instruments achieve this by moving the collectors
themselves to align with each ion beam, whereas the Nu Plasma Il uses a zoom lens
system to align the beams with fixed collectors. At the collectors the ions are counted

by a combination of Faraday detectors and electron multipliers.

The resolution of a mass spectrometer describes its ability to distinguish adjacent
peaks in a mass spectrum. The mass resolution of an MC-ICP-MS instrument is
defined as the relative difference in mass between 5% and 95% peak height (AM)
across the peak edge, while the resolving power is determined by dividing the mass
being measured (M) by AM. The resolution of an MC-ICP-MS can be altered by
passing the ion beam through a slit of changeable width (source defining slit). A
narrower slit samples a smaller portion of the beam so that beam intensity is averaged
over a narrower mass interval, giving sharper peak edges and hence higher resolution.

The cost of measuring at higher resolution is that ions are lost when the beam is
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clipped, resulting in lower sensitivity. Clipping also creates aberrations at the edges of
the beam — on the Nu Plasma Il alpha slits are used to correct for these. For this thesis,
U isotope measurements were performed in low resolution mode (M/AM = 500), while
Ti isotope measurements were performed in medium resolution mode (M/AM = 4000)
to help resolve polyatomic interferences such as 3°Si'®O and 28Si'°F (Millet and
Dauphas, 2014).
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Figure 2.1: a) Schematic diagram of a MC-ICP-MS based on the Nu Plasma Il. b) Schematic

diagram of the plasma torch and interface of a MC-ICP-MS. c) Schematic diagram showing
how the width of the entrance slit can be changed to alter the beam resolution.
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Transmission of a sample through a MC-ICP-MS is non-quantitative, particularly
through the instrument interface. This is thought to be the main cause of instrumental
mass bias, and results in heavier ions being transmitted more efficiently through the
mass spectrometer (e.g. Albaréde and Beard, 2004; Balaram et al., 2022). High
precision isotope analysis using MC-ICP-MS hence requires correction for this
instrumental mass bias. Two common methods for doing this are standard-sample
bracketing and double spiking. Standard-sample bracketing involves interpolating the
mass bias for an unknown sample from the mass bias of preceding and succeeding
runs of a standard of known composition. In contrast, the double spike method adds
known artificial enrichments (“spikes”) of two isotopes of the element being analysed
to the sample in order to trace instrumental mass fractionation. Double spiking is used

in both Ti and U isotope analysis and is described in detail in section 2.1.1.1.

High precision isotope analysis using MC-ICP-MS also requires purification of the
desired element from a sample to remove interfering species. These interferences can
be spectral (isobaric) or non-spectral (also called “matrix effects”). Section 2.1.2
describes how sample purification is achieved for Ti and U. However, corrections for
other interferences may still be necessary. These include isobaric interferences
introduced by the plasma gas (such as Ar-bearing compounds) or by the analyte
solution. The specific corrections used for Ti and U isotope analysis are detailed in

section 2.1.3.

2.1.1.1.The double spike method

Double spiking is a popular method for correcting for instrumental mass bias in mass
spectrometry. This technique involves measuring the relative amounts of at least four
isotopes of an element, two of which have been artificially enriched by adding isotopic
“spikes” of known abundances to the sample. The composition of the double spike and
the sample:spike ratio are typically optimised to produce data with small uncertainties
(Rudge et al., 2009), although practical concerns, such as whether a particular isotope
is affected by isobaric interferences or mass-independent fractionation (e.g.
nucleosynthetic anomalies), must additionally be taken into account (e.g. Klaver and
Coath, 2019). The use of triple spikes to correct for mass bias has also been proposed,

but whether they provide smaller uncertainties than double spikes is debated (e.g.
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Galer, 1999; Rudge et al., 2009). A big advantage of the double spike method is that
if the sample and spike are mixed and equilibrated beforehand, it can also be used to
correct for any mass-dependent fractionation that occurs during chemical purification.

This alleviates the need for quantitative yields from sample purification.

The theoretical basis of the double spike method is that if the composition of the double
spike is known, it is possible to invert the measured isotope ratios to the true, mass
bias-corrected isotope ratios. From the four isotopes involved we can make three
isotope ratios that all share a common denominator. For each isotope ratio (i) three
equations can be written (equations 2.1, 2.2 and 2.3). Equations 2.1 and 2.2 are the
discrimination or mass fractionation laws. They can take different forms, but for Ti and
U isotopes it is assumed that instrumental mass fractionation follows the exponential
mass fractionation law (e.g. Andersen et al., 2015; Millet and Dauphas, 2014).
Equation 2.1 expresses the isotope ratio of the sample (N;) in terms of mass-
dependent fractionation by fractionation factor a from the isotopic composition of a
reference standard (n;). P; is the natural logarithm of the ratio of the atomic masses of
the isotopes.

N; = nje”*Pi (2.1)
Equation 2.2 describes the mass-dependent fractionation of the sample-spike mixture
due to instrumental mass bias (m;) away from its original isotopic composition (M;) by
fractionation factor .

M; = mie PPi  (2.2)
Equation 2.3 is the mixing law, showing how the sample (N;) and double spike (T;) are
combined to give the sample-spike mixture (M;). 4 is a parameter that describes the
proportion of the double spike in the mixture.

M; =AT; + (1 =A)N; (2.3)

Equations 2.1, 2.2 and 2.3 can be combined into a single equation (equation 2.4):
Fi(A4 a,B,n;,m;,T) = AT + (1 — Dne Pi —me BFPi=0 (2.4)

Equation 2.4 can be written for each isotope ratio, giving three non-linear simultaneous

equations. The values of n; and T; are known, while m; is the measured sample-spike

mixture composition, leaving only three unknowns — A, a and [. Double spike

deconvolution involves solving these three simultaneous equations via iterative
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methods to determine the values of the three unknowns, and then using equation 2.1

to calculate the true, mass bias-corrected isotope composition of the sample.

The above method is used to correct Ti stable isotope measurements for instrumental
mass bias. Titanium has five stable isotopes (*6Ti, 4'Ti, 48Ti, 4°Ti, 5°Ti), but 5°Ti is
affected by mass-independent nucleosynthetic anomalies so it is not well-suited to use
for double spike deconvolution. “6Ti also shows mass-independent fractionation in
meteorites, but these variations are small in comparison to %°Ti and no “6Ti anomalies
are seen among terrestrial samples, making “Ti suitable to use for double spike
deconvolution. Taking into account the unsuitability of 5°Ti, Millet and Dauphas (2014)
used Monte Carlo simulations in 46Ti-*"Ti-48Ti-4°Ti space to determine that the optimum
Ti double spike is a 1:1 mixture of 4'Ti and “°Ti, while the optimum sample:spike ratio
is 52:48.

Double spike deconvolution for U isotopes presents a special case. The double spike
IRMM-3636 containing 50% 233U and 50% 236U is used (Richter et al., 2008). There is
virtually no 233U or 23U present in natural samples, meaning that the measured
236/233U of the sample-spike mixture is equivalent to the 236U/233U of the spike after
undergoing mass-dependent fractionation in the MC-ICP-MS. As we know the original
double spike composition, we can directly solve the exponential mass fractionation
law to find B (equation 2.5), the fractionation factor associated with instrumental mass
bias, and then use S to calculate the true, mass bias-corrected isotope ratios of the

sample (equation 2.6).

<236U>
23377
U sured /1 (236.045566

=1 —) 25
b=l 7255, n333.039632) *°
23377
double spike

238(; 2387y _g1 (M)
_ e FIMzz5.0003222)  (2.6)
235U . 235U
mass bias measured
corrected

The amount of IRMM-3636 double spike added to each sample aims to achieve a
238/238 ratio of ~30 as this results in 233U and 236U concentrations intermediate
between those of 238U and 23°U. IRMM-3636 also contains minute amounts of 234U,

235 and 238U which need to be corrected for when processing data.
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2.1.2. Sample preparation and purification

Before MC-ICP-MS analysis, whole rock samples must be digested in strong acids
and then purified to isolate the element of interest from the sample matrix. This is

usually achieved via ion exchange chromatography, as is the case for Ti and U.

2.1.2.1. Titanium purification

50 — 70 mg of finely powdered silicate rock samples were digested in a mixture of 1
ml concentrated HNO3s and 1 ml concentrated HF at 120°C for at least 72 hours. Then
an additional 2 ml of concentrated HNO3s was added before the samples were dried
down at 100°C. Each sample was taken up in 500 ul concentrated HNOs and
immediately dried down at 120°C three times, before being dissolved in 5 ml 6M HCI.
400 ul of saturated boric acid solution was then added to dissolve any fluorides, as
their formation can remove Ti from the sample solution and cause Ti isotope
fractionation. The samples were refluxed overnight at 120°C, before an aliquot
containing 5 ug Ti was taken from each sample solution. 21.8 pl of the 4’Ti-4°Ti double
spike was added to each sample aliquot to achieve the optimum sample:spike ratio of
52:48 (Millet and Dauphas, 2014). The sample-spike mixtures were dried down, then
taken up in 300 ul concentrated HNO3s and immediately dried down twice to help

equilibrate the spike and sample.

Separation of Ti from the sample matrix was achieved by cation exchange
chromatography using 2 ml Eichrom DGA resin cartridges, following the established
method of Zhang et al. (2011) and Millet and Dauphas (2014). A vacuum box was used
to help regulate the flow of reagents through the resin cartridges. Most samples (all
those presented in Chapter 3) were purified via two identical passes of the sample
through the resin following the procedure in table 2.1. Some studies have performed
an alternative second stage of purification using AG1-X8 resin. The main purpose of
this stage is to ensure removal of molybdenum (Mo) from the Ti fraction for Mo-rich
samples, as double-charged Mo is an isobaric interference on Ti during mass
spectrometry (Millet and Dauphas, 2014; Zhang et al., 2011). This stage was not
required for the samples in this thesis as they have low Mo/Ti of generally < 0.01.

Following purification, the samples were dried down, then refluxed in a mixture of 150
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pl concentrated HNOs and 150 pl 30% H202 at 120°C for at least a few hours to

remove any organic material, before being dried down again.

Table 2.1: Procedure for a single pass of a sample through 2 ml Eichrom DGA resin cartridges
to purify Ti for MC-ICP-MS analysis (Millet and Dauphas, 2014; Zhang et al., 2011). This
procedure is done twice to achieve a double pass of the samples through the resin cartridges.

Step Reagent Volume (ml)
Cleaning MQ water 20
Cleaning 3M HNOs 10

Conditioning 12M HNO3 10
Sample loading 12M HNO3 5
Matrix elution 12M HNOs 20
Ti elution 12M HNOs + 1 wt% H202 10
Cleaning 3M HNOs 10
Cleaning MQ water 20

Table 2.2: Revised procedure for a single pass of a sample through 2 ml Eichrom DGA resin
cartridges to purify Ti for MC-ICP-MS analysis. Sufficient purification of Ti is achieved after a
single pass of the sample through the resin.

Step Reagent Volume (ml)
20% ethanol (left to soak
Wetting agent 3
the resin for ~1 hour)

Cleaning MQ water 20
Cleaning 3M HNOs 10
Conditioning 12M HNO3 10
Sample loading 12M HNO3 5
Matrix elution 12M HNOs 15
Ti elution 12M HNO3 + 1 wt% H202 10
Cleaning 3M HNOs 10
Cleaning MQ water 20
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1.0

Sample | Matrix Elution Ti Elution
Loading | 12M HNO: 12M HNOs + 1wt% H202
12M HNOs |

Ca, V, Cr, Mn

Fraction eluted
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Figure 2.2: Elution curve for geological reference material JB-2 from a 2ml Eichrom
DGA resin cartridge.

Over the duration of my PhD, it was observed that Ti yields following purification were
decreasing. For a while this remained satisfactory, as the samples were spiked prior
to purification so double spike deconvolution could correct for any mass-dependent
fractionation that occurred due to Ti loss during purification. However, yields continued
to decrease until almost no Ti was being collected after cation exchange
chromatography. Following communication with TrisKkem, the manufacturer of the
resin cartridges, it was suggested that 20% ethanol was used as a wetting agent
before the chromatography in order to improve wetting of the DGA resin. | recalibrated
the Ti cation exchange chromatography with new DGA resin cartridges, now soaking
the resin in 20% ethanol for approximately 1 hour before starting to clean the columns.
The recalibration shows that this method achieves separation of Ti from key matrix
elements (e.g. Ca, V, Cr, Mo) in a single pass of the sample through the DGA resin,
and with elution of the matrix in 15 ml 12M HNOs rather than 20 ml (fig. 2.2). The
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procedure for this revised method is presented in table 2.2 and was used for the

samples in Chapter 4. Ti yields of ~85 — 95% were obtained for these samples.

2.1.2.2. Uranium purification

30 — 205 mg of finely powdered silicate rock samples, weighed to contain ~150 ng of
U, were digested in a mixture of 1 ml concentrated HNO3 and 2 ml concentrated HF
at 120°C for at least 72 hours. The IRMM-3636 233U-2%6U double spike was added to
each sample before dissolution, aiming for a 238U/236U ratio of ~30. The samples were
dried down at 100°C, then taken up in 5 ml 6M HCI and refluxed at 120°C for ~24
hours before being dried down again. Next, each sample was taken up in 500 pl

concentrated HNO3 and immediately dried down twice.

Table 2.3: Procedure for a single pass of a sample through 1 ml TRU resin in a Bio-Rad column
to purify U for MC-ICP-MS analysis.

Step Reagent Volume

(ml)

Cleaning 0.1N HCI + 0.3N HF 10
Cleaning MQ water 5
Conditioning 1.5N HNOs3 10
Sample loading 1.5N HNOs3 10
Matrix elution 1.5N HNOs3 20
U elution 0.1N HCI + 0.3N HF 10

Separation of U from the sample matrix was done by two-stage ion exchange
chromatography. When U concentrations are high enough, and hence U:matrix ratios
are low enough, this can be achieved via two identical passes through ~0.6 ml of
UTEVA resin (100 — 150 ym particle size) loaded in self-shrink Teflon columns (e.g.
Tissot and Dauphas, 2015; Weyer et al., 2008). The alternative, which is a necessity
for samples with high matrix volumes, is to first pass the sample through 1 ml of TRU
resin loaded in a 10 ml Bio-Rad column, and then do a single pass through UTEVA
resin for the second stage (Andersen et al., 2015). The procedures for the TRU resin
and UTEVA resin chromatography stages are presented in tables 2.3 and 2.4

respectively. Following purification, the samples were dried down, then refluxed in a
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mixture of 500 pl concentrated HNOs and 500 ul 30% H202 at 120°C for at least a few

hours to remove any organic material, before being dried down again.

Table 2.4: Procedure for a single pass of a sample through ~0.6 m/ UTEVA resin in a self-
shrink Teflon column to purify U for MC-ICP-MS analysis.

Step Reagent Volume (ml)
Cleaning 0.1N HCI + 0.3N HF 8
Cleaning MQ water 2

Conditioning 3N HNOs 5
Sample loading 3N HNO3 5
Matrix elution 3N HNOs 15
Matrix elution (Th) 3N HCI 9
U elution 0.1N HCI + 0.3N HF 10

2.1.3.Isotopic analysis using MC-ICP-MS

Ti and U isotope compositions were measured using the Nu Plasma Il MC-ICP-MS at
the Cardiff Earth Laboratory for Trace Element and Isotope Chemistry (CELTIC),
Cardiff University. Samples were introduced to the mass spectrometer through an

Aridus Il desolvating nebuliser used with Ar gas.

2.1.3.1. Titanium stable isotope analysis

Samples were taken up in 2% HNO3 + trace HF (2.5 ml concentrated HF per litre of
2% HNO:3) for analysis and introduced to the MC-ICP-MS at concentrations of 1 — 1.3
ppm. Measurements were performed in medium resolution mode, and each sample
analysis consisted of one block of 50 measurements each with an integration time of
10 seconds. The cup configuration used is given in table 2.5, and Ca interference on
46Ti and “8Ti was monitored at mass 44. Ti isotope compositions are given in delta

notation relative to the Origins Laboratory Titanium standard (OL-Ti) (equation 2.7).
49Ti
4-7Ti
sample
49Ti
(47Tl'>
OL-Ti
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To account for small polyatomic interferences than cannot be resolved, such as 28Si'°F
on 4'Ti (Si comes from the mass spectrometer torch, while F is from the sample

solution), all sample measurements were bracketed by measurements of double-

spiked OL-Ti standard.

Table 2.5: Cup configuration used on the Nu Plasma Il at Cardiff University for measurement
of Ti stable isotope compositions.

Collector | H10 H9 H7 H4 L2
Mass | 49 48 47 46 44
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Figure 2.3: Measured 6“Ti (%) of geological reference materials JB-2, RGM-2 and BCR-2.
Filled symbols are measurements made over the duration of this thesis and the errors are the
95% confidence intervals. The weighted mean values of these measurements are given, and
the shaded boxes show the 2sd of this weighted mean. Open symbols are values published
in the literature (Anguelova et al., 2024; Deng et al., 2018a, 2018b, 2019b, 2020, 2023; Greber
et al., 2021; He et al., 2020, 2022; Hoare et al., 2020, 2022, 2023; Klaver et al., 2021, 2024;
Kommescher et al., 2020; Li et al., 2022; Mandl, 2019; Millet & Dauphas, 2014, Millet et al.,
2016; Saji et al., 2023; Storck et al., 2023; Williams, 2015; Williams et al., 2021; Zhao et al.,

2020) and the errors are given as 2se.
Data reduction was performed offline using the algebraic method of Millet and

Dauphas (2014), via code written in Python using the NumPy, SciPy and OpenPyXI
libraries (Hoare, 2021). First, isobaric Ca interferences on “6Ti and “8Ti were corrected
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for. Then outliers were removed using a 20 filter, and the mean of the filtered data was
calculated. Double spike deconvolution was done on the mean isotope ratios using
Newton Raphson iteration, and Monte-Carlo simulations were used to estimate the

internal error as a 95% confidence interval. Finally, the standard-bracketed &*°Ti

values were calculated.

Repeated measurements of geological reference materials (JB-2, RGM-2, BCR-2)
made over the duration of this PhD are in good agreement with previously published
values (fig. 2.3, Appendix A). The total procedural blank was ~1 ng Ti which is
negligible in comparison to the ~10 pg Ti processed for each sample-spike mixture. To
assess the long-term reproducibility of the Ti isotope measurements, a compilation of
individual measurements of the OL-Ti standard made during this PhD is presented in

figure 2.4. These data give a mean d*°Ti of -0.002 + 0.024%o (2sd, n = 76).
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Figure 2.4: Compilation of 5*Ti (%) measurements of OL-Ti made over the duration of this
PhD. Errors on the individual measurements are the 95% confidence intervals, while errors
on the session weighted means are 2se. The weighted mean of all the OL-Ti measurements
is -0.002 £ 0.024 %0 (2sd, n = 76), and the shaded box shows the 2sd of this weighted mean.
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2.1.3.2. Uranium isotope analysis

Samples were taken up in 2% HNOs for analysis and introduced to the MC-ICP-MS at
concentrations of 50 — 100 ppb. Measurements were performed in low resolution
mode. On-peak zeroes were measured for 60 seconds prior to each sample, while
each sample analysis consisted of one block of 60 measurements each with an
integration time of 5 seconds. The cup configuration used is given in table 2.6. Mass
238 was monitored on H6 as this cup is fitted with a 10" Q resistor. This means it can
accommodate a larger ion beam than the other cups (which are fitted with 10" Q
resistors), which is necessary because of the high abundance of 223U (> 99% of natural
U) compared to the other isotopes. Thorium (Th) was monitored on mass 232. U
isotope compositions are given in delta notation relative to the CRM145 standard
(equations 2.8 and 2.9). Every two samples were bracketed by measurements of

double-spiked CRM145 standard.
/ 238U
235U

52387 = 103 k(“%{)ﬂ _ 1) (2.8)
23577
u CRM145
/ 234U
238U
sample

52%*y =103 T_ 1+ 5234UCRM145 (2.9)
=
CRM145

Table 2.6: Cup configuration used on the Nu Plasma Il at Cardiff University for measurement
of U isotope compositions.

Collector| H6 H4 H3 H2 H1 Ax

Resistor (Q) | 10" 10" 10" 10" 10" 10"
Mass | 238 236 235 234 233 232

Data reduction was performed offline in a Microsoft Excel spreadsheet. First the data
were zero-corrected by subtracting the on-peak zero from the sample measurements.
Next the data were corrected for tail effects. Collisions in the flight tube create a tail of
low energy molecules that overlap with lower masses (e.g. Andersen et al., 2004). 238U
and 23U are the main sources of the tails, so 236U needs to be corrected for

interference from the 238U tail while all lower masses are corrected for interference
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from both the 238U and 236U tails. Tail correction was done using the method of Hiess
et al. (2012), which estimates the tail contribution at a given mass using an exponential
decay function. The data were then corrected for hydride (MH*) formation during
measurement. Isobaric interferences from 232ThH* on 233U and from 233UH* on 234U
need to be corrected for, while the contributions of 234UH* and 23%UH* are insignificant
in comparison to the 235U and 23U beams respectively. The rate of hydride production
(UH*/U) has previously been measured to be ~5 x 10 and is assumed to be stable
across all measurements. Following this, the isotope ratios for each cycle were
calculated from the corrected values and were used in the double spike deconvolution
to correct for mass bias as described in section 2.1.1.1. Minute contributions to 234U,
235 and 238U from the IRMM-3636 double spike were then subtracted from the mass
bias-corrected ratios. Outliers were removed using a 10 filter, and the mean isotope
ratio was calculated from the filtered data. Finally, standard-bracketed 3%28U and 3%4U
values were calculated using weighted contributions of the bracketing measurements
of double-spiked CRM145. Uncertainties on 523U and 5234U were estimated from the
external reproducibility (2se) of repeated measurements of the CZ reference material

from the same session(s) as the sample measurements.

Repeated measurements of the 323U of geological reference materials (BCR-2, HU-
1, CZ-1) made over the duration of this PhD are in excellent agreement with previously
published values (fig. 2.5a, Appendix A). Measured 523U of BCR-2 and CZ-1 are also
in good agreement with published values (fig. 2.5b, Appendix A). The 3%3*U of HU-1 is
higher than published values (fig. 2.5b), although the 523U of HU-1 has only been
reported twice previously (Cheng et al., 2013; Hiess et al., 2012) and hence is poorly
constrained. Total procedural blanks were < 75 pg U which is negligible in comparison
to the ~150 ng U processed for each sample. The repeated measurements of the CZ-
1 secondary standard are used to assess the long-term reproducibility of the U isotope
measurements, and these data give a mean 623U of -0.05 + 0.04%0 and a mean 3%3*U
of 2 + 1%o (2sd, n = 16) (fig. 2.5).
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Figure 2.5: a) Measured 628U (%c) and b) measured 6°**U (%.) of geological reference
materials BCR-2, HU-1 and CZ-1. Filled symbols are measurements made over the duration
of this thesis and the errors are 2se. The weighted mean values of these measurements are
given, and the shaded boxes show the 2sd of this weighted mean (2se for HU-1). Open
symbols are values published in the literature (Andersen et al., 2014, 2015, 2016, 2018, 2020,
2024; Avanzinelli et al., 2018; Brennecka et al., 2015, 2018; Brennecka & Wadhwa, 2012;
Bura-Nakic et al., 2018; Casalini, 2018; Cheng et al., 2013; Clarkson et al., 2021; Condon et
al., 2010; Dahl et al., 2014, 2017, Dang et al., 2018a, 2018b, 2022; Freymuth et al., 2019;
Goldmann et al., 2015; He et al., 2021, Hiess et al., 2012; Hinojosa et al., 2016; Holmden et
al., 2015; lizuka et al., 2014, Keatley et al., 2021; Kipp et al., 2022; Lau et al., 2016, 2017,
2022; Lefebvre et al., 2019, 2021; Murphy et al., 2014; Stirling et al., 2005, 2007, Tissot et al.,
2016, 2018, 2019; Tissot & Dauphas, 2015; X. Wang et al., 2018; Weyer et al., 2008).
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2.2. Sample descriptions

Whole rock samples of Archean-Paleoproterozoic sanukitoids, Paleozoic sanukitoid
analogues and Archean TTGs were analysed using the techniques described in
section 2.1. Both the Ti and U isotope compositions of many of these samples were
measured, hence their data are presented across multiple chapters of this thesis. To
avoid repetition, this section provides detailed descriptions and geological context for
all the samples analysed for this thesis. The major and trace element compositions of
all samples have been previously published and their references are compiled in
Appendix C. Where available, references for radiogenic and stable isotope

compositions of the samples are also compiled in Appendix C.

|
-90° 0° 90°

e

b= "Xs)

&

V Pilbara sanukitoid-like rocks (~3421 Ma)

A Pilbara sanukitoids (~2950 Ma) ‘ Archean craton
@® Yilgarn (Black Flag Group) sanukitoids (~2670 Ma)
¢ Sao Francisco sanukitoids (~2130 Ma)

B Scotland high Ba-Sr granite suites (~425 Ma)

:":':‘,‘- Proterozoic shields

Figure 2.6: Location of Archean and Paleoproterozoic sanukitoid suites and Paleozoic high
Ba-Sr granite suites analysed in this thesis. Simplified distribution of Archean cratons and
Proterozoic shields is after Bleeker (2003) and Groves and Santosh (2021).
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2.2.1. Sanukitoids and analogues

The sanukitoid samples come from Archean-Paleoproterozoic sanukitoid suites that
were selected to cover a range of ages spanning across the late Archean-early
Proterozoic transition, as well as different locations globally (fig. 2.6). These sanukitoid
suites can all be described as “low-Ti sanukitoids” because they have MgO/TiO2 > 3.5
(Martin et al., 2009). The Black Flag Group (BFG) from the Yilgarn Craton in particular
was selected because it continuously covers a wide SiO2 range (44 — 73 wt%),
including primitive sanukitoids and calc-alkaline lamprophyres as well as the more
felsic rocks that evolved from them (Smithies et al., 2022, 2019, 2018). Furthermore,
the BFG was targeted because it is proposed to be petrogenetically linked to high-Sr
“high pressure” TTGs, representing the liquid line of descent connecting the TTGs to
mantle-derived parental magmas (Smithies et al., 2019). In addition to the Archean-
Paleoproterozoic sanukitoids, | analysed samples of Paleozoic high Ba-Sr granite
suites from the Caledonian Orogeny in Scotland which are proposed to be

Phanerozoic sanukitoid analogues (Fowler and Rollinson, 2012).

2.2.1.1. Pilbara Craton

The Pilbara Craton (fig. 2.7a), Western Australia, is one of the best-preserved blocks
of Archean continental crust. Its eastern half, called the East Pilbara Terrane, is
dominated by Paleoarchean granitoid domes and greenstone keels that are typically
interpreted to have formed by vertical geodynamic processes (e.g. Smithies et al.,
2009; Van Kranendonk et al., 2004; Wiemer et al., 2018). West of this terrane is the
Central Pilbara Tectonic Zone (CPTZ) which formed by rifting at ~3.2 Ga (e.g. Van
Kranendonk et al., 2010) and separates the East Pilbara Terrane from the West Pilbara

Superterrane.

The sanukitoid samples from the Pilbara Craton are approximately 2950 Ma and
belong to the high-Mg diorite suite of Smithies and Champion (2000). They were
intruded as small stocks (most covering < 20 km? in area) into turbidites in the Mallina
Basin, CPTZ (fig. 2.7b), and their emplacement may have been controlled by pre-
existing basin structures (Smithies and Champion, 2000). The high-Mg diorite suite
displays the key geochemical characteristics of Archean sanukitoids, including high
Mg# (42 — 61), high concentrations of compatible trace elements such as Cr (20 — 210
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ppm) and Ni (15 — 100 ppm), and enrichment in Ba (450 — 1600 ppm) and Sr (300 —
950 ppm). It has strongly fractionated CI chondrite-normalised rare earth element
(REE) patterns, with increasing La/Yb as the rocks evolve due to decreasing heavy
rare earth element (HREE) concentrations, and €Nd(2950 ma) Of -0.1 to 0.8 (Smithies et
al., 2004). Smithies and Champion (2000) and Smithies et al. (2004) favour a two-
stage model for the formation of the high-Mg diorite suite, with a mantle source that
was metasomatised by addition of ~40% TTG-like metabasite melt component
subsequently undergoing ~25% partial melting. Geochemical composition varies
slightly between individual intrusions which may be due to variable source composition
and degree of partial melting (Smithies and Champion, 2000). Formation of this mantle
source has been linked to both subduction (e.g. Smithies et al., 2004; Smithies and
Champion, 2000) and intraplate sagduction (e.g. Smithies et al., 2021; Vandenburg et
al., 2023) settings. The timing of sanukitoid magmatism is late- to post-kinematic with
respect to the first regional deformation of the Mallina Basin, and melting of their
metasomatised mantle source may have been triggered by a plume, rifting or
lithospheric detachment. Following their emplacement, the parental magmas then
differentiated by hornblende = clinopyroxene fractional crystallisation to generate the
more evolved members of the suite (Smithies and Champion, 2000). Smithies and
Champion (2000) proposed that the melanodiorite found as chilled margins on some
of the high-Mg diorite intrusions may be closest in composition to the parental magma

as it has been least affected by magma differentiation.

Five sanukitoid samples belonging to the high-Mg diorite suite were analysed for this
thesis (fig. 2.7b). Samples 142347 and 235917 are, respectively, a melanodiorite and
a quartz diorite from the Peawah Granodiorite (Smithies and Champion, 2000;
Vandenburg et al., 2023). Sample 142260 is a melanodiorite from Jones Well Stock,
142257 is a granodiorite from Stock 1, and 142945 is a metafelsic volcanic rock
(Smithies et al., 2004; Smithies and Champion, 2000). Hornblende is the dominant
mafic mineral with lesser biotite, and, in the case of melanodiorite, also some
pyroxenes. Textures range from equigranular to feldspar-porphyritic, and accessory
minerals present are magnetite, titanite, apatite and zircon. All high-Mg diorite suite
rocks have undergone recrystallisation at lower- to middle-greenschist facies
conditions, causing primary mafic minerals to start being replaced by actinolite and

chlorite, while epidote and sericite are beginning to replace primary plagioclase
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(Smithies et al., 2004). The major and trace element data for samples 142260, 142347
and 142257 are reported in Smithies and Champion (2000), and for sample 142945
are taken from the Western Australian Geochemistry Database (WACHEM; Geological
Survey of Western Australia, 2025). Data for sample 235917 are reported by
Vandenburg et al. (2023).

In addition to the ~2950 Ma sanukitoids, | have analysed ~3421 Ma granitoids from
the northwest margin of the Yale dome, East Pilbara Terrane (fig. 2.7b). These
samples are best considered to be “sanukitoid-like” rocks (Lowrey et al., 2023), as
while they show many of the key geochemical characteristics of sanukitoids (e.g. high
Ba and Sr concentrations, moderately potassic with K2O/Naz20 of 0.7-1.0), they have
lower Mg# (37 — 40) and Ni (15 — 19 ppm) and Cr (20 — 40 ppm) concentrations, and
slightly shallower Cl chondrite-normalised REE patterns ((La/Yb)n = 15) than typical
Archean sanukitoids (Smithies et al., 2021; Vandenburg et al., 2023). Three samples
of Paleoarchean “sanukitoid-like” rock were analysed for this thesis. Sample 142170
is a foliated biotite granite which has experienced epidote alteration of its feldspars.
Sample 235921 is a foliated biotite-hornblende granite with altered feldspars, while
235921 enclaves is taken from the mafic microgranular enclaves (MME) hosted by this
granite. Their lithological descriptions and major and trace element compositions are
reported by Vandenburg et al. (2023).

2.2.1.2. Yilgarn Craton

The Yilgarn Craton is a large block of dominantly late Archean (< 3 Ga) crust located
in Western Australia and is divided into seven terranes (fig. 2.8). The largest one is the
Youanmi Terrane which likely represents a protocraton nucleus onto which other
terranes accreted in the Neoarchean (e.g. Cassidy et al., 2006; Czarnota et al., 2010).
The easternmost four terranes are separated by large-scale shear zones and
collectively make up the Eastern Goldfields Superterrane (EGST). Geochemical and
isotopic data from the EGST are most consistent with it having formed by rifting of
Youanmi Terrane basement, creating a series of discrete, north-south-trending basins
(e.g. Barnes et al., 2012; Masurel et al., 2022; Smithies et al., 2023).
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Figure 2.8: Map showing the tectonic division of the Yilgarn Craton into terranes, after Cassidy
et al. (2006). The Eastern Goldfields Superterrane consists of the Kalgoorlie, Kurnalpi,
Burtville and Yanmarna Terranes. The black rectangle is the area of the southern Kalgoorlie
Terrane that is shown in more detail in figure 2.9.

For this thesis | analysed samples from the Black Flag Group, which is a cogenetic
suite of sanukitoids and calc-alkaline lamprophyres that were emplaced in the
southern Kalgoorlie Terrane, EGST (fig. 2.9), between approximately 2700 and 2650
Ma (Smithies et al., 2022, 2019, 2018; Squire et al., 2010; Tripp, 2013). BFG
magmatism is spatially and temporally associated with gold mineralisation in the
EGST, both of which tend to occur along regional-scale shear zones (Smithies et al.,
2022, 2018). The BFG differs from the majority of sanukitoid suites as it consists of a

significant volume of volcanic and volcaniclastic rocks, in addition to subvolcanic dykes
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Figure 2.9: Simplified geological map of the southern Kalgoorlie Terrane, showing the
locations of Black Flag Group (BFG) sanukitoid samples analysed in this thesis. The green
areas show the surface outcrop of the BFG. Based on the “1:500,000 State interpreted
bedrock geology of Western Australia” map (Geological Survey of Western Australia, 2020).

and intrusions. Smithies et al. (2022) found that emplacement mechanism did not
significantly modify geochemistry. The BFG continuously covers a wide SiO2 range,
with lithologies varying from primitive basalts and lamprophyres, to intermediate
andesites and diorites, and finally to evolved dacites, granodiorites and granites. They
are generally hornblende + plagioclase porphyritic, but the abundance and size of
crystals, as well as the rock texture, vary depending on emplacement mechanism. All
samples have undergone greenschist facies metamorphism along with variable
degrees of whole-rock silicification and weak-to-moderate feldspar-destructive
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alteration. The samples analysed in this thesis are primarily taken from diamond drill

cores, and figure 2.10 shows the range of textures displayed by the samples.

The geochemistry of the BFG fits literature definitions of “sanukitoid”, with high Ba and
Sr concentrations generally > 500 ppm, strongly fractionated REEs, and in the less
evolved members of the suite Mg# > 50 and Ni and Cr concentrations > 100 ppm
(Smithies et al., 2022, 2018). Metasomatism of the BFG mantle source is proposed to
have been dominantly fluid-mediated due to the strong negative HFSE anomalies and
relatively low Zr/Sm and La/Nb of the lamprophyres, and may have occurred during
incipient/failed subduction or surrounding dense, lower crustal drips (Smithies et al.,
2019). This metasomatised mantle likely underwent partial melting during the late
stages of extension related to rifting of the Yilgarn Craton to form the Eastern
Goldfields Superterrane, which may have been caused by a mantle plume (Smithies
et al., 2023, 2022). Geochemical modelling suggests that the primitive lamprophyric
magmas differentiated by hornblende + plagioclase (plus minor apatite and zircon)
fractional crystallisation to form the wide SiO2 range of the BFG (Perring and Rock,
1991; Smithies et al., 2019).

The BFG has been divided into two main groups based on its geochemistry — a high
La/Th (= 4.9) group and a low La/Th (< 4.9) group (fig. 2.11a) — with the former group
slightly more enriched in LREE and some HFSE (e.g. Nb, Zr) than the latter (Smithies
et al., 2022). A key difference between the groups is that the high La/Th group has
higher, more radiogenic eNd2s9 ma) and younger two-stage depleted mantle Nd model
ages (T2om) than the low La/Th group, suggesting that their mantle sources differ.
Formation of the high La/Th group source hence appears to have involved a younger
and slightly more incompatible trace element-enriched crustal component than for the
low La/Th group source (Smithies et al., 2022). The difference between the groups is
not only geochemical, but also temporal and spatial. The low La/Th group is typically
older (mostly > 2680 Ma) than the high La/Th group (mostly <2670 Ma), although they
are locally found to be mutually intrusive and interlayered showing they were
sometimes emplaced concurrently (Smithies et al., 2022). High La/Th BFG are
exclusively found to the east of the Zuleika-Abattoir-Bardoc (ZAB) shear zones, while

low La/Th BFG are more widespread and are found both sides of the ZAB shear zones
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Figure 2.10: Photographs of the diamond drill core sections that some of the Black Flag Group
samples are taken from, demonstrating the range of textures displayed by the samples.
Photographs taken by Laura Spencer at the Geological Survey of Western Australia’s Joe
Lord Core Library, Kalgoorlie, WA. a) Sample 223149 — fine-grained metabasalt containing
small, amphibole-bearing clots of mafic minerals that form a weak fabric across the width of
the core (approximately top to bottom in the photograph). b) Sample 211546 — porphyritic
meta-andesite consisting of a very fine-grained to vitric groundmass containing relatively
sparse, euhedral to subhedral plagioclase phenocrysts up to ~1 cm in length with no preferred
orientation. c) Sample 223123 — porphyritic dacite consisting of a very fine-grained to vitric
groundmass containing abundant, small (< 4mm length), subhedral plagioclase phenocrysts
with no preferred orientation. d) Sample 223146 — fine- to medium-grained granodiorite
consisting of plagioclase, quartz, amphibole and lesser biotite, containing sparse, subhedral
plagioclase phenocrysts 1 — 2 cm in length that are sometimes zoned and a few small (< 1
cm) fragments of very fine-grained, more mafic rock.
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(fig. 2.9). Smithies et al. (2022) proposed that the ZAB shear zones may be a surface
expression of a lower lithospheric boundary separating the sources of the high La/Th
and low La/Th groups. In addition to this, the high La/Th group has been further divided
by Ni content to create “high Ni” and “low Ni” subgroups which are indistinguishable
except for the former having higher Ni, Cr and MgO contents and higher Mg# than the
latter (fig. 2.11b) (Smithies et al., 2022). There is significant overlap of the “high Ni”

and “low Ni” subgroups at high SiO2 contents.
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Figure 2.11: @) Th (ppm) vs La (ppm), showing division of the Black Flag Group (BFG) into a
high La/Th (= 4.9) group and a low La/Th (< 4.9) group, after figure 40 from Smithies et al.
(2022). b) Ni (ppm) vs SiO2 (Wt%) showing division of the high La/Th BFG group into high Ni
(dark green) and low Ni (light green) subgroups. The BFG geochemical data are from Smithies
et al. (2022). Large green symbols show the compositions of BFG samples analysed in this
thesis.

| selected samples from all three geochemical subgroups of the BFG — high La/Th
(high Ni), high La/Th (low Ni) and low La/Th — for analysis (fig. 2.11), ensuring that the
selected samples from each subgroup covered the full compositional range. All
samples are from the Kalgoorlie-Kambalda region of the southern Kalgoorlie Terrane
(fig. 2.9). Thirteen samples belong to the high La/Th (high Ni) group with SiO2 contents
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of 49.2 — 69.3 wt%, while seven samples with SiOz of 51.2 — 68.5 wt% were selected
from the high La/Th (low Ni) group. Ten samples were taken from the low La/Th group
and these cover a slightly wider SiO2 range of 43.8 — 70.1 wt%. The full list of samples
from each BFG subgroup and their lithological descriptions are given in Appendix B.
For samples taken from diamond drill cores, the core name and depths that the sample
was taken from are provided in Appendix C. The elemental and radiogenic isotope
compositions are reported by Smithies et al. (2022, 2019) and in the Western Australia
Geochemistry Database (WACHEM; Geological Survey of Western Australia, 2025).

2.2.1.3. Sao Francisco Craton and Paleocontinent

The S&o Francisco Craton and Paleocontinent are located in eastern Brazil (fig. 2.12).
The S&o Francisco Craton refers to the ancient, stable crustal block that was not
significantly affected by Neoproterozoic deformation and metamorphism, while the
Sao Francisco Paleocontinent consists of the Sao Francisco Craton plus the Archean-
Paleoproterozoic blocks affected by Neoproterozoic deformation and metamorphism
that amalgamated to it (Bruno et al., 2020). The southern Sdo Francisco Craton
consists of several Archean gneiss complexes which are proposed to have formed by
subduction followed by continental collision (e.g. Marimon et al., 2022; Simon et al.,
2021). In the Paleoproterozoic, multiple crustal blocks collided with the southeastern
edge of the craton and accreted to it, forming the Minas Orogen (e.g. Bruno et al.,
2021). For this thesis | analysed Paleoproterozoic sanukitoids from the Mineiro Belt,

which is the northwesternmost block of the Minas Orogen (fig. 2.12).

The Alto Maranhao Suite is a 2130 £ 2 Ma (Noce, 1995) cogenetic sanukitoid suite
located in the northeast of the Mineiro Belt (fig. 2.12). It consists of biotite-hornblende
tonalites and quartz diorites that contain abundant dioritic microgranular mafic
enclaves, and was metamorphosed to greenschist-low amphibolite facies (Seixas et
al., 2013). Moreira et al. (2018) found that this metamorphism did not affect the large,
euhedral titanites which preserve igneous textures and ages of ~2130 Ma, although a
few small titanites yielded younger ages (~2050 Ma) that may be related to thermal
overprinting. As it was not affected by Neoproterozoic deformation and metamorphism,

the Alto Maranhao Suite and this section of the Mineiro Belt are considered part of the
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figure 1 from Moreira et al. (2018) and figure 1 from de Morisson Valeriano et al. (2022).

Séao Francisco Craton (fig. 2.12). The Alto Maranhao Suite is classified as low-Ti
sanukitoid and has high Ba and Sr contents generally > 700 ppm, relatively high Mg#
= 46 and Cr > 50 ppm, and steep CI chondrite-normalised REE patterns (Moreira et
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al., 2018; Seixas et al., 2013). It has eNd 2130 ma) Of -1.0 to +0.9, showing it was derived
from a juvenile source (Moreira et al., 2018; Seixas et al., 2013). The Alto Maranh&o
Suite is proposed to have formed by partial melting of mantle that was metasomatised
by slab melts in a subduction setting (Moreira et al., 2018; Seixas et al., 2013). REE
modelling by Seixas et al. (2013) supports ~13% partial melting of a source consisting
of ~50% metabasite melt with a TTG-like composition and ~50% primitive mantle to
form the Alto Maranh&o Suite parental magmas. Zircons from the Alto Maranhao Suite
have 5'®0 values of 6.18 to 6.68%. (Moreira et al., 2020) which are slightly heavier
than the mantle (5.3 + 0.3%o; Valley et al., 1998), while sulfur speciation and trace
elements in apatite-hosted zircon inclusions record oxidised conditions with fO2 of
FMQ +0.80 + 0.16 to +1.24 + 0.36 (log units relative to the fayalite-magnetite-quartz
buffer) (Moreira et al., 2023). Moreira et al. (2023, 2020) interpreted these
characteristics as recording an oxidised sediment component in the Alto Maranhao
Suite mantle source. Trace element modelling demonstrates that fractional
crystallisation of hornblende + plagioclase + biotite plus accessory allanite, apatite and
zircon from parental magmas can generate the full compositional range of the suite
(Seixas et al., 2013).

| analysed four samples (AMT 01a, AMT 01b, AMT 02 and AMT 03) from the Alto
Maranhao Suite. Moreira et al. (2018) described these samples and reported their
major and trace element and radiogenic isotope compositions. The zircon Hf and O
isotope compositions of AMT 03 are reported by Moreira et al. (2020), and the sulfur
speciation and trace element compositions of apatite-hosted zircon inclusions from
AMT 02 and AMT 03 are reported by Moreira et al. (2023). These samples are all
biotite-hornblende tonalites that cover a relatively narrow SiO2 range of 62.4 — 67.2
wt% (Moreira et al., 2018). AMT 01a and AMT 01b contain significant accessory
epidote while AMT 03 contains large titanite grains, and samples AMT 01a and AMT
01b are slightly more altered than samples AMT 02 and AMT 03 (Moreira et al., 2018).

| also analysed two additional sanukitoid samples from the southern Mineiro Belt (fig.
2.12), MAJF 42 and MAJF 51b, which have zircon U-Pb crystallisation ages of 2114 +
10 Ma and 2117 + 24 Ma respectively (Bruno et al., 2021). Sample descriptions, major
and trace element and radiogenic isotope compositions are reported by Bruno et al.

(2021). Both samples are granodioritic hornblende-biotite orthogneisses that were
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affected by Neoproterozoic deformation and are hence part of the Sdo Francisco
Paleocontinent. MAJF 42 has been metamorphosed to greenschist facies, while MAJF
51b has been metamorphosed to epidote-amphibolite facies and is banded with
migmatitic textures. These samples both have relatively high Mg# > 48 and Ni and Cr
concentrations > 70 ppm, and MAJF 42 is more strongly enriched in Ba and Sr than
MAJF 51b. Bruno et al. (2021) proposed that the mantle source of these sanukitoids
was metasomatised by sediment-derived aqueous fluids in a subduction zone setting.
MAJF 42 has eNdw) of +1.3 which may reflect the involvement of coeval (~2.1 Ga)
sediments, while MAJF 51b has negative eNdy of -5 which Bruno et al. (2021) attribute

to an Archean-aged sediment component in their mantle source.

2.2.1.4. Caledonian Orogeny, Scotland

During the early Paleozoic Caledonian Orogeny, numerous high Ba-Sr granite and
syenite suites were generated and emplaced in the Northern Highland Terrane,
Scotland. Fowler et al. (2008) and Fowler and Rollinson (2012) observed close
petrological and geochemical similarity between the high Ba-Sr granite suites and
Archean sanukitoids. Both the high Ba-Sr granite suites and sanukitoids are
amphibole- and biotite-bearing granitoids that are found in association with
lamprophyres and their plutonic equivalents appinites, although granite lithologies are
more abundant in the high Ba-Sr granite suites. Like sanukitoids, the high Ba-Sr
granite suites clearly have high LILE concentrations, as well as high incompatible
element (e.g. Mg, Ni, Cr) concentrations and steeply fractionated CIl-chondrite
normalised REE curves. Their major element compositions largely overlap, although
the primitive members of the high Ba-Sr granite suites have slightly higher P20s and
slightly lower Fe203 and MnO contents than sanukitoids (Fowler and Rollinson, 2012).
These similarities led Fowler and Rollinson (2012) to label the Paleozoic high Ba-Sr
granite suites as “Phanerozoic analogues of Neoarchean sanukitoids”. Elemental and
isotopic data suggest that the high Ba-Sr granite suites formed by partial melting of
lithospheric mantle enriched by a small amount (< 5%) of subducted sediment melts,

with melting possibly triggered by slab breakoff (Fowler et al., 2008; Zhu et al., 2024).
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Figure 2.13: Simplified geological map of the Northern Highland Terrane, Scotland, showing
the locations of the Rogart and Strontian high Ba-Sr granite suite plutons. Modified from figure
1 from Fowler et al. (2008).

The samples analysed for this thesis come from the Rogart and Strontian plutons,
which have been dated at 425 £ 1.5 Ma and 425 + 3 Ma respectively (Kocks et al.,
2014; Rogers and Dunning, 1991). The Rogart pluton is situated in the north of the
Northern Highland Terrane (fig. 2.13) and is a concentrically zoned intrusion which
transitions from outer tonalite (sample RT1) to granodiorite (RHG2) and then to granite
in the centre (Fowler et al., 2001). The Strontian pluton lies at the southern end of the

Northern Highland Terrane (fig. 2.13) and consists of hornblende-biotite granodiorite
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(samples SR1, SR3 and SR4). Both plutons contain enclaves of appinite (RA1, RA2,
SR2) which the granitoids are proposed to have evolved from by clinopyroxene- and
biotite-dominated fractionation, with plagioclase and amphibole becoming significant
fractionating phases later on (Fowler et al., 2008, 2001). These high Ba-Sr granite
suites show some feldspar alteration but have not been affected by later
metamorphism (e.g. Bruand et al., 2023; Fowler et al., 2008). The petrology and
whole-rock elemental and isotopic compositions of the Rogart pluton are reported by
Fowler et al. (2001), while the Strontian pluton samples are described by Fowler et al.
(2008). A more comprehensive re-analysis of sample trace element concentrations
was done by Zhu et al. (2024), and these concentrations are used where data were
previously not available. Detailed accessory mineral chemistry and isotopic
compositions for both plutons are described in Bruand et al. (2023, 2014), while their

whole-rock Mg and Ba stable isotope compositions are reported by Zhu et al. (2024).

The elemental compositions of the Rogart and Strontian plutons are similar except for
the slightly greater LREE and LILE enrichments in the Rogart pluton (Fowler et al.,
2008). Their radiogenic and stable isotope compositions show clear differences. The
Rogart pluton displays clearly enriched Sr and Nd isotope compositions, while the
Strontian pluton has Sr-Nd isotope compositions closer to depleted mantle values
(Fowler et al., 2008). Similarly, the Strontian pluton exhibits a narrow range of 3%Mg
and 5'38Ba values that largely overlap with mantle compositions, while the Rogart
pluton has lower 5°Mg and &'%8Ba (Zhu et al., 2024). This combined Mg-Ba-Sr-Nd
isotope evidence suggests that the mantle source of the Rogart pluton was more
significantly contaminated by subducted sediment than the mantle source of the
Strontian pluton (Fowler et al., 2008; Zhu et al., 2024). This sediment component is
thought to be pelagic sediment, with the low 5?°Mg of some Rogart pluton samples
possibly indicating carbonate sediment involvement (Zhu et al., 2024). Apatites and
titanites from the Strontian pluton have well-defined rims with low REE and HFSE
concentrations that likely record a mixing event with a more mafic magma (Bruand et
al., 2014). No such feature is observed in the Rogart pluton, but their radiogenic
isotopes do record assimilation of surrounding Moine metasediments (Fowler et al.,
2001).
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2.2.2.TTGs

The TTG samples analysed for this thesis primarily come from the Eastern Goldfields
Superterrane (EGST), Yilgarn Craton, to enable investigation of the proposed genetic
link between high-Sr “high pressure” TTGs and sanukitoids in this region (Smithies et
al., 2019). Additional TTG samples from the Youanmi Terrane, Yilgarn Craton, and the
Pilbara Craton were selected to cover a range of ages across the Archean. These
additional samples were collected in September/October 2019 as part of the YiPi
(Yilgarn-Pilbara) sampling campaign led by O. Nebel, R.H. Smithies, E. Bruand and
M-A. Millet.

2.2.2.1. Yilgarn Craton
| analysed seventeen TTG samples from the EGST, Yilgarn Craton (fig. 2.14), which

were selected to cover the full range of trace element compositions exhibited by TTGs
(fig. 2.15). | used the Bayesian classifier of Moyen (2011) to classify the TTGs into
high pressure, medium pressure and low pressure groups. | then used the
geochemical criteria from Smithies et al. (2019) to divide the high pressure TTGs into
a high-Sr “high pressure” TTG group that is proposed to be petrogenetically linked to
the Black Flag Group sanukitoids, and a medium pressure-like “high-pressure” TTG
group. The high-Sr “high pressure” TTGs have K20/Naz20 < 0.5, Sr > 700 ppm, Sr/Y >
100, Yb < 0.4 ppm and La/Yb > 60 (Smithies et al., 2019), while the medium pressure-
like “high pressure” TTGs do not meet all these criteria. Three samples (227968,
502247 and 505481) are classified as high-Sr “high pressure” TTGs, four samples
(230558, 501894, 504718 and 233734) as medium pressure-like “high pressure”
TTGs, four samples (222660, 240405, 502533 and 234000) as medium pressure
TTGs, and six samples (500854, 240623, 501345, 504940, 501356 and 233699) as
low pressure TTGs. Figure 2.15 shows the distinct trace element characteristics of
these groups. These samples are estimated to be of mid-Neoarchean age (~2700 —
2650 Ma). Most of the selected EGST TTG samples are from the Kalgoorlie-Kambalda
region of the Kalgoorlie Terrane (fig. 2.16), but three low pressure TTG samples
(501345, 504940 and 501356) are from further north in the Kalgoorlie Terrane near
Wiluna, and one low pressure TTG sample (500854) is from the Kurnalpi Terrane (fig.

2.15). Brief lithological descriptions of these samples are given in Appendix B and are

84



taken from the Western Australian Geochemistry Database (WACHEM; Geological

Survey of Western Australia, 2025).
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Figure 2.14: Map of the Yilgarn Craton showing the locations of TTG samples analysed in this
thesis. After Cassidy et al. (2006). The black rectangle is the area of the southern Kalgoorlie
Terrane that is shown in more detail in figure 2.16.

| analysed two additional TTG samples from the Youanmi Terrane of the Yilgarn
Craton. Sample 178102 is a ~2787 Ma coarse-grained biotite-amphibole granodiorite
from the Meekatharra area, and sample 232744 is a weakly foliated biotite tonalite
from the Mount Magnet area that is inferred to be ~2696 Ma (fig. 2.14). Both samples

are classified as medium pressure TTGs.
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2.2.2.2. Pilbara Craton

Four TTG samples from the Pilbara Craton were analysed for this thesis and were
selected to sample different ages of magmatism on the craton. Their lithological
descriptions and major and trace element compositions are reported in Vandenburg
et al. (2023). Three samples are from the East Pilbara Terrane (fig. 2.17). Sample
235965 is a fine-grained, moderately foliated, biotite-bearing mesosomatic gneiss
from the western margin of the Shaw Dome that is estimated to be ~3425 Ma and is

classified as a medium pressure TTG. Samples 142870 and 235945 are both from the
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Warrawagine Dome and are classified as low pressure TTGs. 142870 is a ~3500 Ma
medium-grained, weakly foliated biotite tonalite, while 235945 is a medium-grained,
equigranular biotite granodiorite from a younger phase of magmatism (~3303 Ma) on
the southern margin of the complex. Finally, sample 235913 is a medium-grained,
weakly foliated biotite granodiorite with secondary epidote from the Karratha granitoid
complex in the Karratha Terrane (fig. 2.17). It is inferred to be ~3270 Ma and is

classified as a medium pressure TTG.

-20°
235913 Karratha

. Regal Terrane

=

o 4 Terrane

235945

Pilbara 22’7
Craton

17° 118° i o R 120° " Terrane
L L l L
Regal Terrane Karratha Terrane Sholl Terrane
|:| Regal Formation [:| Roebourne Group |:| Whundo Group
D Granitoids D Granitoids
De Grey Superbasin East Pilbara Terrane Kurrana Terrane
|:| De Grey Supergroup |:’ Pilbara Supergroup |:’ Granitoids
D Granitoids |:| Granitoids
|:| Hammersley Basin — fault ® TTG sample location

Figure 2.17: Simplified geological map of the Pilbara Craton, showing the locations of TTG
samples analysed in this thesis. After figure 1 from Van Kranendonk (2010).
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3. Tracing hydrous eclogite melts in
the source of sanukitoids with

titanium stable isotopes

3.1. Abstract

Sanukitoids are unique Archean and early Proterozoic igneous rocks. They contain
high amounts of Mg, Ni and Cr, showing they are mantle-derived melts, while they are
also enriched in Sr and Ba and have relatively high K contents, requiring the
involvement of an incompatible element-enriched component likely derived from
recycled crustal material. The appearance of sanukitoids in the geological record
coincides with a shift in continental crust composition, and both events have been
linked to a change in geodynamic processes on Earth. However, uncertainties remain
about sanukitoid petrogenesis, in particular whether their mantle source was
metasomatised by a metabasite-derived silicate melt or by an aqueous fluid. Titanium
(Ti) stable isotopes can trace magmatic processes where silicate melts are in
equilibrium with Fe-Ti oxides and amphibole but are insensitive to fluid-driven
processes, making them a suitable tool to investigate not only the formation of
sanukitoid magmas but also their subsequent evolution. Here | present Ti isotope data
(0*°Ti) for a series of Neoarchean sanukitoids from the Yilgarn Craton that
continuously covers the full compositional range of sanukitoids. These are
complemented by Mesoarchean sanukitoids and Paleoarchean “sanukitoid-like” rocks
from the Pilbara Craton, and by Paleoproterozoic sanukitoids from the Sao Francisco
Craton/Paleocontinent. In addition, | analysed Paleozoic high Ba-Sr granite suites from

Scotland, which are proposed to be Phanerozoic sanukitoid analogues.
| show that evolved sanukitoids, which formed after Fe-Ti oxide saturation, display a

more muted d*°Ti increase during differentiation compared to currently analysed

modern calc-alkaline suites. This difference is best explained by removal of significant
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proportions of Ti during sanukitoid differentiation by magmatic hornblende, which
fractionates Ti isotopes less strongly than Fe-Ti oxides. Combined with early oxide
saturation at high Mg#, this suggests that sanukitoid parental magmas had H20
contents and fO2 at least as high as modern arc magmas. Primitive (pre-oxide
saturation) sanukitoids, however, have significantly higher 5*°Ti (0.11 — 0.20%o) than
modern arc basalts, the depleted mantle and the bulk silicate Earth (BSE). Their
elevated 6*°Ti values cannot be explained by aqueous fluids alone in their mantle
source, and instead require the involvement of a hydrous eclogite melt component
formed in equilibrium with residual rutile. | favour generation of this metasomatic melt
by fluid-fluxed eclogite partial melting, demonstrating that both metabasite melts and
aqueous fluids are important for sanukitoid formation. The Ti isotope compositions of
Archean and Paleoproterozoic sanukitoids therefore favour formation of the sanukitoid

mantle source by a subduction-like process at least ~2.7 Ga.

3.2. Introduction

The appearance of sanukitoid magmas in the geological record in the late Archean to
early Proterozoic marks an important transition in Earth evolution. During this period
the composition of continental crust-forming magmas changed from the sodic
tonalites, trondhjemites and granodiorites (TTG suites) characteristic of Archean (4.0
to 2.5 Ga) cratons, to the potassic granites that have dominated upper continental
crust ever since. This shift in composition is thought to reflect a change in geodynamic
processes towards modern day plate tectonics, and as a result, sanukitoid occurrence
has often been linked to the onset of subduction (e.g. Smithies and Champion, 2000)

or a change in subduction style (e.g. Laurent et al., 2014a; Martin et al., 2009).

Sanukitoids are also compositionally transitional between Archean TTG suites and
post-Archean granites (Martin et al., 2009). On average they are moderately potassic,
and are enriched in both compatible (e.g. Mg, Ni, Cr) and incompatible (e.g. Ba, Sr,
light rare earth elements (LREE)) elements, which shows they formed by interaction
between mantle peridotite and an incompatible element-enriched component likely
derived from recycled crustal material (e.g. Shirey and Hanson, 1984; Stern et al.,
1989). Similar to TTGs, they display highly fractionated rare earth element (REE)
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patterns, while also showing calc-alkaline differentiation trends similar to post-Archean
granites (e.g. de Oliveira et al., 2009; Martin et al., 2009).

Our understanding of the link between sanukitoids and a potential global geodynamic
transition is limited by uncertainties about their petrogenesis. In particular, the source
and nature (i.e. melt or aqueous fluid) of the incompatible element-enriched
component(s) in sanukitoid source regions are debated. A recycled, garnet-bearing
metabasite (amphibolite or eclogite) derived source component is commonly inferred
due to the similarity between sanukitoid and TTG REE compositions (e.g. Martin et al.,
2009, 2005). Some studies favour a metabasite-derived silicate melt because of the
elevated La/Yb, Nb/Y and Sr/Y of sanukitoids relative to most modern arc magmas
(e.g. Martin et al., 2009; Smithies and Champion, 2000). Other studies argue instead
for a metabasite-derived aqueous fluid because sanukitoids display strong depletions
in fluid-immobile high field strength elements (HFSE, e.g. Ti, Nb, Ta) coupled with
enrichments in fluid-mobile large ion lithophile elements (LILE, e.g. Sr, Ba) (e.g.
Lobach-Zhuchenko et al., 2008; Stern et al., 1989). Sediment-derived melts/fluids (e.g.
Halla, 2005), carbonatitic melts (e.g. Steenfelt et al., 2005) and alkaline melts (e.g.
Heilimo et al., 2010) have additionally been proposed as incompatible element-

enriched components.

A second uncertainty concerns the mechanisms and timing of interaction between the
enriched component(s) and mantle peridotite. The generally favoured model is a two-
stage process where mantle peridotite is first metasomatised by the incompatible
element-enriched component and then undergoes partial melting to form sanukitoid
parental magmas (e.g. Shirey and Hanson, 1984; Smithies and Champion, 2000).
However, experimental petrology has shown that a one-stage process where TTG-like
melts assimilate predominantly olivine from peridotite as they ascend through the
mantle can also generate magmas with sanukitoid compositions (Rapp et al., 2010,
1999). Recently, it has been proposed that sanukitoid magmas can evolve from
lamprophyric magmas by amphibole-dominated fractional crystallisation (Smithies et
al., 2019, 2018), which is a variation on the two-stage model as calc-alkaline
lamprophyres form by low- to moderate-degree partial melting of metasomatised

mantle.
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Titanium (Ti) stable isotopes are proving to be a valuable tracer of magmatic
processes, and Fe-Ti oxide-melt and amphibole-melt equilibria in particular (e.g. Deng
et al., 2019b; Hoare et al., 2022, 2020; A.C. Johnson et al., 2023, 2019; Millet et al.,
2016; Zhao et al., 2020). By contrast, Ti isotopes are insensitive to fluid-driven
processes, because Ti is insoluble in aqueous fluids. These properties have already
provided significant insights into the role mafic lithologies play in forming continental
crust. Most notably, Z.J. Zhang et al. (2023) and Hoare et al. (2023) showed that the
Ti isotope compositions of Archean TTGs can be explained by partial melting of
metabasites with Ti-bearing oxides and amphibole as residual phases, followed by
fractional crystallisation. In modern settings, Klaver et al. (2024) demonstrated the

occurrence of slab melting in subduction zones by tracing rutile as a residual phase.

Here | present the Ti stable isotope compositions (3%°Ti = 103 x [(**Ti/*"Ti)sample /
(**Ti/*"Ti)oL-i— 1]) of Archean and Paleoproterozoic sanukitoids as well as of Paleozoic
sanukitoid analogues to test models of the formation and evolution of sanukitoids. Full
sample descriptions are given in Chapter 2, section 2.2.1, and the Ti isotope
measurements were made via the methods described in Chapter 2, section 2.1. | find
that primitive sanukitoids have significantly heavier Ti isotope compositions than the
depleted mantle, the bulk silicate Earth (BSE) and modern arc basalts, which cannot
be explained by metasomatism of their mantle source via aqueous fluids alone.
Instead, primitive sanukitoids require the involvement of a metabasite melt component
enriched in heavy Ti isotopes, which likely formed by fluid-fluxed partial melting of
eclogite, favouring formation of the sanukitoid mantle source by a subduction-like

process.

3.3. Results

The 3*9Ti values of Archean and Paleoproterozoic sanukitoid samples are presented
in table 3.1 and figure 3.1, and vary from 0.108 £+ 0.023%o. to 0.291 £+ 0.021%o.. The
relatively primitive samples (SiO2 < 58 wt%, MgO > 5.5 wt%) precede oxide saturation;
hence, they cover a more limited range (0.108 — 0.197%o) and their 3*°Ti is not
correlated with indices of differentiation (fig. 3.1). These values are significantly higher
than estimates of the *°Ti of the BSE (0.053 + 0.005%o, 2se; Deng et al., 2023) and
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depleted MORB (mid-ocean ridge basalt) mantle (DMM) (0.001 + 0.015%., 2sd; Klaver
et al., 2024). At SiO2 > 58 wt% (i.e., after oxide saturation) d*°Ti positively covaries
with SiO2 content (fig. 3.1a), similar to the differentiation trends seen in modern magma
suites (e.g. Deng et al., 2019b; Hoare et al., 2020; Millet et al., 2016). The Yilgarn
sanukitoids extend to higher SiO2 contents (> 70 wt%) and &*°Ti values (0.291%o) than

the Pilbara and S&o Francisco sanukitoids (67 wt% and ~0.23%o, respectively).
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Figure 3.1: a) 6*°Ti (%) vs SiO2 (Wt%), b) 5*Ti (%a) vs MgO (Wt%), and c) TiO2 (wt%) vs SiO;
(wt%) of Archean and Paleoproterozoic sanukitoids, Paleoarchean sanukitoid-like rocks and
Paleozoic high Ba-Sr granites. Uncertainty in *Ti is shown as the 95% confidence interval.
BSE and DMM &*Ti values are from Deng et al. (2023) and Klaver et al. (2024) respectively,
and the 2 standard error uncertainty is shown by the grey rectangles. The onset of oxide
fractionation is determined from the inflection in the TiO; vs SiO; trend.

The ~3.42 Ga sanukitoid-like rocks from the Pilbara Craton plot on the same &*°Ti vs

SiO2 trend as the sanukitoids (fig. 3.1a). These samples cover a limited compositional
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Table 3.1: 6*Ti data for the Archean-Paleoproterozoic sanukitoid samples and Paleozoic high Ba-Sr granite suite samples analysed in this chapter. Key
elemental concentrations and geochemical parameters are also given. The sources of the major and trace element data for the samples are given in Appendix
C. 95% ci = 95% confidence interval, calculated via the method described in Chapter 2. n = number of measurements made. Mg# = 100 * (Mg / (Mg + Fe**)). A4
is the shape coefficient that describes the steepness of Cl chondrite-normalised REE patterns (O’Neill, 2016). For (La/Yb)n, (Dy/Yb)n and A1, REE concentrations
are normalised to the Cl chondrite values from O’Neill (2016).

Sample Age Location Suite ¥Ti 95%ci n TiO, SiO, Mg# (La/Yb)x (Dy/Yb)n A1
Ma Yoo Yoo wt% wt%

235921 Enclaves ~3421 Pilbara Sanukitoid-like rocks 0.227 0.021 1 0.61 66.65 382 11.63 1.26 14.34
235921 ~3421 Pilbara Sanukitoid-like rocks 0.299 0.023 1 054 68.78 37.0 16.50 1.16 16.49
142170 ~3421 Pilbara Sanukitoid-like rocks 0.292 0.021 1 049 69.79 40.2 15.11 1.27 15.73
235917 ~2948 Pilbara High-Mg diorite suite 0.211 0.032 2 050 6599 49.0 39.87 1.55 21.83
142945 ~2950 Pilbara High-Mg diorite suite 0.232 0.015 1 042 66.69 51.8 16.49 1.39 16.97
142260 ~2950 Pilbara High-Mg diorite suite 0.177 0.016 1 051 61.86 54.0 22.54 1.44 18.47
142347 2498 £ 5 Pilbara High-Mg diorite suite 0.133 0.016 1 0.63 59.33 53.1
142257 ~2950 Pilbara High-Mg diorite suite 0.161 0.018 1 0.39 64.22 593 15.16 1.33 16.07
227869 ~2660 Yilgarn High La/Th (high Ni) BFG  0.197 0.020 1 0.52 49.17 74.3 49.32 1.91 22.27
227873 ~2660 Yilgarn High La/Th (high Ni) BFG 0.176 0.026 1 0.59 49.39 73.2 34.60 1.82 21.28
223149 ~2660 Yilgarn High La/Th (high Ni) BFG  0.137 0.020 1 0.60 50.67 71.7 21.46 1.49 20.03
505567 ~2660 Yilgarn High La/Th (high Ni) BFG 0.164 0.019 1 0.48 51.80 69.0 31.46 1.77 21.21
505652 ~2660 Yilgarn High La/Th (high Ni) BFG 0.146 0.021 1 0.51 5290 76.2 19.44 1.48 17.93
229900 ~2660 Yilgarn High La/Th (high Ni) BFG  0.157 0.022 1 0.51 61.02 65.2 30.08 1.83 20.55
228046 ~2660 Yilgarn High La/Th (high Ni) BFG 0.208 0.024 1 0.43 62.76 62.6 34.88 1.16 21.91
223100 ~2660 Yilgarn High La/Th (high Ni) BFG  0.221 0.024 1 0.42 64.00 59.5 22.71 1.33 20.20
229913 2666 + 7 Yilgarn High La/Th (high Ni) BFG 0.236 0.020 1 0.40 6568 57.7 32.91 1.63 22.50
223123 ~2660 Yilgarn High La/Th (high Ni) BFG 0.213 0.025 1 0.38 66.62 57.7 35.49 1.92 22.00
223112 ~2660 Yilgarn High La/Th (high Ni) BFG 0.210 0.026 1 0.34 67.22 55.6 31.17 1.77 20.22
223146 ~2660 Yilgarn High La/Th (high Ni) BFG 0.280 0.028 1 0.25 6848 51.8 27.25 1.83 20.18
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Table 3.1 continued:

Sample Age Location Suite ¥Ti 95%ci n TiO, SiO, Mg# (La/Yb)yx (Dy/Yb)n A1
Ma %0 Yoo wt% wt%
223143 ~2660 Yilgarn High La/Th (high Ni) BFG 0.286 0.025 1 0.22 69.29 51.5 39.61 2.80 20.39
223157 ~2660 Yilgarn High La/Th (low Ni) BFG 0.157 0024 1 0.71 5118 66.3 22.32 1.64 19.86
229901 ~2660 Yilgarn High La/Th (low Ni) BFG 0126 0.020 1 059 56.95 58.1 14.03 1.10 16.70
227885 ~2660 Yilgarn High La/Th (low Ni) BFG 0.123 0.020 1 0.57 58.89 60.5 19.48 1.36 18.89
211546 ~2660 Yilgarn High La/Th (low Ni) BFG 0.233 0.018 1 0.36 6526 52.6 37.71 1.78 20.86
230891 ~2660 Yilgarn High La/Th (low Ni) BFG 0.207 0.020 1 040 ©66.78 54.1 30.76 1.54 21.57
211545 ~2660 Yilgarn High La/Th (low Ni) BFG 0.233 0020 1 0.36 67.25 53.6 36.50 1.83 21.88
223070 ~2660 Yilgarn High La/Th (low Ni) BFG 0.268 0.020 1 0.28 68.46 53.3 38.32 2.00 21.34
227874 ~2690 Yilgarn Low La/Th BFG 0.182 0.025 1 0.60 43.77 741 24.47 1.90 19.74
501922 ~2690 Yilgarn Low La/Th BFG 0.180 0.021 1 0.82 50.50 671 24.60 1.75 19.68
505465 ~2690 Yilgarn Low La/Th BFG 0.108 0.023 1 0.73 50.80 68.3 10.57 1.37 14.28
230733 ~2690 Yilgarn Low La/Th BFG 0139 0.021 1 0.62 5859 58.7 13.00 1.18 15.79
224582 ~2690 Yilgarn Low La/Th BFG 0.170 0.020 1 0.54 ©60.53 66.5 17.15 1.26 17.03
224513 ~2690 Yilgarn Low La/Th BFG 0199 0.022 1 045 6167 57.6 15.24 1.10 15.21
230774 ~2690 Yilgarn Low La/Th BFG 0.186 0.020 1 049 ©64.74 55.2 21.90 1.51 18.27
230787 ~2690 Yilgarn Low La/Th BFG 0.202 0.023 1 042 6566 557 34.25 1.60 21.82
233603 ~2690 Yilgarn Low La/Th BFG 0259 0.021 1 036 69.10 51.6 45.15 1.86 22.48
223185 ~2690 Yilgarn Low La/Th BFG 0.291 0.021 1 0.28 70.05 50.5 33.54 2.02 21.10
AMT 03 2130+ 2 Sao Francisco Alto Maranhao suite 0.224 0.023 1 058 6242 584 44.41 2.12 21.84
AMT 02 2130+ 2 Sao Francisco Alto Maranh3ao suite 0.231 0.023 1 051 64.20 58.0 29.38 1.39 20.82
AMT O1a 2130+ 2 Sao Francisco Alto Maranh3ao suite 0.229 0.023 1 047 ©66.65 47.4 12.94 1.16 16.23
AMT 01b 2130+ 2 Sao Francisco Alto Maranhao suite 0.223 0.024 1 045 6718 499 19.41
MAJF 51b 2117 £ 24 Sao Francisco 0.144 0.018 1 0.74 60.32 48.5 8.54 1.17 11.32
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Table 3.1 continued:

Sample Age Location Suite ¥Ti 95%ci n TiO. SiO, Mg# (La/Yb)n (Dy/Yb)n A1
Ma %o %o wt% wt%

MAJF 42 2114 £ 10 Sao Francisco 0133 0.045 2 054 6291 586 23.54 1.84 18.27
RA1 425+ 1.5 Scotland Rogart pluton 0.143 0.023 1 113 4757 70.0 57.64 2.55 24.20
RA2 425+ 1.5 Scotland Rogart pluton 0.214 0.022 1 050 5720 814 55.74 2.39 24.70
RT1 425+ 1.5 Scotland Rogart pluton 0.260 0.023 1 0.77 6298 56.9 29.38 1.77 19.79

RHG2 425+ 1.5 Scotland Rogart pluton 0.300 0.023 1 0.63 67.04 55.0 27.75 1.79 19.03
SR2 425+ 3 Scotland Strontian pluton 0.150 0.004 2 1.50 4834 68.9 19.68 1.78 18.67
SR3 425+ 3 Scotland Strontian pluton 0.165 0.015 2 0.78 63.23 553 31.60 2.04 18.88
SR4 425+ 3 Scotland Strontian pluton 0.176 0.023 1 0.76 63.83 54.4 25.51 1.52 18.65
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range at the upper end of this trend of 66.7 to 69.8 wt% SiOz2, and consequently have
relatively high &*°Ti values of 0.227 + 0.021%o to 0.299 * 0.023%.. The Paleozoic high
Ba-Sr granite suites cover a similar 5*°Ti range to the Archean and Paleoproterozoic
sanukitoids, varying between 0.143 £ 0.023%. and 0.300 + 0.023%o. Appinites from
both the Rogart and Strontian plutons have indistinguishable 3*°Ti values of 0.143 *
0.023%0 and 0.158 = 0.022%. respectively, similar to the more primitive sanukitoid

samples.

3.4. Discussion

3.4.1. Effects of alteration, metamorphism and post-
emplacement processes

The majority of Archean and Paleoproterozoic samples have experienced later
metamorphism and/or alteration that may have affected their chemical and isotopic
compositions (Bruno et al., 2021; Moreira et al., 2018; Smithies et al., 2019, 2004).
Titanium is a HFSE with very low mobility in aqueous fluids (even at high salinities,
see Rustioni et al., 2021) so protolith 5*°Ti values are expected to be largely unaffected
by metamorphism and alteration involving aqueous fluids and brines. This is supported
by the absence of correlation between 5*°Ti and LOI (loss on ignition), Ce anomaly
(Ce/Ce*) and fluid mobile elements (e.g. Pb) in the samples studied here (fig. 3.2).
Silicate melts, on the other hand, can transport significant amounts of Ti, and partial
melting in the presence of residual Ti-bearing oxides can cause Ti isotope fractionation
and produce melts with high &*°Ti (e.g. Klaver et al., 2024). Two samples (MAJF 42
and 51b) from the Sao Francisco Paleocontinent have migmatitic textures showing
they have undergone partial melting during metamorphism (Bruno et al., 2021). At
comparable SiO2 contents (60 — 63 wt%) these samples have 5*°Ti values nearly 0.1%o
lower than the unmigmatised Alto Maranho suite from nearby in the Mineiro Belt (fig.
3.1a). However, these samples still broadly plot on the same overall trend as the other
sanukitoids and their geochemical compositions show no obvious evidence of
significant melt extraction, so | consider their Ti isotope compositions to be robust. The

Paleozoic high Ba-Sr granite suites have not been affected by any later metamorphism
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(e.g. Fowler et al., 2008). The similarity of their Ti isotope compositions to those of the

Archean and Paleoproterozoic sanukitoids therefore adds strength to the argument

that 3*°Ti is not significantly affected by metamorphic processes.
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Figure 3.2: 8*Ti (%o) vs a) loss on ignition (LOI) (wt%); b) Ce anomaly Ce/Ce* (= Cen/ (Lan*
Pry)"2, where REE concentrations are normalised to the Cl chondrite values from O’Neill,
2016). Removal of Ce by aqueous fluids during alteration decreases Ce/Ce*; c) Pb (ppm).
Uncertainty in 8*Ti is shown as the 95% confidence interval.

Sample RA2 from the Rogart pluton has unusually high MgO and CaO for its SiO2

content. This composition suggests that it has been affected by pyroxene-dominated

crystal accumulation and may be significantly displaced from a true melt composition.

No significant Ti isotope fractionation between pyroxene and silicate melt is expected
(Leitzke et al., 2018; Rzehak et al., 2021; W. Wang et al., 2020), but RA2 shows slightly

elevated 5*°Ti and may have been affected by accumulation of other minerals; hence,

it is excluded from further discussion.
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3.4.2. Differentiation of sanukitoids

While less evolved sanukitoids and appinites (< 58 wt% SiO2) show scattered but fairly
constant &*°Ti values between 0.1 and 0.2%o, the &*°Ti values of the more evolved
sanukitoids are correlated with indices of magma differentiation (SiO2, MgO; fig. 3.1),
with the highest 3*°Ti measured in the most differentiated samples. The onset of this
5*°Ti increase coincides with TiO2 content beginning to decrease (fig. 3.1c). This
observation supports the conclusion of previous studies that Ti isotope fractionation
during magma differentiation is primarily caused by fractional crystallisation of Fe-Ti
oxides such as titanomagnetite and ilmenite (e.g. Deng et al., 2019b; Hoare et al.,
2020; Millet et al., 2016).

Increasing *°Ti during differentiation has been observed in alkaline, tholeiitic and calc-
alkaline magma series but the magnitude of this increase depends on the composition
and abundance of Fe-Ti oxides, which themselves are a reflection of the TiO2
concentration, water content and oxidation state of the magma (Aarons et al., 2020;
Deng et al., 2019b; Hoare et al., 2022, 2020; Johnson et al., 2023; Millet et al., 2016).
Of these magma series, the calc-alkaline series shows the smallest increase in 3*°Ti
during differentiation (fig. 1.16) due to crystallisation of relatively small amounts of Ti-
poor oxides and removal of significant proportions of Ti from the melt by silicates such
as clinopyroxene, which do not significantly fractionate Ti isotopes (Hoare et al., 2020;
Johnson et al., 2023). Sanukitoid magmas tend to follow a differentiation pathway akin
to calc-alkaline magmas (e.g. de Oliveira et al., 2009; Martin et al., 2009). However,
they display an even more muted &*°Ti increase during differentiation than the modern
calc-alkaline suites (fig. 3.3a). This feature is also observed in the Paleoarchean
sanukitoid-like rocks and Paleozoic high Ba-Sr granite suites (see section 3.4.2.1 for
a detailed discussion of the differentiation of the high Ba-Sr granite suites). | modelled
the Ti isotope composition of evolving sanukitoid magmas using Rayleigh fractionation
and the BFG sanukitoid suite, which is unique among sanukitoid occurrences as it
covers a large and continuous range in SiO2 content. The value of the bulk mineral-
melt Ti isotope fractionation factor (as,ig—meizr) @nd the 2o uncertainty were
determined by weighted curve fitting to the measured 3*°Ti and calculated fraction of
Ti remaining in the melt (FI.,,) of the samples (a detailed description of the method

used is provided in Appendix D). The modelled ag,iq—mei: Values for the BFG
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subgroups are distinctly closer to 1 than those of modern calc-alkaline suites at
comparable SiO2 contents (Hoare et al., 2020; Johnson et al., 2023) (fig. 3.3b), thus
indicating that the magnitude of Ti isotope fractionation during differentiation of

sanukitoids is smaller than that of modern calc-alkaline magmas.
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Figure 3.3: Comparison between Archean and Paleoproterozoic sanukitoid suites and modern
calc-alkaline suites. a) 6*Ti (%o) vs SiO, (Wt%). Calc-alkaline suite data are from the New
Britain arc (Millet and Dauphas, 2014), the Mariana arc (Millet et al., 2016), Agung volcano
(Millet et al., 2016), the Tonga-Kermadec arc (Mandl et al., 2019), Santorini volcano (Hoare et
al., 2020) and Rindjani Volcano (Johnson et al., 2023). DMM 6*Ti value is from Deng et al.
(2023) and the 2 standard error uncertainty is shown by the grey rectangle. b) 5*°Ti (%.) vs the
fraction of Ti remaining in the melt (FLL,,) for the low La/Th subgroup of the Black Flag Group
sanukitoids and for Santorini. Rayleigh isotope fractionation models are shown in grey, with
the dashed lines showing the 20 uncertainty. Santorini 6*°Ti data and agyj;q—_meir are from
Hoare et al. (2020).

This difference is best explained by the fact that fractionating mineral assemblages in
sanukitoids and their analogue suites are dominated by amphibole (Fowler et al.,
2001; Seixas et al., 2013; Smithies et al., 2019; Smithies and Champion, 2000). This
contrasts with the calc-alkaline differentiation suites for which Ti isotope data are
available, which contain either no (Agung, Santorini) or “trace” amounts (Rindjani) of
hornblende (Johnson et al., 2023). Up to ~2 wi% TiO2 can be incorporated in
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octahedral sites in igneous hornblende (e.g. Makino and Tomita, 1989). It is therefore
expected to have lower 5*°Ti than melt, as confirmed by Mandl (2019) who measured
a A Tigmphivole—merr Of -0.210%0 at ~775°C. Mass balance calculations by Greber et
al. (2021) also support amphibole having lower &%Ti than melt, with
A*Tigmpnivote-merr Of -0.30%0 at ~780°C. Taken together, these results indicate that
hornblende fractionates Ti isotopes more strongly than other Ti-bearing silicates such
as clinopyroxene (Rzehak et al., 2021; W. Wang et al., 2020), but not as strongly as
Fe-Ti oxides (e.g. Hoare et al., 2022). This implies that removal of a significant
proportion of Ti by hornblende instead of oxides would reduce Ti isotope fractionation
during differentiation and increase the bulk a,;;q—mei: t0 be closer to 1. Hornblende is
proposed to be an early crystallising phase in the BFG (Smithies et al., 2019, 2018).
The absence of clear correlation between 3*°Ti and SiO2 or MgO contents in pre-oxide
saturation (SiO2 < 58 wt, MgO > 5.5 wt%) samples (figs. 3.1a and b) further suggests
that hornblende fractional crystallisation did not cause significant Ti isotope
fractionation in the BFG. | therefore propose that the more muted 5*°Ti increase seen
during sanukitoid magma differentiation is due to removal of significant proportions of

Ti by hornblende with limited associated isotope fractionation.

Hoare et al. (2020) found that 3*°Ti starts to increase at higher Mg# (= 100 * Mg / [Mg
+ Fe?*]) in more water-rich, oxidised arc magmas because these conditions promote
earlier oxide saturation. As discussed earlier, this inflection in sanukitoid d*°Ti marks
the onset of Fe-Ti oxide crystallisation, so this relationship can provide insights into
the water content and oxidation of sanukitoid parental magmas. Sanukitoid 3*°Ti starts
to increase at high Mg# (~60 — 70), suggesting early oxide saturation relative to
modern arc suites (fig. 3.4). This implies that sanukitoid parental magmas had high
water contents and oxygen fugacity (fO2) comparable to modern arc magmas. This
conclusion is in agreement with the findings of de Oliveira et al. (2010) and do
Nascimento et al. (2023, 2021) from mineral chemistry that sanukitoid parental
magmas contained > 7wt% H20 and had fO2 of NNO +0.3 to NNO +2.5 (log units
relative to the nickel-nickel oxide buffer). High magma Ti and Fe contents may also
drive earlier oxide saturation, but as the primitive sanukitoids here have low TiO2

contents (< 0.9 wt%) this is unlikely to be an important factor. Both early oxide
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fractionation and abundant hornblende crystallisation are consistent with sanukitoid

parental magmas being water-rich and as such they require a H20-rich mantle source.
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Figure 3.4: 5*°Ti (%0) vs Mg# of the Black Flag Group sanukitoids and modern arc magmatic
suites, based on figure 8 from Hoare et al. (2020). The y-axis is plotted as sample 5*Ti minus
the weighted mean &6*Ti of pre-oxide saturation samples (where agpjiq—meir = 1) from that
suite, to enable better comparison between suites. Modern arc magmatic suites are from
Santorini volcano and Monowai seamount (Hoare et al., 2020), Rindjani Volcano (Johnson et
al., 2023) and Agung Volcano (Millet et al., 2016).

3.4.2.1. Differentiation of the high Ba-Sr granite suites

The two high Ba-Sr granite suite plutons show distinct trends in &*°Ti during
differentiation (fig. 3.5a). The Rogart samples show a similar muted increase in 5*°Ti
during differentiation to the sanukitoids, but displaced to slightly higher 5*°Ti at a given
SiO2 content. Negative correlation of %3Nd/'*4Nd with SiOz is observed in the Rogart
pluton and is proposed to be caused by assimilation of Moine metasediments (Fowler
et al., 2008). However, a &*°Ti-Nd isotope binary mixing model of bulk Moine
metasediments with Rogart appinite shows that this process alone cannot explain the
0*°Ti increase during differentiation (fig. 3.5b). The &*°Ti increase in the Rogart high
Ba-Sr granite pluton therefore likely records fractional crystallisation of significant
amphibole alongside Fe-Ti oxides like the Archean and Paleoproterozoic sanukitoids.
The small displacement to higher 3*°Ti may be due to the Rogart magmas having
slightly higher TiO2 contents than the sanukitoids analysed here (fig. 3.1c), and as a

result crystallising slightly more abundant and/or Ti-rich oxides.
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Figure 3.5: a) 5*Ti (%) vs SiO; (Wt%) for the Rogart and Strontian plutons and Archean and
Paleoproterozoic sanukitoids. b) Ti-Nd isotope binary mixing model between appinite from the
Rogart pluton (RA1) and bulk Moine metasediment. Moine metasediment "**Nd/*Nd
(0.51146) is from Fowler et al. (2008), Nd (27 ppm) and Ti (3716 ppm) concentrations are
global subducting sediment (GLOSS) values from Plank & Langmuir (1998), and 5*Ti is the
weighted mean of Paleozoic sediments (0.231%o, Deng et al., 2019b; Saji et al., 2023). c)
6*Ti-SiO, binary mixing models between granodioritic magma (RHG2) and appinitic magma
(SR2) (dashed line), and between granodioritic magma and N-MORB-like basaltic magma
(solid line). The 5*Ti of the basaltic magma with DMM-like 5*°Ti is the average N-MORB value

from Klaver et al. (2024) of 0.001%o.

In contrast, 3*°Ti remains constant during differentiation of the Strontian pluton, and at
~63 wt% SiOz2 it has 5*°Ti ~0.1%o0 lower than in the Rogart pluton (fig. 3.5a). Trace
element concentrations in titanite and apatite from Strontian granites record a late
mixing event with a mafic magma (Bruand et al., 2014). The mafic magma would likely
have lower 8*°Ti and higher TiO2 content than the granitic magma it is mixing with, so
late mixing with a mafic magma may explain the difference between the Ti isotope

systematics of the Rogart and Strontian plutons. Binary mixing models show that
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mixing between a granodioritic magma and a basaltic magma with similar Ti isotope
composition to the DMM (5*°Ti = 0.001 + 0.015%o, Klaver et al., 2024) can reproduce
the Ti isotope compositions of the Strontian granodiorites, whereas mixing of a

granodioritic magma with appinite cannot (fig. 3.5c).

3.4.3. Formation of sanukitoid parental magmas

I DMM
25 modern
N-MORB modern OIB (n = 43)
(n=19)
20 -
Neoarchean
- komatiites primitive
= 15 (n=17) sanukitoids
(2]
2 (n=12)
o}
(o]
10 A
5 - I
I
I
I
O |

-0.10 -0.05 000 005 010 015 020 0.25
54Ti (%o)

Figure 3.6: Kernel density plots comparing the distribution of primitive (pre-oxide saturation)
sanukitoid 6*Ti (%o) to other primitive terrestrial magmas — modern N-MORB, ocean island
basalts (OIB) and island arc basalts (IAB), and Neoarchean komatiites. Primitive terrestrial
magma &6*Ti data are from Deng et al. (2018a, 2019b, 2023), Greber et al. (2017); Hoare et
al. (2020), A.C. Johnson et al. (2019, 2023), Millet & Dauphas (2014), Millet et al. (2016) and
Zhao et al. (2020). The DMM &*Ti value is from Klaver et al. (2024) and the 2 standard error

uncertainty is shown by the grey rectangle.

Sanukitoid and appinite samples with SiO2 < 58 wt% and MgO > 5.5 wt% display near
constant, if slightly scattered, Ti isotope compositions. These samples precede Fe-Ti
oxide saturation (fig. 3.1) and their Ti isotope compositions were not affected by
amphibole crystallisation. Their 8*°Ti values have therefore not been affected by
fractional crystallisation and are likely representative of the Ti isotope composition of
their parental melts. The &*°Ti values of primitive sanukitoids range from 0.108 +
0.023%0 to 0.197 + 0.020%.. No Ti isotope fractionation is expected during partial
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melting of typical mantle lithologies (i.e. Iherzolite, harzburgite) due to the absence of
minerals such as Ti-bearing oxides (Millet et al., 2016), so melts would be expected to
have &*°Ti similar to the DMM (0.001 + 0.015%o, Klaver et al., 2024) or intermediate
between the DMM and primordial mantle (0.053 + 0.005%., Deng et al., 2023) for
samples older than ~2.7 Ga. This is indeed the case for modern arc basalts, ocean
island basalts (OIB), N- (normal-) MORB and Neoarchean komatiites (fig. 3.6).
However, primitive sanukitoids display significantly heavy Ti isotope compositions
compared to ambient mantle and its melting products (fig. 3.6). The mantle source of
sanukitoids is widely considered to form by interaction between mantle peridotite and
an incompatible element-enriched melt or aqueous fluid derived from recycled
metabasite (e.g. Martin et al., 2009; Shirey and Hanson, 1984; Smithies and
Champion, 2000; Stern et al., 1989). The high 3*°Ti of primitive sanukitoids indicates
that the enriched component may therefore have had a heavy Ti isotope composition
and/or that there was significant Ti isotope fractionation during partial melting of the
putative metasomatised mantle source. Below, | use the Ti isotope data to test these

competing models for sanukitoid formation.

3.4.3.1. Metabasite-derived aqueous fluids

As previously discussed, sanukitoid parental magmas were water-rich, requiring a
H20-rich mantle source which may have been created through metasomatism of
peridotite by aqueous fluids or silicate melts. | first investigate whether addition of
metabasite-derived aqueous fluid alone to ambient mantle can explain the high 3*°Ti

of primitive sanukitoids.

Titanium is a HFSE and is highly insoluble in aqueous fluids, even at high salinities
(e.g. Rustioni et al., 2021). Hence, very little Ti is expected to be transferred from
metabasites to fluids even in the presence of residual rutile, preventing fluids from
being able impart a distinct high 5*°Ti signature to the sanukitoid source. The low Ti
content of aqueous fluids also means that no rutile or other phases containing
significant amounts of Ti are stabilised during partial melting of aqueous fluid-fluxed
mantle (Till et al., 2012). Aqueous fluid-fluxed peridotite melts formed at ~2.7 Ga
should therefore have 3*°Ti indistinguishable from the late Archean ambient mantle

(fig. 3.7, Klaver et al., 2024), which | estimate from the weighted mean of Neoarchean

105



komatiite 5*°Ti to be 0.001 + 0.003%o (2se, n = 17) (Deng et al., 2023; Greber et al.,
2017). This is not what is observed for the primitive sanukitoids, hence demonstrating

that addition of aqueous fluids alone cannot explain their high 3*°Ti signature.
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Figure 3.7: 5*Ti (%s) vs SiO» (Wt%) for primitive (pre-oxide saturation) Neoarchean sanukitoid
samples and modelled partial melts of hydrous peridotite (Klaver et al., 2024) and metabasite.
The &*Ti of the modelled melts was calculated using a mass balance approach via the method
in Appendix E. Uncertainty in measured sanukitoid 6*Ti is shown as the 95% confidence
interval. Uncertainty in modelled partial melt 5*Ti is shown as the 20, calculated by linear
uncertainty propagation. The black star is Neoarchean mantle peridotite, for which 6*Ti is
estimated from the weighted mean of Neoarchean komatiites (0.001 £ 0.003%o, 2se, n = 17)
(Deng et al., 2023; Greber et al., 2017). SiO- data for the modelled metabasite melts are from
Carteretal. (2015), Kessel et al. (2005), Laurie and Stevens (2012), Martin & Hermann (2018),
Massonne and Fockenberg (2022), Pertermann and Hirschmann (2003), Schmidt et al.
(2004), Sen and Dunn (1994), Sisson and Kelemen (2018), Spandler et al. (2008), Wolf and
Wyllie (1994), Yaxley and Green (1998) and Zhang et al. (2013).
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3.4.3.2. Metabasite-derived partial melts

Silicate melts have much higher Ti concentrations than aqueous fluids and hence have
a greater capacity to impart a distinct Ti isotope signature onto the mantle. In eclogites
Ti is mainly hosted in Ti-bearing oxides (predominantly rutile), and in amphibolites
significant amounts of Ti can also be found in amphibole. Minor amounts of Ti can be
present in pyroxenes and garnet but these minerals do not significantly fractionate Ti
isotopes (Rzehak et al., 2021; W. Wang et al., 2020). During metabasite partial
melting, light Ti isotopes are preferentially retained in 6-fold coordinated sites in
residual rutile + amphibole, generating melts with higher *°Ti than the protolith. This
phenomenon has been invoked to explain the Ti isotope compositions of Archean
TTGs (Hoare et al., 2023; Z. J. Zhang et al., 2023) and some modern primitive arc
magmas (Klaver et al.,, 2024). It is therefore possible that a metabasite melt

component could be responsible for the high 8*°Ti of primitive sanukitoids.

| further investigate this hypothesis by modelling partial melting of eclogite and
amphibolite. Specifically, | calculate the Ti isotope composition of experimental partial
melts (see fig. 3.7 for references). A*Tinmerr—prototitn (= 8 Timere — 8 Tiprororien) Was
calculated using a mass balance approach following Klaver et al. (2024, 2021), and
melt 5*°Ti was calculated using the average Neoarchean komatiite 5*°Ti (0.001 +
0.003%o0) as the metabasite protolith composition (see Appendix E for full method). |
modelled three different metabasite partial melting scenarios:

1. Anhydrous eclogite melting, where there is no H20 in the system.

2. Dehydration melting, where aqueous fluid is formed by the breakdown of
hydrous minerals within the metabasite — amphibole in amphibolite and
phengite or zoisite in eclogite — creating water-undersaturated conditions during
melting.

3. Fluid-fluxed melting, where externally derived aqueous fluid creates water-
saturated conditions during melting.

The results of this modelling are presented in Appendix F and figure 3.7.
Limited Ti isotope fractionation (8*°Ti up to 0.051%. at the smallest melt fractions)

occurs during anhydrous eclogite melting, inconsistent with primitive sanukitoid data

(fig. 3.7). This limited fractionation is due to two main factors. First, high temperatures
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are required to cross the anhydrous solidus of eclogitic lithologies. For MORB-like
compositions, this solidus lies between 1200 and 1350°C at 2 — 5 GPa (e.g.
Pertermann and Hirschmann, 2003; Spandler et al., 2008). Equilibrium stable isotope
fractionation scales with 1/T? so these high temperatures restrict the magnitude of Ti
isotope fractionation (e.g. Young et al.,, 2015). Second, rutile is significantly more
soluble in silicate melts at high temperatures (Gaetani et al., 2008). As a result, rutile
rapidly disappears from the eclogitic residue, shifting the balance of the Ti budget
towards the melt and thus muting any isotope fractionation. Any Ti still in the residue
is now hosted by clinopyroxene and garnet, both of which are expected to have a weak
preference for incorporating heavy Ti isotopes (Leitzke et al., 2018; W. Wang et al.,
2020). This fractionation results in melts generated in the absence of residual rutile

having slightly lower 8*°Ti values than the metabasite protolith (fig. 3.7).

The presence of aqueous fluids lowers metabasite solidus temperatures significantly
and hence promotes rutile stability (e.g. Gaetani et al., 2008). Phengite-bearing
eclogite dehydration melting begins at ~970°C at 4 GPa (Massonne and Fockenberg,
2022), while zoisite-bearing eclogite dehydration occurs at < 1025°C (Skjerlie and
Patifio Douce, 2002), meaning rutile remains stable at higher melt fractions during

partial melting. Models of phengite-bearing eclogite dehydration melting show this
results in melts with *°Ti values up to 0.184 + 0.035%o, higher than anhydrous eclogite
melts, and generates melts with comparable 3*°Ti to the primitive sanukitoids (fig. 3.7).
Amphibolite dehydration melting, occurring at lower temperatures of 800 — 900°C at 1
— 2 GPa (Sen and Dunn, 1994; Zhang et al., 2013), generates melts with somewhat
lower &*°Ti up to 0.163 = 0.023%.. The &*°Ti of eclogite and amphibolite dehydration
melts largely overlap (fig. 3.7), despite the main residual minerals hosting Ti (rutile and
amphibole respectively) being different. While rutile fractionates Ti isotopes more
strongly than amphibole, eclogite dehydration melting occurs at higher temperatures
than amphibolite dehydration melting, restricting the overall magnitude of Ti isotope
fractionation. These model results imply that amphibolite and eclogite dehydration
melts might be suitable metasomatic agents to explain the high d*°Ti of primitive

sanukitoids.

Fluid-fluxed eclogite melting under water-saturated conditions lowers the MORB-
eclogite solidus even further to 750 — 800°C at 2.2 — 4.5 GPa (e.g. Martin and
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Hermann, 2018; Schmidt et al., 2004; Sisson and Kelemen, 2018). The combination
of abundant residual rutile and relatively low melting temperatures leads to significant
Ti isotope fractionation with melt 3*°Ti between 0.099 + 0.020%. and 0.367 + 0.037 %o,
depending on the temperature and proportion of rutile in the protolith. These values
are largely similar to those calculated by Klaver et al. (2024) but extend to heavier melt
5°Ti due to the inclusion of experiments with higher proportions of residual rutile from
Laurie and Stevens (2012). These results show that fluid-fluxed eclogite melting can
readily generate melts with 5*°Ti comparable to and higher than primitive sanukitoids
(fig. 3.7), and therefore mantle metasomatism by such melts would generate

sanukitoid parental magmas enriched in heavy Ti isotopes.

Overall, the modelling demonstrates that the involvement of metabasite partial melt in
the formation of sanukitoid parental magmas may be responsible for the heavy Ti
isotope composition of primitive sanukitoids. However, the presence of aqueous fluid,
either from the breakdown of hydrous minerals within metabasites or from an external

source, is needed to generate melts with sufficiently high &*°Ti.

3.4.3.3. Ti isotope fractionation during interaction with mantle
peridotite

While significant Ti isotope fractionation occurs during metabasite melting, additional
isotope fractionation may occur during interaction between the metabasite melts and
mantle peridotite to form sanukitoid parental magmas. This interaction is generally
thought to take place via a two-stage process where the mantle is metasomatised by
metabasite melt and subsequently undergoes partial melting (e.g. Shirey and Hanson,
1984; Smithies and Champion, 2000), but a one-stage process where the metabasite
melt assimilates peridotite has also been proposed (Rapp et al., 2010, 1999).
Experimental studies show that interaction between metabasite melt and peridotite
generally consumes olivine and the melt, and forms orthopyroxene and (if
temperatures are low enough) phlogopite and/or sodic amphibole (e.g. pargasite) (e.qg.
Gervasoni et al., 2017; Prouteau et al., 2001; Rapp et al., 2010, 1999; Sen and Dunn,
1994). These results are consistent with suggestions that the LILE enrichment in some
sanukitoids requires a phlogopite + amphibole-bearing source (Heilimo et al., 2010;
Kovalenko et al., 2005; Lobach-Zhuchenko et al., 2008). No Ti-bearing accessory
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phases (e.g. oxides) were seen to form during the metabasite melt-peridotite reaction
experiments, meaning that phlogopite and amphibole would be the main hosts of Ti in
the sanukitoid mantle source. Pargasitic amphibole is the first phase to melt in this
metasomatic assemblage, under both water-saturated and water-undersaturated
conditions (Conceicdo and Green, 2004; Mengel and Green, 1989), so significant
residual pargasite during sanukitoid parental magma genesis is unlikely. Phlogopite,
on the other hand, is stable to higher temperatures and pressures than pargasite,
particularly under water-saturated conditions when it can remain in the residue until >
100°C above the solidus (Conceigdo and Green, 2004). Multiple studies have
proposed that a small amount of residual phlogopite during melting is needed to
explain the LILE systematics of some sanukitoids, specifically their depletion in Rb

alongside enrichment in Sr and Ba (Kovalenko et al., 2005; Laurent et al., 2011).

Titanium is predominantly incorporated into octahedral M2 sites in phlogopite but
substitution into 4-fold coordinated sites may also be possible in Ti-rich compositions
(e.g. Bendeliani et al., 2023). Similar to amphibole, at equilibrium the difference in Ti
coordination is expected to give phlogopite lower 3*°Ti than co-existing silicate melt,
consistent with data on a biotite mineral separate from the Kneeling Nun Tuff, which
yielded A*Tip;orice—merr = -0.234 = 0.060%c at ~775°C (Mandl, 2019). While
A49Tiphlog0pite_melt is poorly constrained, this suggests that Ti isotope fractionation
may occur during partial melting of metasomatised mantle peridotite if residual
phlogopite is present. Titanium isotope fractionation during partial melting of
phlogopite-bearing peridotite was modelled based on experiments from Condamine et
al. (2016) (see Appendix E for method and Appendix F for results). Melts generated in
equilibrium with small amounts (4 — 8 wt%) of residual phlogopite at 3 GPa and 1200
—1300°C are up to 0.047 £ 0.012%0 (2sd) heavier than their metasomatised mantle
protolith. While the melt compositions produced in these experiments are not
analogous to parental sanukitoid magmas, these models demonstrate that the
magnitude of Ti isotope fractionation due to residual phlogopite is small and will be
limited by the low volume of phlogopite that can form from sodic metabasite melts (e.g.
Prouteau et al., 2001). | therefore conclude that although small amounts of residual
phlogopite in the sanukitoid mantle source can generate melts with higher 3*°Ti than

their protolith, the magnitude of this fractionation is likely < 0.05%0. Hence, | consider

110



that formation of an isotopically heavy metabasite melt component in equilibrium with

residual rutile + amphibole is the main driver of high 3*°Ti in primitive sanukitoids.

3.4.3.4. Eclogite melts in the mantle source of sanukitoids
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Figure 3.8: Primitive sanukitoid and appinite 5*Ti (%o) vs a) (La/Yb)n, b) (Dy/Yb)n, ¢) A1
(O’Neill, 2016) and d) Dy/Dy* (Davidson et al., 2013). The dashed lines are the least squares
linear regressions of the Black Flag Group primitive sanukitoids and the Strontian appinite,
with R? values for the regressions shown. REE concentrations are normalised to the ClI
chondrite values from O’Neill (2016).

Both amphibolite and eclogite melts can match the Ti isotope fractionation observed

in primitive sanukitoids. The &*°Ti values of primitive sanukitoids, however, show

111



strong positive covariation with tracers of garnet fractionation such as the Cl-chondrite
normalised REE ratios (La/Yb)n and (Dy/Yb)n (figs. 3.8a and b). O’'Neill (2016)
demonstrated that polynomials can be fit to chondrite-normalised REE patterns to
quantitatively describe their shape with shape coefficients (An). A1 quantifies the
steepness of REE patterns with higher values indicating a steeper slope. A1 is therefore
a sensitive tracer of garnet fractionation, and positive covariation between A1 and 3*°Ti
is also observed (fig. 3.8c). No such covariation is seen with tracers of amphibole
fractionation like Dy/Dy* (=Dyn / (Lan*'3 * Ybn¥13), fig. 3.8d) which is a measure of the
relative middle rare earth element (MREE) depletion (Dy/Dy* < 1) or enrichment
(Dy/Dy* > 1) of chondrite-normalised REE patterns (Davidson et al., 2013). The
samples with the highest 8*°Ti and (La/Yb)n also have the lowest Yb concentrations
(fig. 3.9), demonstrating that this signature is associated with heavy rare earth element
(HREE) depletion and hence most likely caused by retention of HREEs in residual
garnet. | note that the covariations are only perturbed by the single Rogart appinite
sample displaying elevated (La/Yb)n, (Dy/Yb)n and A1. Such a steep REE pattern is
likely due to the significant recycled sediment input to the Rogart pluton mantle source
(Fowler et al., 2008). This strong correlation therefore implies that the heavy Ti isotope
composition and the garnet signature in primitive sanukitoids share a common origin.
In contrast there is no clear evidence for a link between high 3*°Ti and residual
amphibole, suggesting that amphibolite is not a suitable source for the metabasite melt
component in sanukitoids. The combined Ti isotope and trace element compositions
of primitive sanukitoids thus favour the metasomatic agent being an eclogite melt
formed in equilibrium with residual rutile and garnet. Critically, the Ti isotope
composition of primitive sanukitoids implies that eclogite partial melting occurred

during the late Archean.

However, sanukitoids are not pure eclogite melts, but rather magmas originating from
a mantle metasomatised by such melts (e.g. Martin et al., 2009; Shirey and Hanson,
1984). The high d*°Ti signature of the eclogite melts will hence be diluted by interaction
with low &*°Ti mantle (0.001 + 0.003%.) and subsequent melting of the metasomatised
source. It follows that the eclogite melt should have &*°Ti significantly higher than the
primitive sanukitoids: if not, and without significant additional Ti isotope fractionation

due to residual phlogopite, the contribution of Ti from the mantle would have to be
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chondrite values from O’Neill (2016).

negligible for the high 5*°Ti signature of eclogite melts to be retained and transferred
to the sanukitoid parental magmas. Sanukitoid major and trace element systematics
rule out this scenario, with their high Mg# and Ni and Cr contents requiring a significant
ultramafic peridotite component in their source (e.g. Martin et al., 2009). Hence, only
eclogite melts with 8*°Ti significantly higher than the primitive sanukitoids can account
for the data. My modelling shows that dehydration melting of eclogite generates melts
with 3*°Ti that overlaps with the sanukitoids, whereas fluid-fluxed eclogite melting

results in melts with *°Ti exceeding that of the sanukitoids. | thus favour mantle
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peridotite metasomatised by fluid-fluxed eclogite melts as the likely origin of the heavy

Ti isotope signature of primitive sanukitoids.

The Sr and Nd isotope compositions of the Paleozoic high Ba-Sr granite suites, and
particularly of the Rogart pluton, are significantly enriched compared to the depleted
mantle, suggesting contamination of their mantle source by subducted sediments
(Fowler et al., 2008). Klaver et al. (2024) demonstrated that metasediment partial
melting also generates melts enriched in heavy Ti isotopes due to the presence of
residual Fe-Ti oxides during melting. However, the lower TiO2 concentrations of
metasediments than metabasites means that the resulting sediment melts will have
lower Ti concentrations than metabasite melts, and generally the degree of Ti isotope
fractionation during melting will be lower due to the lower abundance of residual Fe-Ti
oxides. Ti stable isotopes are hence likely more sensitive to contributions from
metabasite melts than metasediment melts, but they cannot definitively discriminate
between metabasite and metasediment partial melt contributions for the Rogart pluton.
However, the indistinguishable Ti isotope compositions of the Paleozoic appinites and
the Archean and Paleoproterozoic primitive sanukitoids indicate they formed by similar

processes.

3.4.4. Geodynamic Implications

Archean geodynamics are hotly debated and consequently multiple different
geodynamic settings have been proposed for the formation of the sanukitoid mantle
source (e.g. Bédard, 2006; Nebel et al., 2018; Stern et al., 1989). While geochemistry
alone cannot pinpoint geodynamic setting, the results presented here provide new
constraints on sanukitoid formation. The Ti stable isotope compositions of sanukitoids
imply that they formed from water-rich, oxidised parental magmas that were likely
generated from a mantle source metasomatised by fluid-fluxed eclogite partial melts.
This result suggests that the mantle source of Archean and Paleoproterozoic
sanukitoids must have formed in a geodynamic setting: 1) capable of recycling mafic
rocks along low enough geothermal gradients (< ~12°C/km, e.g. Moyen, 2011) to high
enough pressures (> ~1.8 GPa or > ~60 km depth, e.g. Chapman et al., 2019) to form
eclogite; and 2) with a suitable external source of aqueous fluids to trigger fluid-fluxed

melting.
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On the present-day Earth, a Benioff-style subduction environment readily meets both
these requirements. Numerous previous studies have proposed formation of the
sanukitoid mantle source in a subduction setting (e.g. Martin et al., 2009; Smithies and
Champion, 2000; Stern et al., 1989). Dehydration of abyssal serpentinites in the
downgoing lithosphere is a source of voluminous aqueous fluid at subarc depths in
modern subduction zones (Guillot and Hattori, 2013) and is proposed to trigger fluid-
fluxed eclogite melting in modern arcs (e.g. Yogodzinski et al., 2017). | propose that
the sanukitoid mantle source may have been formed by a similar process. The
dynamics, and even the feasibility, of subduction in the late Archean are debated (e.g.
van Hunen and Moyen, 2012), primarily because mantle potential temperatures may
have been up to 150°C higher than present (e.g. Ganne and Feng, 2017). Numerical
models show this would have caused higher geotherms in subduction zones and likely
more frequent slab breakoff (e.g. van Hunen and van den Berg, 2008), both of which
are conducive to the conditions for serpentinite-derived fluid-fluxed eclogite melting
(e.g. Klaver et al., 2024). The constraints placed by an eclogitic protolith allow for
slightly higher subduction geotherms of < ~12°C/km than present day (typically 5 —
8°C/km, e.g. Penniston-Dorland et al., 2015; Syracuse et al., 2010). As the mantle
cooled during the Proterozoic and Phanerozoic, subduction geotherms decreased and
subduction likely became more stable with less frequent slab breakoff (e.g. van Hunen
and van den Berg, 2008), meaning conditions for fluid-fluxed eclogite melting in
subduction zones may have become less common. This could explain why
occurrences of sanukitoid magmatism became significantly rarer after the late

Archean-early Proterozoic (Martin et al., 2009).

Alternatively, numerical models suggest that sinking crustal drips may have been
capable of transporting hydrated, near-surface material to mantle depths along
geothermal gradients < ~12°C/km (e.g. Frangois et al., 2014; Sizova et al., 2015).
Some models additionally favour a scenario where drips, triggered through lateral
crustal movement and flow, are diverted and become asymmetric, creating a geometry
that mimics, or may even represent, incipient subduction (Nebel et al., 2018). It is
possible that such settings could generate eclogite, with dehydration of adjacent
serpentinised komatiite/basalt releasing aqueous fluids to trigger fluid-fluxed eclogite
melting (Hartnady et al., 2022; Tamblyn et al., 2023). Interaction of these melts with

mantle peridotite could then generate the metasomatised mantle source of sanukitoids
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(e.g. Nebel et al., 2018; Smithies et al., 2021). While crustal drips may provide an
alternative setting to subduction for formation of the sanukitoid mantle source in the
Archean, the viability of crustal drips (e.g. Korenaga, 2021) and their ability to transport
hydrated, near-surface material to mantle depths (e.g. Roman and Arndt, 2020) are
debated. If crustal drips were to only involve the lowermost crust (e.g. Johnson et al.,
2014), which is likely to be largely anhydrous, it is difficult to reconcile with my results
favouring fluid-fluxed eclogite melting due to the lack of an external source of aqueous
fluids in this scenario. This is also the reason why | argue that my results are
inconsistent with formation of the sanukitoid mantle source by delamination and then

melting of dense lower crustal eclogites (Bédard, 2006).

My results therefore support the occurrence of fluid-fluxed eclogite melting and the
formation of sanukitoid mantle sources by subduction-like processes at least as far
back as ~2.7 Ga (the age of the oldest primitive sanukitoids in this study). In fact, as
sanukitoids most likely formed by a two-stage process, the formation of the sanukitoid
mantle source predates the age of magma emplacement, implying fluid-fluxed eclogite
melting occurred before ~2.7 Ga. A later event — such as lithospheric extension (e.g.
Laurent et al., 2014a; Smithies et al., 2019), slab breakoff (e.g. Heilimo et al., 2010) or
lithospheric delamination (e.g. Kovalenko et al., 2005) — subsequently created a
thermal anomaly and triggered melting of the metasomatised mantle to generate
sanukitoid parental magmas. Furthermore, | note that the ~2950 Ma sanukitoids and
~3421 Ma sanukitoid-like rocks from the Pilbara Craton follow the same differentiation
trend as the ~2670 Ma BFG sanukitoids. This observation may imply that they too
formed by the same processes as the younger sanukitoids involving fluid-fluxed
eclogite melting, but the lack of primitive samples prevents me from confidently
extending my interpretations further back in the Archean. Nevertheless, this study
clearly indicates that investigation of primitive sanukitoid and related magmas could

prove useful for better understanding the geodynamic evolution of the Early Earth.

3.5. Conclusions

| present the Ti stable isotope compositions of late Archean-early Proterozoic

sanukitoids and Paleozoic sanukitoid analogues. | use the 3*°Ti values of samples
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formed before and after Fe-Ti oxide saturation to investigate the formation of the
sanukitoid mantle source and the differentiation of sanukitoid magmas respectively.
Post-Fe-Ti oxide saturation, sanukitoid suites show a more muted &*°Ti increase
during differentiation than currently analysed modern calc-alkaline suites. | ascribe this
to the removal of significant proportions of Ti by hornblende, which fractionates Ti
isotopes less than Fe-Ti oxides (Greber et al., 2021; Mandl, 2019). Furthermore, the
onset of this 3*°Ti increase occurs at high Mg# compared to modern arc suites. This
observation shows there was early oxide saturation in sanukitoid magmas and
suggests that sanukitoid parental magmas had water contents and fO2 at least as high

as modern arc magmas.

Primitive (pre-Fe-Ti oxide saturation) sanukitoid samples have higher d*°Ti values
(0.11 — 0.20%0) than modern arc basalts, the depleted mantle and the BSE, which
cannot be explained by aqueous fluids alone. Instead, the high 3*°Ti values of primitive
sanukitoids require the involvement of a hydrous eclogite melt component formed in
equilibrium with residual rutile. | favour generation of this metasomatic melt by fluid-
fluxed eclogite partial melting, showing that both metabasite melts and aqueous fluids
are important for sanukitoid formation. The Ti isotope compositions of primitive
sanukitoids thus favour formation of the sanukitoid mantle source by a subduction-like
process at least 2.7 Ga. The evidence supporting a subduction-like setting at ~2.7 Ga
presented here gives further credence to models linking the widespread appearance

of sanukitoids in the geological record to a global geodynamic transition.
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4. Diverse petrogenesis of
Neoarchean TTGs revealed by

titanium stable isotopes

4.1. Abstract

Tonalite-trondhjemite-granodiorite (TTG) suites are the dominant constituent of
Archean continental crust. Their trace element compositions show systematic
variations typically interpreted to reflect metabasite partial melting at different
pressures, with the low heavy rare earth element concentrations and high La/Yb, Sr/Y
and Sr concentrations of some TTGs attributed to high pressure (= 2 GPa) metabasite
melting, and hence to deep subduction, in the Archean. Recent studies challenge this
interpretation, and some suggest a subset of “high pressure” (HP) TTGs with very high
Sr concentrations and Sr/Y instead formed by hornblende-dominated fractional
crystallisation of metasomatised mantle-derived sanukitoid magmas. Titanium (Ti)
stable isotopes are fractionated by crystallising Ti-bearing oxides and silicates (e.g.
amphibole) during magma differentiation and can hence trace this proposed

petrogenetic link between high-Sr HP TTGs and sanukitoids.

In this chapter | present the Ti stable isotope compositions (3*°Ti) of Neoarchean
(~2650 — 2700 million years ago) TTGs, including high-Sr HP TTGs, from the Eastern
Goldfields Superterrane, Yilgarn Craton. They are spatially and temporally associated
with the Black Flag Group (BFG) sanukitoids which are proposed to constitute the
liquid line of descent linking these high-Sr HP TTGs to mantle-derived magmas, and
were generated from a mantle source metasomatised by eclogite melts (Chapter 3).
The high-Sr HP TTGs plot at the evolved end of the d3*°Ti differentiation trend and
Rayleigh fractionation model for the BFG, providing strong support for formation of
high-Sr HP TTGs by amphibole-dominated fractional crystallisation of sanukitoid

magmas in the Yilgarn Craton. Conversely, the 3*°Ti values of the other TTGs can be
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explained by the traditional model of partial melting of hydrous metabasite followed by
fractional crystallisation. My results thus reveal the diverse petrogenesis of
Neoarchean TTGs. High-Sr HP TTGs are almost ubiquitous in Archean cratons,
became abundant and widespread after ~3 billion years ago, and most are spatially
and temporally associated with sanukitoids. These observations imply that high-Sr HP
TTG formation by fractional crystallisation of metasomatised mantle-derived
sanukitoid magmas was a global phenomenon that emerged in the late Archean due
to a geodynamic transition that promoted interaction between metabasite melts and

mantle peridotite.

4.2. Introduction

Tonalite-trondhjemite-granodiorite (TTG) suites, which are the dominant constituent of
Archean continental crust, show systematic variations in their trace element
compositions, particularly in heavy rare earth element (HREE) and Sr concentrations.
These variations have traditionally been linked to partial melting of metabasites at
different pressures, and hence in the presence of different residual minerals (e.g. Halla
et al., 2009; Moyen, 2011; Moyen and Stevens, 2006). Seminal work by Moyen (2011)
categorised TTGs into three geochemical groups based on their apparent melting
pressure — 1) low pressure (LP) TTGs which have high HREE and low Sr
concentrations due to forming at low pressures (~1 — 1.2 GPa) in equilibrium with
plagioclase-garnet amphibolite; 2) high pressure (HP) TTGs which were generated at
high pressures (= 2 GPa) from a rutile-bearing eclogite, giving them low HREE and
high Sr concentrations; 3) medium pressure (MP) TTGs which have intermediate
HREE and Sr concentrations and formed from a plagioclase-poor, garnet-rich
amphibolite source. This predominant interpretation that TTG geochemical
compositions reflect melting metabasites over a range of pressures, including along
relatively cool geothermal gradients capable of generating eclogite, has significantly
influenced our understanding of what geodynamic setting TTGs formed in. For
example, generation of TTG magmas over a large range of pressures supports
Archean continental crust forming in multiple distinct geodynamic settings (e.g. Halla
et al., 2009; Hernandez-Montenegro et al., 2021; Moyen, 2011; Palin et al., 2016),

while high pressure melting of rutile-bearing eclogite is often thought to imply that a
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subduction-like process operated in the Archean (e.g. Halla et al., 2009; Moyen, 2011;
Moyen and Stevens, 2006).

Recently, this straightforward interpretation of TTG compositional variations has been
challenged. There is increasing recognition that the chemical compositions of TTGs
do not directly correspond to magmatic liquids, which is an implicit assumption in the
aforementioned model, and instead may have been modified during or after
emplacement. Several studies have demonstrated the significant influence that
mineral fractionation and/or accumulation during magma differentiation can have on
TTG incompatible trace element concentrations. In particular, the low HREE
concentrations and high La/Yb, Sr/Y and Sr concentrations characteristic of HP TTGs
may have been generated by plagioclase accumulation (Kendrick et al., 2021; Laurent
et al., 2020; Rollinson, 2021), hornblende fractional crystallisation (Liou et al., 2022;
Liou and Guo, 2019; Mathieu, 2022; Rollinson, 2021; Smithies et al., 2019) or
accessory mineral (e.g. apatite, titanite, zircon) fractional crystallisation (Ding et al.,
2024), instead of by high pressure metabasite melting. This reinterpretation of TTG
trace element signatures may have significant implications for models of Archean
geodynamics as it creates uncertainty about the veracity of a key line of evidence used

to argue for deep subduction in the Archean.

While metabasite melting followed by fractional crystallisation/mineral accumulation
remains the prevailing model for TTG formation, an alternative petrogenesis is
hornblende + plagioclase fractional crystallisation of a hydrous, mantle-derived
parental magma (e.g. Arth et al., 1978; Kamber et al., 2002; Kleinhanns et al., 2003;
Smith et al., 1983). Although modern TTG analogues formed by this mechanism have
been identified (e.g. Jagoutz et al., 2013; Martin and Sigmarsson, 2005), this model
has generally been dismissed due to the absence of complementary hornblende-rich
cumulates and the more mafic members of the liquid line of descent, as well as
differences in the timing of mafic and TTG magmatism in Archean terranes (e.g. Moyen
and Martin, 2012). Recently, Smithies et al. (2019) and Liou and Guo (2019) proposed
that hornblende-dominated fractional crystallisation of metasomatised mantle-derived
sanukitoid magmas can generate a subset of HP TTGs which have very high Sr and
Sr/Y in the Yilgarn Craton and North China Craton respectively. Smithies et al. (2019)
called these TTGs “high-Sr” HP TTGs, and they are characterised by K2O/Na20 < 0.5,
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Sr> 500 ppm (but often > 700 ppm), Sr/Y > 100, Yb < 0.4 ppm and La/Yb > 60 at SiO2
> 70 wt%. In both locations the more mafic members of the liquid line of descent and
examples of complementary hornblendite cumulates were identified, supporting the
viability of this mechanism. An implication of this model is again that so-called HP
TTGs did not directly form by high pressure metabasite melting (Smithies et al., 2019).
It is therefore evident that further work is needed to clarify how HP TTGs formed, and

whether high pressure melting of metabasites occurred in the Archean.

Smithies et al. (2019) used trace element variations in the Black Flag Group (BFG)
sanukitoids as evidence for formation of high-Sr HP TTGs by this mechanism in the
Neoarchean (2.8 — 2.5 Ga) Eastern Goldfields Superterrane (EGST), Yilgarn Craton,
arguing that the BF G constitutes the liquid line of descent from mantle-derived parental
magma to evolved high-Sr HP TTGs. In Chapter 3, | presented the Ti stable isotope
compositions (3*°Ti = 103 x [(*°Ti/*"Ti)sample / (*°*Ti/*'Ti)oL-Ti — 1]) of samples from the
BFG. This sanukitoid suite displays shallowly increasing 3*°Ti with SiO2 content due
to fractional crystallisation of abundant hornblende alongside Fe-Ti oxides, meaning
the Ti isotope evolution of the liquid line of descent proposed to form high-Sr HP TTGs
is already constrained. Measuring the 3*°Ti of high-Sr HP TTGs from the EGST
therefore provides a valuable opportunity to further investigate whether these TTGs
did form by fractional crystallisation of metasomatised mantle-derived sanukitoid
magmas. However, Ti stable isotopes are fractionated during metabasite partial
melting (Chapter 3, Hoare et al., 2023; Klaver et al., 2024; Z.J. Zhang et al., 2023) due
to retention of light Ti isotopes in residual Fe-Ti oxides (e.g. rutile) and amphibole, and
previous studies have concluded that metabasite partial melting followed by fractional
crystallisation is required to explain the Ti isotope compositions of TTGs (Hoare et al.,
2023; Z.J. Zhang et al., 2023). Comparing the 3*°Ti of high-Sr HP TTGs to other TTGs
from the same region but with different trace element compositions may provide insight
into whether they have a distinct petrogenesis. It is of particular interest to compare
the high-Sr HP TTGs to TTGs that are also classified as “high pressure” according to
Moyen (2011) but have lower Sr and Sr/Y values. Smithies et al. (2019) describe this
group of HP TTGs as having similar geochemical compositions to MP TTGs, hence |
refer to these TTGs as “MP-like” HP TTGs.
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In this chapter | measure the Ti stable isotope compositions of Neoarchean (~2650 —
2700 Ma) TTG samples from the EGST, Yilgarn Craton. These samples have been
classified based on their geochemical compositions following Moyen (2011) and
Smithies et al. (2019), and were selected to cover the full range of trace element
compositions exhibited by TTGs. The samples analysed consist of three high-Sr HP
TTGs, four MP-like HP TTGs, four MP TTGs and six LP TTGs. Full sample descriptions
are given in Chapter 2, section 2.2.2.1. Most of the TTG samples are from the
Kalgoorlie-Kambalda area of the Kalgoorlie Terrane — the region where the BFG
sanukitoids are located — but three LP TTG samples are from further north in the
Kalgoorlie Terrane near Wiluna, and one LP TTG sample is from the Kurnalpi Terrane
(figs. 2.14 and 2.16). The Ti isotope measurements were made via the methods
described in Chapter 2, section 2.1, and the resulting data are presented and

discussed in the rest of this chapter.

4.3. Results

The 5*°Ti values of the EGST TTGs are presented in table 4.1 and range from 0.206
+ 0.022%0 to 1.385 + 0.020%0 (95% confidence interval). d*°Ti increases as the
samples become more differentiated, with the most extreme values of > 1%. found in
two highly evolved LP TTGs with SiO2 = 76 wt% (fig. 4.1a). The remaining samples all
have 3*°Ti values of ~0.2 — 0.6%o, similar to literature TTG data from the Kaapvaal
Craton (Greber et al., 2017), Slave Craton (Aarons et al., 2020), Pilbara Craton (Z.J.
Zhang et al., 2023) and southwest Greenland (Hoare et al., 2023; Z.J. Zhang et al.,
2023) (fig. 4.1).

At SiO2 = 70 wt%, the different groups of EGST TTGs display distinct Ti isotope
compositions (fig. 4.1b). The LP TTGs have the highest 5*°Ti values of ~0.4 — 0.6%o,
while the MP TTGs have lower 3*°Ti of 0.23 — 0.30%o. The two subgroups of HP TTGs,
subdivided following Smithies et al. (2019), also have different Ti isotope compositions.
The “MP-like” HP TTGs are indeed MP-like — they have relatively low 3*°Ti values of
0.20 — 0.29%o indistinguishable from the MP TTGs. In contrast, the high-Sr HP TTGs
have distinctly higher 5*°Ti that increases from 0.329 + 0.015%o to 0.446 + 0.022%o as
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the samples become more evolved. Their Tiisotope compositions fall in between those

of the MP TTGs and the LP TTGs.
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Figure 4.1: TTG 6*Ti (%.) vs a) and b) SiO2 (wt%), ¢) MgO (wt%), and d) TiO» (wt%). Coloured
symbols are TTGs from the Eastern Goldfields Superterrane (EGST), Yilgarn Craton, while
grey symbols are literature TTG data from Aarons et al. (2020), Greber et al. (2017), Hoare et
al. (2023) and Z.J. Zhang et al. (2023). Uncertainty in 6*Ti is shown as the 95% confidence
interval. The grey line is the BSE value of 0.053 £ 0.005%. from Deng et al. (2023).

123



Table 4.1: 5°Ti data for the EGST TTG samples analysed in this chapter. Key elemental concentrations and geochemical parameters are also
given. The sources of the major and trace element data for the samples are given in Appendix C. 95% ci = 95% confidence interval, calculated
via the method described in Chapter 2. n = number of measurements made. For (La/Yb)n, La and Yb concentrations are normalised to the Cl/
chondrite values from O’Neill (2016).

Sample Classification ST 95%ci n TiO.  SiO: Sr Nb Yb K20/Na:O Sr/Y LalYb (La/Yb)n

%o %o wt% wt% ppm ppm ppm
227968 High-SrHP TTG  0.329 0.015 2 0.25 694 812 176 0.22 0.41 262 105 71
502247 High-SrHP TTG  0.446 0.022 1 0.17 71.0 180 1.7 0.18 0.47 454 117 80
505481 High-SrHP TTG  0.371 0.022 1 0.22 70.2 825 19 0.26 0.45 250 105 72
230558 MP-like HP TTG  0.227 0.014 2 042 69.14 401 222 04 0.45 79 57 39
501894 MP-like HP TTG  0.252 0.013 2 0.42 66.90 533 27 048 0.36 87 44 30
504718 MP-like HP TTG  0.292 0.022 1 025 71.02 306 24 0.29 0.31 85 51 35
233734 MP-like HP TTG  0.206 0.022 1 037 7025 361 212 0.35 0.41 93 33 22
222660 MPTTG 0.482 0.023 1 0.17 7457 323 4.03 0.36 0.64 73 64 44
240405 MPTTG 0.296 0.023 1 0.33 6577 700 122 1.15 0.20 56 70 48
502533 MP TTG 0.292 0.023 1 0.32 70.55 493 54 0.84 0.68 57 53 36
234000 MP TTG 0.236 0.023 1 045 66.99 280 5.07 0.54 0.28 43 56 38
500854 LPTTG 0.513 0.016 2 0.39 694 353 8.1 1.52 0.50 18 21 14
240623 LPTTG 1.385 0.020 1 0.06 76.41 528 165 0.7 0.16 9 24 16
501345 LPTTG 0.586 0.016 2 0.32 70.3 1955 16.0 04 0.25 28 44 30
504940 LPTTG 0.463 0.016 2 0.24 73.45 145 9.2 2.21 0.33 6 10 7
501356 LPTTG 0.401 0.015 2 0.29 71.2 465 125 1.51 0.59 35 34 23
233699 LPTTG 1.077 0.016 2 0.08 75.82 82 126  0.69 0.58 16 61 42
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4.4.Discussion

4.4.1. Effects of alteration and metamorphism

Some TTGs in the EGST show evidence of post-emplacement deformation and
metamorphism, such as gneissic textures (e.g. Champion and Sheraton, 1997), and
may also have been affected by later alteration and weathering. Like other high field
strength elements, Ti is highly immobile in aqueous fluids, even at high salinities
(Rustioni et al., 2021). This is consistent with observations of highly limited Ti mobility
during metamorphism and water-rock interaction, with only minor localised Ti
redistribution seen (e.g. Brugger et al., 2024; Tilley and Eggleton, 2005). Recent
studies suggest intensive chemical weathering may cause small degrees of Ti isotope
fractionation (Aarons et al., 2023; He et al., 2022). The EGST TTGs show no evidence
of such intensive weathering, with chemical index of alteration (CIA = [Al203 / (Al203 +
CaO* + Na20 + K20)] x 100) values of 48 to 54 that fall within the range of fresh
granites and granodiorites (45 to 55; Nesbitt and Young, 1982). Their 5*°Ti values
should hence be unaffected by metamorphism and alteration, which is supported by
the absence of correlation between d3*°Ti and loss on ignition (LOI) or CIA (fig. 4.2). |

therefore consider the Ti isotope compositions of the EGST TTGs to be representative

of their igneous compositions.
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Figure 4.2: EGST TTG &*Ti (%) vs a) loss on ignition (LOI) (wt%), and b) chemical index of
alteration (CIA = [Al:03 / (Al,03 + CaO* + NaxO + K>0)] x 100).
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4.4.2. Investigating the petrogenetic link between TTGs and

sanukitoids in the Eastern Goldfields Superterrane

05 05
a) X k b)
0.4 - : " L 0.4
£ 03 :; a 03 &
< 0.3 1 | 03 =
2 " | | b, 3
0214 » Ay PO e P i’.}* ¢ & [02
?%' $%Q @dD ¢ o°
0.1 - Q Q L 0.1
50 60 70 0 5 10
SiO, (wt%) MgO (wt%)
05 05
A o9 A
044 , L 0.4
A A
Zos{ o ‘ 03 &
2 0.9 1 | FU.o <
E Yy i ¢ ¢ E
i ‘\ L . £ @ b
0.2 - | . : L 0.2
(9 é”) s | &2
0.1 Q o) L 0.1
0.2 0.4 0.6 08 0 100 200 300 400 500
TiOy (Wt%) SriY

A High-Sr HP TTGs

Black Flag Group sanukitoids
® High La/Th (high Ni) subgroup
® High La/Th (low Ni) subgroup
O Low La/Th subgroup

Figure 4.3: EGST high-Sr HP TTG and Black Flag Group sanukitoid 6*°Ti (%) vs a) SiO2 (Wt%),

b) MgO (wt%), c) TiO2 (Wt%), and d) Sr/Y. Ti isotope data for the Black Flag Group sanukitoids
are presented in Chapter 3. Uncertainty in 5*Ti is shown as the 95% confidence interval.

Smithies et al. (2019) proposed that in the EGST, high-Sr HP TTGs formed by
hornblende-dominated fractional crystallisation of sanukitoid magmas instead of by
high pressure metabasite melting, and are equivalent to the evolved members of the
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Black Flag Group. In Chapter 3 | presented the Ti isotope compositions of the BFG

sanukitoids, which form a differentiation trend with shallowly increasing 3*°Ti due to

removal of Ti in hornblende alongside Fe-Ti oxides during fractional crystallisation.

Figure 4.3 compares the Ti isotope compositions of the high-Sr HP TTGs to the BFG
trend. The high-Sr HP TTGs plot at the evolved end of the BFG differentiation trend
and extend it to higher 8*°Ti values of ~0.45%.
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Figure 4.4: Ti (ppm) vs Ho (ppm) comparing the EGST high-Sr HP TTGs to the Black Flag
Group sanukitoid subgroups — a) high La/Th (high Ni) BFG, b) high La/Th (low Ni) BFG, c) low
La/Th BFG. The grey lines show the results of curve fitting equation D3 (Appendix D) to the Ti
and Ho concentration data of the BFG sanukitoids.
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Figure 4.5: 8*Ti (%) vs calculated FL.,, comparing the EGST high-Sr HP TTGs to the
Rayleigh fractionation models for the Black Flag Group sanukitoid subgroups — a) high La/Th
(high Ni) BFG, b) high La/Th (low Ni) BFG, c) low La/Th BFG. Uncertainty in the 6*Ti of
samples is shown as the 95% confidence interval. The solid grey lines show the Rayleigh
fractionation models, and the dashed grey lines show the 20 uncertainty on those models
which was calculated using the method described in Appendix D.

To test the proposed petrogenetic link, | compare the Ti isotope compositions of the
high-Sr HP TTGs to the Rayleigh fractionation models of evolving 3*°Ti during the
differentiation of the BFG sanukitoids. These models were presented in Chapter 3,
section 3.4.2, and the method used for this modelling is described in Appendix D. The
BFG is divided into three geochemical subgroups — high La/Th (high Ni), high La/Th
(low Ni) and low La/Th — which reflect slightly different mantle source compositions
(Smithies et al., 2022), and | obtained slightly different modelled values for the bulk Ti
partition coefficients (DI’,.) and solid-melt fractionation factors (tsp;iq—mee) Of these

subgroups (see Appendix D). | therefore compare the high-Sr HP TTGs to each BFG
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subgroup individually. The fraction of Ti remaining in the melt (FL.,,) for each high-Sr
HP TTG sample was calculated using the modelled optimum DI, for each subgroup,
which itself was determined from the correlation between Ti and Ho concentrations via
the method described in Appendix D. Figure 4.4 shows that the high-Sr HP TTGs plot
on the Ti vs Ho trends and modelled curves of the low La/Th and high La/Th (low Ni)
subgroups. However, the high-Sr HP TTGs plot above the Ti vs Ho trend defined by
the high La/Th (high Ni) subgroup (fig. 4.4a), which suggests that this BFG subgroup
is not a suitable predecessor for the high-Sr HP TTGs.

9 4 Samples with Ti
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8 1 . A High-Sr HP TTGs
® High La/Th (high Ni) BFG
71 o® € o high La/Th 'ah -a (hig .I)
" \ ® High La/Th (low Ni) BFG
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® ® . .
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Figure 4.6: La/Th vs SiO (wt%) comparing the EGST high-Sr HP TTGs to the different Black
Flag Group sanukitoid subgroups. Larger, darker-coloured symbols are samples with Ti
isotope data presented in this thesis, while smaller, lighter-coloured symbols are from wider
datasets of samples which have not had their Ti stable isotope compositions measured. The
wider BFG geochemical data are from Smithies et al. (2022), and the wider high-Sr HP TTG
data are from the Western Australia Geochemistry Database (WACHEM, Geological Survey
of Western Australia, 2025).

Figure 4.5 compares the high-Sr HP TTGs to the Rayleigh fractionation models of the
BFG subgroups. Unsurprisingly, the high-Sr HP TTGs do not plot on the modelled
fractionation trend of the high La/Th (high Ni) subgroup (fig. 4.5a). While they plot
closer to the fractionation model of the high La/Th (low Ni) subgroup, the high-Sr HP
TTGs still fall outside the 20 uncertainty window on the model (fig. 4.5b). In contrast,
the high-Sr HP TTGs plot on the evolved end of the modelled fractionation trend of the
low La/Th BFG subgroup (fig. 4.5c), suggesting that the Ti isotope compositions of the
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Figure 4.7: Simplified geological map of the southern Eastern Goldfields Superterrane,
showing the locations of high-Sr HP TTG and MP-like HP TTG samples, and the spatial
association of the high-Sr HP TTG occurrences with the Black Flag Group sanukitoid outcrops
(green). Based on the “1:500,000 State interpreted bedrock geology of Western Australia” map
(Geological Survey of Western Australia, 2020).
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high-Sr HP TTGs can be explained by continued fractional crystallisation of the low
La/Th BFG magmas. Most high-Sr HP TTGs from the EGST have low La/Th < 4.9 (fig.
4.6), further confirming that the low La/Th subgroup of the BFG represents the most
likely liquid line of descent leading to high-Sr HP TTG formation. This result provides
strong support for the formation of high-Sr HP TTGs by amphibole-dominated
fractional crystallisation of sanukitoid magmas, specifically of low La/Th BFG

sanukitoids, in the Neoarchean EGST, Yilgarn Craton.

The spatial distributions of the two types of “high pressure” TTGs in the EGST also
support this petrogenetic model. Figure 4.7 reveals that the high-Sr HP TTGs are only
found in a restricted, northwest-southeast-trending belt emplaced in close proximity to
the BFG (green). In contrast, the MP-like HP TTGs are more widely distributed, with
occurrences of this composition extending > 100 km further east than the BFG. The
close spatial association of high-Sr HP TTGs and the BFG sanukitoids in the EGST is

hence another argument in favour of them being petrogenetically linked.

In Chapter 3 | demonstrated that the parental magmas of the BFG formed by partial
melting of mantle metasomatised by silicate melts that were most likely generated by
fluid-fluxed eclogite partial melting. The evidence presented above confirms that the
high-Sr HP TTGs constitute the evolved end of the BFG liquid line of descent, hence
they share the same parental magmas. This result implies that the high-Sr HP TTGs
ultimately had a metasomatised mantle source, contrasting with the hydrous
metabasite source that is dominantly proposed for TTGs (e.g. Moyen and Martin,
2012; Moyen and Stevens, 2006). However, while the high-Sr HP TTGs did not directly
form by high pressure metabasite melting, high pressure melting of eclogite in the
presence of aqueous fluids is still a necessary step in their petrogenesis. This fluid-
fluxed eclogite melt component favours formation of their metasomatised mantle
source by a subduction-like process (see Chapter 3, section 3.4.4 for the full

argument).

In Chapter 3, section 3.4.2, | showed that BFG &*°Ti starts to increase at high Mg#,
suggesting there was early oxide saturation and hence that the BFG magmas were
H20-rich (fig. 3.4). The presence of significant magmatic H20 suppresses plagioclase

crystallisation, causing it to start forming later and in diminished quantities (e.g. Grove
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et al., 2003; Sisson and Grove, 1993; Zimmer et al., 2010). Strontium is moderately
compatible in plagioclase (e.g. Aigner-Torres et al., 2007; Brophy et al., 2011), so
reduced plagioclase crystallisation will result in less Sr being removed from the melt
during differentiation. Magmatic H20 is also important as it helps stabilise amphibole
as a crystallising phase. Yttrium is slightly compatible in calcic amphiboles (such as
hornblende) (e.g. Brophy et al., 2011; Tiepolo et al., 2007), meaning amphibole
fractional crystallisation should cause magma Y concentrations to decrease.
Therefore, the high H20 content of BFG magmas may play an important role in
generating the characteristic high Sr concentrations and Sr/Y values of the high-Sr HP
TTGs by suppressing plagioclase crystallisation, which helps maintain elevated
magma Sr concentrations during differentiation, while promoting hornblende
crystallisation, which reduces magma Y concentrations. Similarly, middle to heavy
REEs are more compatible in amphibole than light REEs (e.g. Tiepolo et al., 2007), so
stabilisation of amphibole by high magma H20 content also helps create the low HREE

concentrations and high La/Yb signature of high-Sr HP TTGs.

C.-Y.-H. Liu et al. (2022) proposed that sanukitoids followed two distinct crystallisation
pathways which were controlled by the nature of the metasomatic agent involved in
their formation — an aqueous fluid-metasomatised source generated H20-rich magmas
that mainly crystallised amphibole, while a melt-metasomatised source formed
magmas with lower H20 contents that instead crystallised biotite and plagioclase.
They consequently concluded that only sanukitoids derived from fluid-dominated
metasomatised mantle sources were capable of undergoing significant amphibole
fractional crystallisation to form high-Sr HP TTGs. My results agree that the parental
magmas of high-Sr HP TTGs were H20-rich which, as discussed above, was important
for creating their distinct geochemical signature. However, the Ti stable isotope
evidence presented in this thesis supports the involvement of a significant metabasite
melt component in forming the sanukitoid parental magmas of high-Sr HP TTGs. As
this metabasite melt was most likely generated by fluid-fluxed eclogite melting, the
resulting melt was probably H20-rich, and the flux of this melt into the mantle may also
have been accompanied by a flux of aqueous fluids. These processes would have
created a H20-rich mantle source capable of generating H20-rich sanukitoid parental
magmas. The dependence of sanukitoid crystallisation pathway on the metasomatic

agent involved may therefore not be as binary as C.-Y.-H. Liu et al. (2022) imply, and
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the involvement of both metabasite-derived melts and aqueous fluids is likely

necessary to form high-Sr HP TTGs.

4.4.3. The diverse petrogenesis of TTGs in the Neoarchean
Eastern Goldfields Superterrane

The LP, MP and MP-like HP TTGs from the EGST have Ti isotope and trace element
compositions distinct from the high-Sr HP TTGs (figs. 4.1 and 4.8), so they may have
a different origin. Previous studies (Aarons et al., 2020; Greber et al., 2017; Hoare et
al., 2023; Z.J. Zhang et al., 2023) have investigated the Ti isotope compositions of Eo-
Paleoarchean (4.0 — 3.2 Ga) TTGs with similar elemental compositions to these EGST
TTGs (figs. 4.1 and 4.8), and have used thermodynamics-based Ti isotope
fractionation modelling to demonstrate that their 5*°Ti values are best explained by
metabasite partial melting followed by fractional crystallisation (Hoare et al., 2023; Z.J.
Zhang et al., 2023). To facilitate comparison between these samples and the EGST
TTGs, | classified these TTGs into LP, MP, MP-like HP and high-Sr HP TTGs after
Moyen (2011) and Smithies et al. (2019). | was unable to confidently classify the TTGs
from the Kaapvaal Craton that were analysed by Greber et al. (2017) and two TTGs
from the Itsaq Gneiss Complex measured by Z.J. Zhang et al. (2023) as these samples
did not have sufficient trace element concentration data available. The remaining TTG
samples were all classified as MP TTGs and MP-like HP TTGs. None of the Eo-
Paleoarchean TTGs are classified as LP TTGs or high-Sr HP TTGs.

While in the EGST, high-Sr HP TTGs have distinct, higher 5*°Ti than MP and MP-like
TTGs at ~70 wt% SiO2 content, this observation does not hold when global TTG data
are also considered (fig. 4.8a). MP and MP-like HP TTGs form a broad, shallowly
increasing trend with SiO2, with 5*°Ti rising from ~0.2%o. at 65 wt% SiO2 to ~0.5%. at
75 wt% SiOz2, which fully overlaps with the EGST high-Sr HP TTGs. This observation
is consistent with previous findings that metabasite partial melting and calc-alkaline-
like differentiation — which is followed by the BFG and high-Sr HP TTGs — produce
similar 3*°Ti vs SiOz2 trends (Hoare et al., 2023; Z.J. Zhang et al., 2023). Consequently,

Ti isotopes alone cannot distinguish between mechanisms of TTG formation, and

133



0612 . b) . - 0.6
0.5 - ¢ - - . L 0.5
I | |
3 , 40 RECT: 3
< 0.4 . { ;T 4 e -04 =
2 FraRvIARE 1y 2
o 031 m  py gy O Oy, w7 - 0.3 10
0.2+ 'O . o - 0.2
a| ]
0.1 T I:;I T T T T T m T T 01
650 675 700 725 750 0.0 0.2 0.4 0.6 0.8
SiO; (Wt%) TiO, (Wt%)
061 ¢ c) . 4t o6
05-¢ " * o - 0.5
,—g... .g 0 . ‘ | A ‘I:] I-J|:||:::| | B +| A E
0450 (o e L . -04 T
= B/ | 4 vy pg | A =
o oo3{ gyovy 4 %, ge a0 feak
%W . ! A
0.21g 7 ' - 0.2
u] m
0.1 ¢ L Ll Ll Ll I I T 1 01
0 100 200 300 400 500 O 20 40 60 80
SrlY (La/Yb)n
0618 f) e [06
0.5 1 i’ » ¢ - 0.5
9 *a A A ¢ 3
= 0.4 - [:E‘.-o ‘ . 04 £
i= 7V A A Y =
] y A Ay 2
o3l Lo GLe Ao 3 F03 o
5 e
0297 o s v/ n - 0.2
1 1
0.1 ¢ 1 1 [hl 1 1 01
0 500 1000 0 5 10 15
Sr (ppm) Nb (ppm)

EGST, Yilgarn Craton

Literature Data

MP-like HP TTGs
O MPTTGs

Modelled metabasite
partial melts at = 1 GPa

A High-Sr HP TTGs
MP-like HP TTGs

m MPTTGs

¢ LPTTGs

Figure 4.8: EGST TTG (solid symbols) and global TTG (open symbols) 6*Ti (%) vs a) SiO:
(Wwt%), b) TiO2 (wt%), c) Sr/Y, d) (La/Yb)n where REE concentrations are normalised to ClI-
chondrite values from O’Neill (2016) e) Sr (ppm), and f) Nb (ppm). Literature TTG data are
from Aarons et al. (2020), Hoare et al. (2023) and Z.J. Zhang et al. (2023), and were classified
after Moyen (2011) and Smithies et al. (2019). Uncertainty in 5*Ti is shown as the 95%
confidence interval. The grey shading shows modelled metabasite partial melt elemental and
isotopic compositions at = 1 GPa and 10 — 40% melting, after modelling by Hoare et al. (2023)

and Z.J. Zhang et al. (2023).
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having the full liquid line of descent, as | do here with the BFG sanukitoids, is
necessary to conclusively prove TTGs formed by fractional crystallisation of mantle-
derived magmas using Ti isotopes. It is when looking at incompatible trace element
compositions that the high-Sr HP TTGs are revealed to be distinct to the other
analysed TTGs, with higher Sr concentrations, Sr/Y and (La/Yb)n (chondrite-
normalised REE concentration ratio) (figs. 4.8c-e). The LP TTGs appear to generally
have higher 3*°Ti than the other TTGs, but whether this is a global signature is unclear

as the only Ti isotope data available are from EGST LP TTGs.

The elemental and Ti isotope compositional similarity between the EGST MP TTGs
and MP-like HP TTGs and the literature MP TTGs and MP-like HP TTGs respectively
suggests that they may have a common petrogenesis. Metabasite partial melting at
moderate-high pressures (= 1 GPa) can readily generate melts with 5*°Ti values of 0.2
— 0.3%0 due to retention of light Ti isotopes in residual amphibole and Fe-Ti oxides
(Chapter 3 of this thesis, section 3.4.3.2; Hoare et al., 2023; Klaver et al., 2024; Z.J.
Zhang et al., 2023), which can explain the composition of almost all the EGST MP and
MP-like HP TTGs. The heavier Ti isotope composition (0.482 £ 0.023%o.) of the most
evolved MP TTG sample (222660) was likely generated by fractional crystallisation of
Fe-Ti oxides and Ti-bearing silicate minerals from less evolved TTG magmas (Hoare
et al., 2020, 2023; Z.J. Zhang et al., 2023).

Modelling by Z.J. Zhang et al. (2023) demonstrated that Ti isotope fractionation during
metabasite partial melting is expected to have a small pressure dependence. This is
because rutile replaces amphibole as the dominant host of Ti in the residue at high
pressures (~2 GPa). Rutile fractionates Ti isotopes more than amphibole (Hoare et al.,
2022; Mandl, 2019; W. Wang et al., 2020), hence high pressure melting generates
melts with 3*°Ti values up to 0.1%o higher than low-medium pressure melting.
However, while the trace element compositions of MP and HP TTGs imply they formed
by melting at different pressures, they have indistinguishable Ti isotope compositions,
both within the EGST and globally (fig. 4.8). This similarity may be because pressure
is not the only factor controlling the balance between amphibole and Fe-Ti oxides in
the residual assemblage. Hoare et al. (2023) modelled melting of a range of
metabasite compositions and showed that protolith TiO2 content is also important as

it controls the abundance of residual Fe-Ti oxides. At high metabasite TiO2 contents
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the pressure effect modelled by Z.J. Zhang et al. (2023) can even be reversed as
ilmenite, which fractionates Ti isotopes more than rutile, becomes stable alongside
amphibole at low pressures. The effect of variable protolith TiO2 content on Ti isotope
fractionation during metabasite melting may therefore be obscuring any variation of

TTG &*°Ti with pressure of melting.

While two EGST LP TTGs with 3*°Ti of 0.40 — 0.46%. (504940 and 501356) plot at the
evolved end of the TTG differentiation trend, another two LP TTG samples with SiO2
= 70 wt% (500854 and 501345) plot ~0.1%o. above this trend (fig. 4.8a), with &*°Ti
values of 0.513 + 0.016%. and 0.586 + 0.016%. respectively. Crustal reworking
involving a second stage of intra-crustal anatexis is one way to further elevate 6*°Ti at
lower SiO2 and higher TiO2 contents, and this effect has been observed in migmatised
TTGs and Archean intra-crustal differentiates (Hoare et al., 2023; Z.J. Zhang et al.,
2023). However, both these LP TTG samples display primary igneous textures, such
as rhythmic layering and feldspar phenocrysts, with no evidence for migmatisation or
gneissic banding, suggesting they have not experienced a second stage of melting.
As mentioned previously, melting a Ti-rich source at low pressures can generate
isotopically heavier melts due to the presence of residual iimenite (Hoare et al., 2023).
However, melting Ti-rich sources also produces parental melts that are comparatively
richer in Ti than those from lower-Ti sources. These LP TTGs have low TiO2 contents
of 0.3 — 0.4 wt% and are not notably enriched in Ti relative to other EGST TTGs (fig.
4.8b), hence it is unlikely that their metabasite protoliths had significantly elevated TiO2

contents.

An alternative possibility is that these samples have experienced more extensive
crystallisation from their parental magmas than other TTGs with similar SiO2 contents.
If these LP TTGs had relatively low-Si parental magmas compared to the other LP
TTGs, they may have undergone more crystallisation by ~70 wt% SiO2 than other
TTGs with comparable SiO2. Hoare et al. (2023) modelled crystallisation pathways for
low-Si tonalite (~67 wt% SiO2) which demonstrated that crystallisation of such a
magma, and fractional crystallisation in particular, can produce magmas with &*°Ti >
0.5%0 at ~70 wt% SiO2 (fig. 4.9a). | therefore propose that the elevated 3*°Ti of these
LP TTGs most likely results from them having a low-SiO2 parental magma that has

undergone relatively extensive crystallisation in comparison to other TTGs of similar
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composition. This effect may have been supplemented by them having a slightly — but

not significantly — more Ti-rich source.

a) b) i
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Figure 4.9: a) 6®Ti (%) vs SiO2 (Wt%) comparing the EGST LP TTGs to modelled melt
compositions from the low-Si tonalite crystallisation models of Hoare et al. (2023). The low-Si
tonalite starting composition is SiO» = 66.79 wt% and 6*Ti = 0.23%.. b) Simplified models of
melt 5*°Ti evolution vs the fraction of melt that has crystallised (fsis) during equilibrium and
fractional crystallisation with asgig—merr = 0.99960 from a TTG parental magma with 5*7i =
0.25%.. The blue rectangle shows the 6*Ti compositions (including 95% ci) of the most
evolved (SiO2 = 76 wt%) EGST LP TTG samples — 233699 and 240623.

The most evolved TTGs are two LP TTG samples, 233699 and 240623, with SiO2 =
76 wt%. The samples have very high &*°Ti values of 1.007 + 0.016%0 and 1.385 +
0.020%o respectively, and likely formed by intra-crustal crystallisation of TTG parental
magmas. To investigate the crystallisation conditions responsible for their Ti isotope
compositions, | modelled Ti isotope fractionation of a TTG parental magma with a
starting 8*°Ti value (6*°Ti,) of 0.25%. during equilibrium and fractional crystallisation.
The Ti budget of the mineral assemblage crystallising from tonalitic magmas is
dominated by hornblende + ilmenite * biotite + titanomagnetite (e.g. Hoare et al., 2023;
Moyen and Martin, 2012; Z.J. Zhang et al., 2023). Very small amounts of Ti can also
be hosted in plagioclase but this does not result in significant Ti isotope fractionation
(Greber et al., 2021; Mandl, 2019). Hoare et al. (2023) and Z.J. Zhang et al. (2023)
calculated that such crystallising mineral assemblages result in solid-melt fractionation
factors (aspiig—merr) < 1, with values down to 0.99960 when abundant ilmenite forms

in the latter stages of crystallisation. | hence use ayig—meir = 0.99960 in my
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calculations to estimate the upper limit of how melt *°Ti may increase during TTG
crystallisation. Equilibrium crystallisation is an example of closed-system behaviour,
so the evolution of melt Ti isotope composition (§*°Ti,,.;.) can be calculated using
equation 4.1, where ¢ is given by equation 4.2 and f,;i4 is the fraction of melt that has
crystallised.

6P Timere = €fsoria + 6 Tip  (4.1)

&€ = (@sotig-merr — 1) X 1000 (4.2)
Fractional crystallisation, on the other hand, is an open-system process that can be

modelled using the Rayleigh fractionation equation (equation 4.3).

8% Timere = (1000 + 5*Tig) x (1 = frotia) @otie-met=0) ) = 1000  (4.3)

The results of the modelling are plotted in figure 4.9b. Although these are simplified
models in that they use a single ag,i4-meir Value and hence ignore any potential
changes in the crystallising assemblage, they demonstrate that equilibrium
crystallisation is incapable of generating melts with high enough 5*°Ti values to explain
the most evolved LP TTGs from the EGST. In contrast, extensive (f5o1iq > 0.8)
fractional crystallisation can produce melts with comparable 5*°Ti to these samples.
Higher ag,ia—meir Values (i.e. closer to 1) due to less ilmenite crystallising would
require greater extents of fractional crystallisation to generate the most evolved LP
TTGs, while melts formed by equilibrium crystallisation would have even lower 5*°Ti
values. Therefore, the Ti isotope compositions of the most evolved LP TTGs from the

EGST require differentiation of TTG magmas via extensive fractional crystallisation.

Overall, Ti stable isotopes provide evidence for contemporaneous formation of TTGs
by multiple different mechanisms in the Neoarchean EGST, Yilgarn Craton. LP, MP
and MP-like HP TTGs formed by partial melting of hydrous metabasites over a range
of pressures, followed by fractional crystallisation. In contrast, the parental magmas of
the high-Sr HP TTGs had a mantle source that was metasomatised by fluid-fluxed
eclogite melts. These magmas then evolved via hornblende-dominated fractional
crystallisation to form the high-Sr HP TTGs. Generation of TTGs by two distinct
mechanisms at the same time and in the same location demonstrates that TTG-
forming processes were likely more diverse and complex than is generally

appreciated.
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4.4.4. Global significance of high-Sr HP TTGs

In the prior discussion | have provided further support for the formation of high-Sr HP
TTGs by fractional crystallisation of sanukitoid magmas, and demonstrated the
contemporaneous petrogenesis of TTGs by two distinct mechanisms in the
Neoarchean EGST, Yilgarn Craton. In this section | investigate the potential global
significance of high-Sr HP TTGs, and hence of TTG formation from mantle-derived
sanukitoid magmas. To do this, | searched for occurrences of TTGs with similar
geochemical compositions to the EGST high-Sr HP TTGs on other Archean cratons.
These global high-Sr HP TTGs exhibit the key geochemical characteristics listed by
Smithies et al. (2019) — K20/Na20 < 0.5, Sr > 500 ppm (but ideally > 700 ppm), Sr/Y
> 100, Yb < 0.4 ppm and La/Yb > 60 at SiO2 > 70 wt%. | used literature compilations
of global TTG geochemical analyses by Moyen (2011) and T.E. Johnson et al. (2019),
as well as the GEOROC Database compilation for Archean cratons (DIGIS Team,
2024) and regional compilations for the Pilbara Craton (Vandenburg et al., 2023),
southern Séao Francisco Craton (Simon et al., 2021) and south-east Superior Province
(Mole et al., 2021), to help identify these occurrences. My resulting compilation of high-
Sr HP TTG occurrences is presented in table 4.2. | then used my own compilation of
published Archean-Paleoproterozoic sanukitoid geochemical data to determine
whether the high-Sr HP TTGs are temporally and spatially associated with sanukitoid
magmatism to help assess the likelihood of their petrogenesis via the sanukitoid

fractional crystallisation model.

While temporal and spatial association with sanukitoids supports formation of high-Sr
HP TTGs by fractional crystallisation of metasomatised mantle-derived parental
magmas, more detailed investigation is necessary to confirm this petrogenesis for
each individual high-Sr HP TTG occurrence. The presence of complementary
hornblendite cumulate xenoliths, which formed by accumulation of the fractionated
minerals, can provide additional support for the fractional crystallisation origin of high-
SrHP TTGs (Liou and Guo, 2019; Rollinson, 2021; Smithies et al., 2019), and reported
occurrences of such cumulates are also recorded in table 4.2. Furthermore, it is
important to note that the absence of associated sanukitoids does not preclude the
formation of high-Sr HP TTGs by fractional crystallisation of sanukitoid magmas.

Sanukitoids are only a minor component of late Archean terranes (e.g. Laurent et al.,
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Figure 4.10: Simplified age distributions of high-Sr HP TTG, sanukitoid and other granitoid occurrences on Archean cratons where high-Sr HP TTGs are identified
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Blein et al. (2024), Shang et al. (2004, 2010), Tchameni et al. (2000) and Turnball et al. (2021).
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Table 4.2: List of high-Sr HP TTG occurrences on Archean cratons worldwide, sanukitoid occurrences temporally and spatially associated with them, and reports
of associated hornblendite cumulates. The full list of references? is provided at the end of the table.

Craton Location High-Sr HP TTG occurrences Hornblendite Temporally and spatially associated sanukitoids
Suite Age (Ma) Refs.? cumulates? Suite Age (Ma) Refs.?
Amazonian Carajas Equigranular 2870 [1 Rio Maria granodiorite 28725 [2]
Craton Province granodiorite, Tucuma
area
Baltic Eastern Sample H34 from the ~2700 [3] Arola intrusion 2734 + 3 [4]
Shield Finland Naavala grey gneiss Loso intrusion 2719+ 19
Siikalahti intrusion ~2680
Congo Chaillu massif  High La/Yb TTG suite ~2910-  [5] Mesocratic to melanocratic  ~2850 — [5]
Craton 2840 gneisses 2830
Dharwar Western block  Trondhjemite from the ~2650 [6]
Craton Sargur region
Central block Sample KG27 (exact 2540 [7, 8] e.g. Belur granodiorite suite 2527 + 4 [9]
location unclear) Closepet granite ~2560 — e.g.
2510 [10]

Gajendragarh granodiorite- 2517 £ 8 [9]
granite suite

Kaapvaal Barberton Stolzberg pluton ~3450 [11]
Craton Greenstone Weergevonden pluton 3434 + [12]
Belt 18
Badplaas pluton ~3260 [11, 13]
Nelshoogte pluton 3236 +1 [13]
North West Itsaq gneiss complex > 3700 [14]
Atlantic Greenland Uivak | gneiss suite > 3600 [15]
Craton Igananguit 3023 [16] Qeretaussaq diorite 3050 [16]

granodiorite
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Table 4.2 continued:

Craton Location High-Sr HP TTG occurrences Hornblendite Temporally and spatially associated sanukitoids
Suite Age (Ma) Refs.? cumulates? Suite Age (Ma) Refs.?
North Eastern Block  Granodiorite from the 2550 +4 [17] Quartz diorite-monzodiorite ~ ~2550 [20]
China Jiubing area, Northern from the Jiubing area
Craton Liaoning Block
Trondhjemite from the ~2547 —  [18] Quartz diorite-granodiorite ~2550 [18, 21]
Shiwen area, Eastern 2517 from the Shiwen area
Liaoning province
Trondhjemite from the ~2500 [19] Yes Petrogenetically-linked ~2500 [19]
Zuamenzi-Gualanyu diorites from the Zuamenzi-
area, Eastern Hebei Gualanyu area
terrane
Trans-North Multiple TTG gneisses ~2500 - [22, 23] Mention of hbl- Coeval dioritic gneisses ~2526 — [22, 23]
China Orogen  from the Datong- 2450 accumulation from the Datong-Huai’an 2485
Huai’an Complex melanosomes by [22], Complex
but absence noted by
[23]
Western Block  Tonalite-granodiorite ~2500 [24] Diorites from the Yinshan ~2525 — [25-27]
from the Siziwangqi Block, e.g. Dajitu pluton, 2480
area, Yinshan Block Banshentu pluton
Pilbara Sholl Terrane Granodiorite from the  ~3070 [28]
Craton Whundo area
Sao Southern Sdo  Tonalitic gneiss from 2778 £ 2 [29] Absence in the Bagao
Francisco  Francisco the Bagao complex complex noted by [29]
Craton Craton TTG gneisses fromthe ~2730 [30, 31] Granodioritic-tonalitic [30-32]

Campo Belo complex

gneisses from the Campo

Belo Complex
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Table 4.2 continued:

Craton Location High-Sr HP TTG occurrences Hornblendite Temporally and spatially associated sanukitoids
Suite Age (Ma) Refs.? cumulates? Suite Age (Ma) Refs.?
Superior Southeast TTGs from the Abitibi  ~2740 —  [33] Multiple intrusions from the  ~2690 — e.g.
Province Superior Subprovince, e.g. 2660 Abitibi Subprovince, e.g. 2670 [34, 35]
Province Round Lake Batholith, Otto Lake Stock, O’Brien
Kenogamissi Stock, Abitibi Batholith
Batholith, Hope Lake
Stock
Various TTGs from [33] Multiple intrusions from the  ~2830 — e.g.
the Opatica Opatica Subprovince, e.g. 2690 [36]
Subprovince Lac au Bout Intrusion,
Théodat Complex, La
Sicotiére Suite
Various TTGs from [33] Multiple intrusions from the  ~2685 — e.g.
the Pontiac Pontiac Subprovince, e.g. 2675 [37]
Subprovince Lac Fréchette Pluton, Lac
Fourniére Pluton, Rémigny
Batholith
Yilgarn Youanmi Lady Lydia granitoid, ~2760 — [38] Cagacaroon syenogranite, ~2747 [39]
Craton Terrane Yalgoo area, 2750 Yalgoo Dome, Murchinson
Murchinson domain domain
Eastern TTGs from the ~2700 - [40] Yes Black Flag Group, southern  ~2700 — [40, 41]
Goldfields southern Kalgoorlie 2650 Kalgoorlie Terrane 2650
Superterrane Terrane (fig. 4.7)

“References: [1] Silva-Silva et al. (2020); [2] de Oliveira et al. (2009); [3] Martin (1987); [4] Heilimo et al. (2010); [5] Blein et al. (2024); [6] Ranjan et al. (2020);
[7] T.E. Johnson et al. (2019); [8] Moyen (2011); [9] Dey et al. (2017); [10] Moyen et al. (2001); [11] Clemens et al. (2006); [12] Laurent et al. (2020); [13] André
et al. (2019); [14] Liu et al. (2016); [15] Hoffmann et al. (2011); [16] Garde (1997); [17] Wang et al. (2017); [18] Liu et al. (2020); [19] Liou and Guo (2019); [20]
Sun et al. (2020); [21] Bao et al. (2022); [22] Chen et al. (2022); [23] J. Zhang et al. (2023); [24] Chen et al. (2017); [25] Ma et al. (2013); [26] D. Wang et al.
(2018); [27] Wang et al. (2024); [28] Vandenburg et al. (2023); [29] Farina et al. (2015); [30] Miranda et al. (2018); [31] Simon et al. (2021); [32] Engler et al.
(2002); [33] Mole et al. (2021); [34] Sutcliffe et al. (1990); [35] Fayol & Jébrak (2017); [36] Pedreira Pérez et al. (2024); [37] Godet et al. (2023); [38] Mahbubul

Ameen and Wilde (2018); [39] Clos et al. (2018); [40] Smithies et al. (2019); [41] Smithies et al. (2022).
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2014a), and on many cratons, such as the Pilbara Craton (e.g. Smithies and
Champion, 2000), the Superior Craton (e.g. Stern et al., 1989) and the Baltic Shield
(e.g. Heilimo et al., 2010), they primarily occur as relatively small intrusions of < 10 km
in length. It is possible that the sanukitoids in a given region have simply not been
preserved. Alternatively, in regions with poor exposure, that have not been mapped in
detail, or that lack geochemical data, sanukitoids might not yet have been discovered

or recognised as such.

High-Sr HP TTGs are found on many cratons globally and range from Eoarchean to
early Paleoproterozoic in age (fig. 4.10). However, high-Sr HP TTGs become more
abundant and widespread after ~3 Ga, with > 3.2 Ga occurrences limited to the
Kaapvaal and North Atlantic Cratons (André et al.,, 2019; Clemens et al., 2006;
Hoffmann et al., 2011; T. E. Johnson et al., 2019; Laurent et al., 2020; Liu et al., 2016;
Yearron, 2003). This temporal distribution of high-Sr HP TTGs mirrors that of
sanukitoids (e.g. Laurent et al., 2014a; Martin et al., 2009), and the majority of the < 3
Ga high-Sr HP TTG occurrences are spatially and temporally associated with
sanukitoid magmatism (table 4.2, fig. 4.10). For example, Blein et al. (2024) report
coeval ~2910 — 2840 Ma high-Sr HP TTGs and sanukitoids in the Chaillu Massif,
Congo Craton, while both sanukitoids and high-Sr HP TTGs are documented in the
~2730 Ma Campo Belo Complex, Sao Francisco Craton (Engler et al., 2002; Miranda
et al., 2018; Simon et al., 2021). Several instances of contemporaneous high-Sr HP
TTGs and sanukitoids are found in the North China Craton between 2540 — 2440 Ma
(see table 4.2). It is therefore viable that these high-Sr HP TTGs formed by a similar
mechanism to the EGST high-Sr HP TTGs, and ultimately had a metasomatised

mantle source.

The above findings suggest that mechanisms for forming TTG magmas may have
globally diversified in the late Archean (< 3 Ga). This shift might have arisen from
secular geodynamic changes that facilitated metabasite melt-mantle interaction,
enabling the metasomatised mantle sources of sanukitoids and high-Sr HP TTGs to
form. Many studies have proposed a geodynamic transition in response to secular
cooling of the Earth as the reason behind the observed diversification and
compositional evolution of granitoids in the late Archean (e.g. Cawood et al., 2022;

T.E. Johnson et al., 2019; Laurent et al., 2014a), although the exact nature of this
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change varies depending on when subduction is considered to have begun. If
subduction is thought to have already been operating in the early Archean, this change
may be increasing depth and decreasing degree of slab melting in response to mantle
cooling (e.g. Martin et al., 2009; Martin and Moyen, 2002), making melt-mantle
interaction and mantle metasomatism more favourable. Some studies also suggest
that mantle cooling can steepen the subduction angle (e.g. Sizova et al., 2010; van
Hunen and Moyen, 2012), again resulting in greater interaction between slab melts
and mantle peridotite. An opposing view is that this geodynamic transition represents
the onset of subduction and modern-style plate tectonics (e.g. Cui et al., 2022;
Smithies and Champion, 2000). After this, crustal materials could be readily recycled
into the mantle, leading to the formation of metasomatised mantle. Meanwhile,
intraplate geodynamic models proposed for the late Archean invoke crustal drips
developing asymmetric, subduction-like shapes due to intra-crustal flow, enabling
interaction between crustal melts and the mantle (Nebel et al., 2018; Vandenburg et
al., 2023). An alternative perspective is that metasomatised mantle and sanukitoid
magmas were generated continually throughout the Archean, but that these magmas
could not be efficiently extracted and emplaced at upper crustal levels until the
lithosphere strengthened and trans-lithospheric structures such as shear zones could
develop (Smithies et al., 2019). In this model, these structures facilitated extraction
and shallow emplacement of the deep-sourced sanukitoid (and by extension high-Sr
HP TTG) magmas. Regardless of the exact geodynamic change involved, the
increased abundance of high-Sr HP TTGs in the late Archean likely reflects greater

crust-mantle interaction from this time onwards.

T.E. Johnson et al. (2019) investigated secular changes in TTG compositions and
observed increasing maximum values for Sr concentration and Sr/Y with decreasing
age. T.E. Johnson et al. attributed this to an increase in the depth of metabasite melting
in the mid-late Archean, with more residual garnet (which sequesters Y) and less/no
residual plagioclase (which sequesters Sr) present during TTG genesis. However, in
light of the results presented in this chapter, the onset of high-Sr HP TTG formation by
fractional crystallisation of metasomatised mantle melts may contribute significantly to
generating the increasing trends in Sr and Sr/Y seen by T.E. Johnson et al. (2019).

Consequently, the straight-forward interpretation that secular evolution of TTG
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compositions primarily reflects changes in melting depth is complicated by the multiple

mechanisms for forming TTG magmas.

Derivation of high-Sr HP TTGs from a metasomatised mantle source instead of from
recycled metabasite means that some late Archean TTGs represent net addition of
material to the continental crust, instead of only recording reworking of pre-existing
crust. Therefore, while the late Archean was a period of increasing intra-crustal
reworking which generated potassic granitoids through melting of pre-existing TTGs
and metasediments (e.g. Laurent et al., 2014a; Li et al., 2020), it also saw a rise in
addition of new material to the continental crust through sanukitoids and high-Sr HP
TTGs. This result may have implications for crustal growth models as they might have
underestimated juvenile input in the late Archean. However, only ~20% of TTGs are
classified as HP TTGs (Moyen, 2011), of which high-Sr HP TTGs form only a subset.
High-Sr HP TTGs therefore constitute a relatively minor proportion of TTG magmatism

and their contribution to crustal growth is likely limited.

While metasomatised mantle appears to be a viable source for the parental magmas
of many high-Sr HP TTGs, this petrogenesis is unlikely to account for all high-Sr HP
TTG occurrences. The Eo- and Paleoarchean high-Sr HP TTGs from the Kaapvaal
and North Atlantic Cratons were emplaced long before any sanukitoids or sanukitoid-
like rocks were in those locations (André et al., 2019; Clemens et al., 2006; Hoffmann
et al., 2011; T. E. Johnson et al., 2019; Laurent et al., 2020; Liu et al., 2016; Yearron,
2003). Unlike the younger high-Sr HP TTG occurrences, which were emplaced during
Laurent et al. (2014a)'s magmatic phase 2 when diverse granitoid magmas formed
over a short period of time, these TTGs formed during the long-lasting initial period of
TTG generation on these cratons (magmatic phase 1, fig. 4.10). The distinctive “high-
Sr high pressure” geochemical signature of these TTGs may instead record intra-
crustal mineral fractional crystallisation/accumulation of tonalitic magmas formed by
partial melting of hydrous metabasite. Indeed, Laurent et al. (2020) proposed that the
high-Sr HP TTGs from the ~3450 Ma Stolzburg pluton, Kaapvaal Craton, were
generated by the combined effects of plagioclase accumulation and loss of interstitial
liquid of a tonalitic parental magma, that itself was likely generated by metabasite

partial melting at moderate pressures.
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Figure 4.11: Comparison between global high-Sr HP TTGs spatially and temporally associated
with sanukitoid magmas and those high-Sr HP TTG occurrences not spatially and/or
temporally associated with sanukitoid magmas. a) Mg# vs SiO, (wt%), b) Ni (ppm) vs SiO;
(Wt%), c) Cr (ppm) vs SiO (Wt%), d) Sr (ppm) vs SiO, (Wt%), e) Sr/Y vs Y (ppm), and f) La/Yb
vs Yb (ppm). The full list of references for the data is given in table 4.2.
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Furthermore, not all Meso-Neoarchean high-Sr HP TTGs are clearly associated with
sanukitoid magmatism. One example is a ~2650 Ma trondhjemite from the Western
Dharwar Craton (Ranjan et al., 2020) where no sanukitoid occurrences have been
reported. Additionally, this high-Sr HP TTG predates the earliest sanukitoid
magmatism in the Dharwar Craton by ~20 Myr (Balakrishnan and Rajamani, 1987;
Krogstad et al., 1991). Fractional crystallisation of sanukitoid parental magmas may
hence seem to be an unlikely petrogenesis for this trondhjemite. The situation is similar
for a ~3068 Ma high-Sr HP TTG from the Sholl Terrane of the Pilbara Craton
(Vandenburg et al., 2023) and a 2778.2 £ 1.5 Ma high-Sr HP TTG from the Bacgao
Complex in the Sdo Francisco Craton (Farina et al., 2015), neither of which are
spatially associated with sanukitoids. However, as mentioned earlier, the absence of
associated sanukitoids does not mean that they never existed — it is possible that in
these regions the sanukitoids were not preserved or that their occurrence has just not

been reported yet.

Although there is no clear compositional difference between high-Sr HP TTGs
associated with sanukitoids and high-Sr HP TTGs not associated with sanukitoids,
some minor distinctions can be made. High-Sr HP TTGs associated with sanukitoids
generally extend to higher concentrations of compatible trace elements (Ni, Cr) and
higher Mg# than those of comparable SiO2 content that are not associated with
sanukitoids (figs. 4.11a-c), which may reflect the mantle source of the former TTGs.
Occurrences associated with sanukitoids also extend to more extreme Sr
concentrations and Sr/Y and La/Yb values, particularly in comparison to the Eo- and
Paleoarchean high-Sr HP TTGs (figs. 4.11d-f).

Taken altogether, it appears that high-Sr HP TTGs show a similar temporal distribution
to sanukitoids, becoming significantly more widespread in the late Archean (< 3 Ga).
This observation may imply that formation of TTGs by fractional crystallisation of
metasomatised mantle-derived magmas became a global phenomenon at this time
due to a geodynamic transition than promoted metabasite melt-mantle interaction.
Therefore, contemporaneous formation of TTGs by multiple distinct mechanisms could
have occurred on many cratons in the late Archean. However, while it is important to
recognise that some Archean TTGs ultimately had a mantle source and hence

represent net addition of material to the continental crust, high-Sr HP TTGs are
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relatively uncommon, so this mechanism likely accounts for only a minor amount of
TTG magmatism and crustal growth. On top of that, it seems improbable that this
petrogenesis can explain all high-Sr HP TTG occurrences, particularly those from the
Eo- and Paleoarchean, so the geochemical compositions of these TTGs may instead
record high pressure melting of hydrous metabasite or mineral fractional
crystallisation/accumulation of magmas formed by melting metabasite at lower
pressures (Ding et al., 2024; Kendrick et al., 2021; Laurent et al., 2020; Mathieu, 2022;
Rollinson, 2021).

4.5. Conclusions

In this chapter | present the Ti stable isotope compositions of Neoarchean TTGs from
the Eastern Goldfields Superterrane, Yilgarn Craton. The &*°Ti values of the high-Sr
HP TTGs plot at the evolved end of the Black Flag Group sanukitoid differentiation
trend and Rayleigh fractionation models, demonstrating that they formed by
hornblende-dominated fractional crystallisation of low La/Th BFG magmas. This result
provides further support for the formation of these TTGs by fractional crystallisation of
metasomatised mantle-derived sanukitoid magmas. The Ti isotope compositions of
other TTGs from the EGST can be explained by partial melting of hydrous metabasites
sometimes followed by fractional crystallisation. Ti stable isotopes therefore provide
evidence for contemporaneous formation of TTGs by multiple mechanisms — hydrous
metabasite partial melting and fractional crystallisation of mantle-derived magmas — in

the Neoarchean Yilgarn Craton.

TTGs with similar geochemical compositions to the EGST high-Sr HP TTGs are
reported on many Archean cratons, and their temporal distribution largely mirrors that
of sanukitoids, becoming more abundant and widespread after ~3 Ga. Many of these
global high-Sr HP TTGs are spatially and temporally associated with sanukitoids,
implying that formation of TTGs by fractional crystallisation of metasomatised mantle-
derived magmas was a global phenomenon that emerged in the late Archean due to
a geodynamic transition that promoted interaction between metabasite melts and
mantle peridotite. These high-Sr HP TTGs represent newly identified, albeit

volumetrically minor, juvenile additions to the continental crust in the late Archean.
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5. Constraints on the uranium isotope
compositions of sanukitoids and
TTGs

5.1. Abstract

Surface oxygenation has significantly increased over the Earth’s history, impacting the
biogeochemical cycling of redox-sensitive elements such as uranium (U). The
resulting changes in the elemental and isotopic compositions of near-surface materials
— seafloor-altered oceanic crust (AOC) and sediments — can be recorded by secular
variations in the geochemistry of mantle-derived igneous rocks. Terrestrial U isotope
fractionation is primarily driven by redox changes, meaning the U isotope compositions
(d%%8U) of these materials are particularly sensitive to varying surface oxygenation.
Sanukitoids are mantle-derived rocks that contain an AOC-derived melt component
and were emplaced across the Great Oxidation Event (GOE, ca. 2.45 — 2.05 Ga). In
this chapter | present the U isotope compositions of Archean and Paleoproterozoic
sanukitoids and Paleozoic sanukitoid analogues, aiming to investigate whether the
5238U of AOC recycled into the mantle changed over the Earth’s history in response to
increasing surface oxygenation. These data are supplemented by analyses of
tonalites-trondhjemites-granodiorites (TTGs) to better constrain the U isotope

composition of the dominant constituent of Archean continental crust.

| show that 8%38U variations in TTGs and sanukitoids are primarily driven by apatite
fractional crystallisation, which causes a decrease in 3*%U during magmatic
differentiation. These data provide the first evidence of high-temperature U isotope
fractionation influencing the &2%U of bulk terrestrial igneous rocks. Archean
sanukitoids not affected by fractional crystallisation display distinctly higher 238U and
Th/U than most modern arc magmas and hence show no evidence of U%* addition to

their mantle sources by oxidised aqueous fluids, implying that Archean sanukitoids
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were oxidised by different mechanisms to modern arc magmas. A Paleoproterozoic
sanukitoid and the Rogart high Ba-Sr granite pluton have elevated 8%38U values, likely
due to an isotopically heavy recycled sediment component. Overall, data for
sanukitoids and their analogues are too limited to confidently discern any secular
evolution in their U isotope compositions. Comparison with literature granitoid 238U
data reveals that Neoarchean granitoids not affected by apatite fractional
crystallisation have indistinguishable 3%38U (-0.27 + 0.02%.) to Phanerozoic granitoids.
They may have marginally heavier 523U than the bulk silicate Earth (BSE, -0.306 *
0.026%0) but improved constraints on the U isotope composition of the BSE are
needed to confirm this observation. Eoarchean granitoids appear to have considerably
lighter 8%38U (~-0.38%o0) than Neoarchean granitoids and the BSE, although available
Eoarchean data are very limited and further work is necessary to investigate whether

granitoid, and hence potentially mantle, 3%38U increased over the Archean.

5.2. Introduction

Atmospheric and oceanic oxygenation have significantly changed over the Earth’s
history (e.g. Canfield, 2005; Holland, 2006; Lyons et al., 2014; Reinhard and
Planavsky, 2022), hugely impacting the biogeochemical cycling of redox-sensitive
elements. The first major increase in atmospheric molecular oxygen (O2) occurred
during the “Great Oxidation Event” or “GOE” at ca. 2.45 — 2.05 Ga (e.g. Bekker et al.,
2004; Gumsley et al., 2017; Holland, 2002; Poulton et al., 2021), when O:2 levels
increased from negligible (< 0.001% of the modern level; Pavlov and Kasting, 2002)
to up to ~10% of the modern level (e.g. Holland, 2006; Kanzaki and Murakami, 2016).
A second major increase in surface oxygenation, called the “Neoproterozoic
Oxygenation Event” or “NOE”, followed at ca. 0.8 — 0.55 Ga (e.g. Fike et al., 2006;
Och and Shields-Zhou, 2012; Scott et al., 2008; Shields-Zhou and Och, 2011).
Atmospheric Oz increased towards modern levels (e.g. Krause et al., 2022; Sperling
et al., 2015) and the oceans are thought to have become fully oxygenated at this time
(e.g. Canfield, 1998; Canfield et al., 2007; Reinhard and Planavsky, 2022; Sahoo et
al., 2012).
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Increasing surface oxygenation also affected the deep Earth as the chemical and
isotopic compositions of near-surface materials — seafloor-altered oceanic crust (AOC)
and sediments — being recycled into the mantle changed. Some of these recycled
crustal materials end up in the mantle source regions of igneous rocks, meaning that
mantle-derived rocks can record changes in Earth’s surface oxygenation (Ahmad et
al., 2023, 2022; Andersen et al., 2015; Liu et al., 2019; Moreira et al., 2023; Stolper
and Bucholz, 2019). Sanukitoids are mantle-derived rocks that contain a recycled
crustal component — most likely a metabasite-derived melt (see Chapter 3 of this
thesis) — and crucially were emplaced across the GOE during the late Archean-early
Proterozoic transition (fig. 1.8; e.g. Askkour et al., 2023; Bruno et al., 2020; Laurent et
al., 2014a). Sanukitoid geochemistry may therefore record changes in the composition
of crustal materials, in particular of AOC, being recycled into the mantle across the
GOE. As high Ba-Sr granite suites are proposed to be Phanerozoic analogues of
Archean and Paleoproterozoic sanukitoids (e.g. Fowler and Rollinson, 2012), it might
be possible to extend this record to additionally investigate changes in the composition

of recycled crustal materials across the NOE.

Terrestrial cycling of uranium (U) was greatly impacted by changes in surface
oxygenation. U has two major valence states — fluid-mobile U%* and fluid-immobile U**
(e.g. Langmuir, 1978). Consequently, the GOE significantly increased U mobility on
Earth as U** could be oxidised to U®* and liberated from U-bearing minerals by
aqueous fluids for the first time (e.g. Cuney, 2010). This process established a
continental weathering-derived flux of dissolved U to the oceans and addition of U
from seawater to AOC during seafloor alteration began, fractionating U from thorium
(Th) to give AOC low Th/U ratios. Liu et al. (2019) observed variations in the Th/U of
arc igneous rocks through time in response to changes in the Th/U of recycled AOC
at the GOE and NOE. The changes in surface oxygenation also affected U isotopes
as redox changes are the primary driver of terrestrial U isotope fractionation (e.g.
Andersen et al., 2017). Multiple studies of sediments report changes in U isotope
composition (expressed in delta notation as 328U = 10 x [(*38U/?*U)sample /
(238U/235U)crmi145 — 1]) across the GOE (Briiske et al., 2020; Chen et al., 2021; X. Wang
et al., 2018) and NOE (e.g. Chen et al., 2021; Wei et al., 2021). Ophiolites appear to
only show evidence of significant U isotope fractionation during U addition after the

NOE, as U addition to oceanic crust during seafloor alteration before the NOE was
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likely near-quantitative because it occurred under relatively U-poor, anoxic deep ocean
conditions (Rodney et al., 2024, Preprint). Andersen et al. (2015) and Gaschnig et al.
(2021b) propose that the difference in *3U between normal mid-ocean ridge basalts
(N-MORB) and some ocean island basalts (OIB), both of which have low Th/U
indicating addition of recycled U to their mantle sources, records a change in the U
isotope composition of AOC being recycled into the mantle across the NOE. These
studies demonstrate that U isotopes are an effective tracer of secular redox changes

on the Earth’s surface, and that these signatures can be preserved in igneous rocks.

In this chapter | measure the U isotope compositions of Archean and Paleoproterozoic
sanukitoids and their Phanerozoic analogues, aiming to trace changes in the
composition of crustal materials being recycled into the mantle across the GOE and
NOE, as well as changes in the processes involved in this recycling. Pre-GOE samples
consist of ~3421 Ma “sanukitoid-like” rocks and ~2950 Ma sanukitoids from the Pilbara
Craton, and ~2670 Ma sanukitoids from the Black Flag Group (BFG), Yilgarn Craton.
The post-GOE sanukitoids are from the Sao Francisco Craton and Paleocontinent and
are ~2130 Ma. The ~425 Ma high Ba-Sr granite suites from Scotland represent post-
NOE sanukitoid analogues. | measure 823U (= 10% x [(***U/%8U)sample /
(234U/2%8U)crm14s — 1] + 52%4Ucrm145) alongside 5%28U to help assess the extent of recent
U mobility due to weathering and alteration in these samples as these processes may
modify 238U (e.g. Andersen et al., 2015; Charbonnier et al., 2023; Pavia et al., 2023).

The study of U isotopes in sanukitoids is supplemented by analysis of Archean TTGs
(tonalites-trondhjemites-granodiorites) from the Pilbara and Yilgarn Cratons, Western
Australia. These measurements are made to help constrain the U isotope composition
of the main constituent of Archean continental crust. TTGs are compositionally distinct
to modern continental crust as they are sodic (K2O/Na20 < 0.6) with highly fractionated
rare earth elements (REEs) and no negative europium (Eu) anomaly (e.g. Moyen and
Martin, 2012). The change in continental crust composition from sodic Archean TTGs
to the potassic granites that dominate younger upper continental crust (UCC) occurred
at a similar time to the GOE in the late Archean-early Proterozoic, and is thought to
reflect a change in continental crust forming processes resulting from a geodynamic
transition towards modern-style plate tectonics (e.g. Hawkesworth et al., 2020; Laurent

et al., 2014a; Taylor and McLennan, 1995). Whether these changes had any effect on
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the U isotope composition of the continental crust is not currently known. Noordmann
et al. (2016) is the only study to report U isotope measurements of Archean granitoids,
but they only analysed a limited number of samples and did not measure 823U or
discuss whether the 8238U of these samples had been modified by later alteration.
Constraining the evolution of granitoid 823U is important for studies that use U
isotopes in marine sedimentary rocks to trace surface redox processes over the
Earth’s history as weathering of the continental crust is the dominant source of U in
the oceans (e.g. Dunk et al., 2002; Tissot and Dauphas, 2015). At the moment, such
studies have to make the assumption that the 238U of Archean UCC is identical to
that of Phanerozoic UCC (e.g. Chen et al., 2021; X. Wang et al., 2018). Measuring the
U isotope compositions of TTGs will therefore not only provide a useful comparison to

sanukitoids but will also help test the validity of this assumption.

The U isotope measurements of sanukitoids and TTGs were made via the methods
described in Chapter 2, section 2.1, and full sample descriptions are given in Chapter
2, section 2.2. The resulting data are presented and discussed in the rest of this
chapter. However, | first briefly discuss the U isotope compositions of the bulk Earth

and bulk silicate Earth (BSE) which are referred to throughout this chapter.

5.2.1.U isotope compositions of the bulk Earth and the
bulk silicate Earth

The isotopic compositions of the bulk Earth and the bulk silicate Earth are important
points of comparison when interpreting isotope data from terrestrial igneous rocks, as
deviation from bulk Earth or BSE values implies that isotope fractionation has occurred
during the formation of the rock or during post-emplacement processes. It is therefore
crucial that bulk Earth and BSE isotopic compositions are well constrained. There is
currently some uncertainty about the 523U of the bulk Earth — Andersen et al. (2015)
calculated bulk Earth 3%38U of -0.306 * 0.026%. based on high precision
measurements of two meteorites, while Andersen et al. (2017) estimated bulk Earth
0238U to be -0.34%0 based on a larger number of meteorite analyses taken from
Andersen et al. (2015), Connelly et al. (2012) and Goldmann et al. (2015).
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A common approach for estimating the isotopic composition of the bulk Earth is to
measure primitive chondritic meteorites. For U isotopes this comes with multiple
difficulties. First, U concentrations in chondrites are low, meaning large masses of
chondrite sample are needed to make high precision 238U measurements. This was
done by Andersen et al. (2015) who obtained high precision (2se = 0.02 — 0.05%o)
5238 measurements from large chondrite samples of 5 — 25 g. In contrast, Goldmann
et al. (2015) measured chondrite samples mostly weighing < 1 g and as a result their
data have lower precisions (typical 2se = 0.06 — 0.18%0). However, it is difficult to obtain
large samples of meteorites due to their limited volume, meaning Andersen et al. were
able to analyse fewer meteorite samples than Goldmann et al.. Another drawback of
measuring low sample masses is that U is concentrated in minor phases (e.g. apatite,
oldhamite) in chondrites and is therefore susceptible to the “nugget effect” (Tissot and
Dauphas, 2015). The abundance of these minor phases can vary significantly between
small samples, translating into U isotope measurements that are not representative of

the bulk sample composition.

Additionally, the 5**®U of meteorites, and in particular of meteorite finds, may have
been affected by aqueous alteration on Earth, which can mobilise U and fractionate
its isotopes (Andersen et al., 2015). Recent (within the last ~1.5 Myr) disturbance can
be assessed using 5%3*U as U loss or gain shifts *3*U away from secular equilibrium
(d%**U = 0). Andersen et al. (2015) measured 3%3*U alongside 523U in meteorites and
used the combination of 32**U and Th/U to assess the effects of terrestrial weathering
on the meteorites. They subsequently calculated their bulk Earth value using only
samples at secular equilibrium. No 3%**U measurements of chondrites were made by
Goldmann et al. (2015) or Connelly et al. (2012).

Considering the above, | favour the bulk Earth 323U value of -0.306 + 0.026%. (2se, n
= 2) calculated by Andersen et al. (2015). While it is based on a very limited number
of meteorite samples, it is calculated from high precision measurements of large
samples and only includes samples not affected by terrestrial weathering. Further
support for this bulk Earth value comes from its agreement with the independently
calculated bulk Earth 238U value of -0.29 + 0.02%. from Tissot and Dauphas (2015).
This value was calculated using a mass balance between the crustal and mantle U

reservoirs, assuming the bulk Earth has a chondritic U concentration.
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The BSE includes the Earth’s mantle and crust but not its core. Metal-silicate

partitioning experiments predict that negligible U is present in the Earth’s core (e.g.

Faure et al., 2020; Wheeler et al., 2006), hence virtually all terrestrial U is found in the

BSE, and we can assume that the U isotope composition of the BSE is identical to that
of the bulk Earth. | therefore use the -0.306 + 0.026%o as the 523U value for both the

bulk Earth and the BSE in this chapter.

5.3. Results
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Figure 5.1: 5*3%U (%) of Archean and Paleoproterozoic sanukitoids (green), Paleozoic high
Ba-Sr granite suites proposed to be Phanerozoic sanukitoid analogues (red) and Archean
TTGs (blue). Uncertainty on 6***U is shown as 2se. The black dashed line is the BSE 5%%U
value of -0.306 + 0.026%0 (Andersen et al., 2015) and the grey box is the 2se uncertainty on

this value.
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The U isotope compositions of the samples analysed for this chapter are presented in
table 5.1 and figures 5.1 and 5.2. The 23U values of most Archean and
Paleoproterozoic sanukitoids vary from -0.35 to -0.23%o (fig. 5.1). The lower end of this
range is slightly lighter than the 323U of the BSE (-0.306 + 0.026; Andersen et al.,
2015), while the upper end extends to slightly heavier 5238U values than the BSE. One
2.95 Ga sanukitoid from the Pilbara Craton (sample 235917) has distinctly higher
5238U of -0.14 £ 0.05%o. There is 3%38U heterogeneity among sanukitoid samples from
the same suite — the fifteen samples from the Black Flag Group have 623U from -0.33
1 0.03%o to -0.23 £ 0.04%., while the two samples from the Alto Maranhao suite have
distinct 523U values of -0.35 + 0.05%0 and -0.23 + 0.03%.. There is no clear covariation
between sanukitoid 238U and indices of magma differentiation (e.g. SiO2, MgO) (figs.
5.2e and f).

The Paleozoic high Ba-Sr granite suites have 523U values that overlap with the
Archean and Paleoproterozoic sanukitoids and extend to slightly heavier values (-0.29
+ 0.05%o to -0.20 + 0.03%0). The Rogart pluton has distinctly higher 523U (-0.21 +
0.05%o to -0.20 + 0.03%o0) than the Strontian pluton (-0.29 + 0.05%o to -0.26 + 0.05%o).
There is no obvious covariation between 3*2U and indices of differentiation or U

concentration across both high Ba-Sr granite plutons (fig. 5.2).

The 638U values of Archean TTGs cover a similar range to the sanukitoids of -0.39 +
0.05%o to -0.21 + 0.05%0. Most TTGs have 523U within error of the BSE — only two
samples (235945, 500854) are lighter than it and one sample (232744) is heavier than
it. There is no clear difference between the U isotope compositions of TTGs from the
Pilbara Craton and TTGs from the Yilgarn Craton, and no clear covariation between

5238U and indices of differentiation or U concentration (fig. 5.2).

27 out of 40 samples (68%) display 5***U values within error of zero and are therefore
at secular equilibrium. Samples not at secular equilibrium tend to have 3*4U < 0,
extending down to -85 * 5%.. A few samples have 334U significantly higher than zero,
reaching +149 £ 5%o in TTG sample 235965. The BFG sanukitoids cover a limited
5%3*U range from -13 to +7%o, and 14 out of 15 samples have 823*U within error of
zero. TTGs show more heterogeneous 6234U (-85 to +149%.) than sanukitoids (-60 to

+7%o). All high Ba-Sr granite suite samples have 5%**U within error of zero and are
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hence at secular equilibrium. There is no overall covariation between 323U and 3%38U
or U concentration (figs. 5.2a and b), and samples at secular equilibrium cover a
similar range in 238U to those not at secular equilibrium. The only exception to this is
the previously mentioned sanukitoid sample 235917 with 238U of -0.14 + 0.05%o,
which also has the lowest 234U value of all the sanukitoid samples of -60 * 5%o.
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Table 5.1: 5°%U and 5%*U data for the samples analysed in this chapter. Key elemental concentrations and geochemical parameters are also given. The sources
of the major and trace element data for the samples are given in Appendix C. 2se = 2 standard errors. P/P* = Py / (Cen * Ndn)®® where elemental concentrations
are normalised to primitive mantle values from Palme & O’Neill (2014).

Sample Age Location Suite 538U 2se 8B 2se U SiO: Zr Hf Th/U Ce/Mo P/P*
Ma Yoo %o Yoo % ppm wt% ppm ppm

Sanukitoids and analoques

235921 Enclaves ~3421 Pilbara Sanukitoid-like rocks -0.35 0.05 -2 5 421 66.65 209 56 4.82 102 0.18
235921 ~3421 Pilbara Sanukitoid-like rocks -0.35 0.05 -10 5 429 6878 253 6.8 548 102 0.14
235917 2948 Pilbara High-Mg diorite suite -0.14 0.05 -60 5 315 6599 163 43 495 632 0.27
142347 2498 £ 5 Pilbara High-Mg diorite suite -0.31 0.05 1 5 3 59.33 145 4.33
227869 ~2660 Yilgarn High La/Th (high Ni) BFG -0.33 0.03 -1 9 151 4917 114 335 3.95 73 0.39
227873 ~2660 Yilgarn High La/Th (high Ni) BFG -0.24 0.03 -3 9 1.01 4939 110 283 6.84 172 0.38
223149 ~2660 Yilgarn High La/Th (high Ni) BFG  -0.31 0.03 9 144 5067 925 246 447 70 0.45
505567 ~2660 Yilgarn High La/Th (high Ni) BFG -0.25 0.03 9 129 5180 105 28 495 117 0.35
505652 ~2660 Yilgarn High La/Th (high Ni) BFG -0.25 0.03 9 0.73 5290 87 23 4.51 12 0.42
227863 ~2660 Yilgarn High La/Th (high Ni) BFG -0.30 0.03 -3 9 1.09 54.85 104 278 4.05 84 0.51
211213 ~2660 Yilgarn High La/Th (high Ni) BFG -0.23 0.04 5 9 081 5582 102 3.04 430 124 0.46
229900 ~2660 Yilgarn High La/Th (high Ni) BFG -0.29 0.05 2 5 131 61.02 1M1 293 3.70 51 0.32
223157 ~2660 Yilgarn High La/Th (low Ni) BFG  -0.24 0.03 5 9 171 5118 118 3.08 4.73 16 0.44
229901 ~2660 Yilgarn High La/Th (low Ni) BFG  -0.28 0.03 2 9 1.03 56.95 113 298 4.15 43 0.46
230891 ~2660 Yilgarn High La/Th (low Ni) BFG  -0.26 0.05 1 5 128 66.78 129 349 384 75 0.35
227874 ~2690 Yilgarn Low La/Th BFG -0.30 0.05 0 9 134 4377 110 264 523 129 0.50
501922 ~2690 Yilgarn Low La/Th BFG -0.28 0.03 1 9 217 5050 147 3.7 472 265 0.38
505465 ~2690 Yilgarn Low La/Th BFG -0.31 0.04 7 9 275 50.80 121 34 1.96 34 1.43
230733 ~2690 Yilgarn Low La/Th BFG -0.27 0.05 -13 5 14 5859 104 28 433 121 0.39
AMTO2 2130+ 2 Sao Francisco Alto Maranhéo suite -0.35 0.05 -27 5 4 64.20 172 5.68 0.27
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Table 5.1 continued:

Sample Age Location Suite 628U 2se 82U 2se U SiO, Zr Hf Th/U Ce/Mo P/P*
Ma %o %o %o % ppm wt% ppm ppm
Sanukitoids and analogues
AMTO3 2130+ 2  Séo Francisco Alto Maranhao suite -0.23 0.03 -3 9 3 6242 191 6.45 0.30
MAJF 51b 2117 £ 24  Sao Francisco -0.31 0.05 -13 5 1.3 60.32 91 21 5.54 0.23
RA2 425+ 1.5 Scotland Rogart pluton -0.20 0.03 2 9 3.04 5720 127 334 6.28 0.17
RT1 425+ 1.5 Scotland Rogart pluton -0.21 0.05 3 5 151 6298 696 182 6.13 0.33
SR3 425+ 3 Scotland Strontian pluton -0.29 005 4 5 211 6323 218 483 3.64 0.37
SR4 425+ 3 Scotland Strontian pluton -0.26 0.05 1 5 248 6383 109 278 291 0.32
TTGs

235965 3425 Pilbara -0.34 0.05 149 5 136 7148 130 35 389 748 0.23
142870 3500 Pilbara -0.24 0.05 3 5 471 7421 169 47 296 520 0.03
235913 ~3270 Pilbara -0.25 0.05 -59 5 132 6824 127 34 358 720 0.33
235945 3303 Pilbara -0.39 005 M 5 285 6855 351 84 356 373 0.15
178102 2787 Yilgarn -0.24 0.06 -85 5 113 6473 110 29 4093 89 0.41
232744 ~2696 Yilgarn -0.21 0.05 6 5 349 720 154 39 347 912 0.17
502247 ~2670 Yilgarn -0.31 0.03 19 9 354 710 109 33 265 34 0.22
505481 ~2670 Yilgarn -0.25 0.04 4 9 254 702 121 31 3.29 96 0.27
230558 ~2670 Yilgarn -0.26 0.03 4 9 147 6914 109 3.02 388 218 0.31
504718 ~2670 Yilgarn -0.30 0.03 -31 9 122 71.02 107 29 4.13 73 0.29
240405 ~2680 Yilgarn -0.32 0.03 9 344 6577 201 46 445 75 0.19
502533 ~2670 Yilgarn -0.31 0.04 9 525 705 133 38 385 123 0.16
500854 ~2670 Yilgarn -0.37 0.03 9 135 694 225 55 3.60 58 0.22
501356 ~2670 Yilgarn -0.36 0.04 -70 9 798 712 183 45 262 128 0.13
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5.4. Discussion

5.4.1. Weathering

and alteration

Uranium is mobile in aqueous fluids in its oxidised U®* state, making it susceptible to

processes like oxidative weathering and hydrothermal alteration. It is therefore

essential to first determine whether such processes have modified bulk rock 523U

from its original value.
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Figure 5.3: a) 6°*3U (%o) vs Ce/Mo, b) 6***U (%.) vs Ce/Mo, ¢) 6*°U (%s) vs Th/U and d) 63U
(%o) vs Th/U. The dashed lines mark secular equilibrium (6%*U = 0).
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Sample 8%**U can be used to assess whether the 238U-234U system has been disturbed
from secular equilibrium (3%%*U = 0) in the last ~1.5 Myr, approximately five times the
half-life of 234U (246,000 years; Cheng et al., 2013). U loss or gain within this time
period will cause deviation from secular equilibrium (8%%*U # 0). As mentioned
previously, only ~70% of the samples analysed here are at secular equilibrium. The
main process that may have recently disturbed U in a sample is chemical weathering.
U loss during chemical weathering preferentially mobilises 234U as the daughter atoms
sit in damaged recaoil sites, leaving the rock with 3%3*U < 0 (e.g. Chabaux et al., 2003).
Oxidative weathering may also affect 523U as light U isotopes concentrate in the U8*
state and are preferentially removed by aqueous fluids (e.g. Stirling et al., 2007; Wang
etal., 2015). Samples affected by weathering are therefore expected to have low 524U
and high 823U (Charbonnier et al., 2023; Pavia et al., 2023). This is observed for
sanukitoid sample 235917 which has the highest 523U value of -0.14 + 0.05%o
accompanied by low 3%*U of -60 + 5% (figs. 5.2a and b). Four additional sanukitoid
samples and four TTG samples also have 5234U < 0, but it is not clear if their 328U has
been significantly affected by weathering as their 523U values all fall within the range
of samples at secular equilibrium and no correlation between 328U and 3**U is
observed (figs. 5.2a and b). However, 524U is only sensitive to U mobilisation within
the last ~1.5 Myr, so samples currently at secular equilibrium could have been affected
by weathering/alteration > 1.5 Ma. Interestingly, the majority of BFG samples (14 out
of 15) are at secular equilibrium. Most of these samples are taken from drill cores
meaning they have not been exposed subaerially, which may explain why their U

isotope systematics show little evidence of recent disturbance.

Trace element ratios can also trace oxidative weathering and are not restricted to the
last 1.5 Myr. Mo and Ce have similar compatibilities during mantle melting, but Mo is
preferentially lost during oxidative weathering while Ce is not, causing Ce/Mo to
increase (Gaschnig et al., 2021b). Two samples display elevated Ce/Mo and negative
0%34U — one is 235917 which was previously discussed and the other is TTG sample
235913 (fig 5.3b). TTG samples 232744 and 142870 have 3%**U near secular
equilibrium, but they also have significantly elevated Ce/Mo of 912 and 520
respectively, as well as some of the highest 238U values of the TTGs (-0.21 * 0.05%o
and -0.24 * 0.05%0 respectively) (fig. 5.3), which implies that their U isotope

systematics may have been affected by weathering >1.5 Myr. Several other TTG
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samples have high Ce/Mo but there is no obvious covariation between this and §2%U,
so it is unclear if their U isotope systematics have been affected by oxidative
weathering. Th/U is also sensitive to weathering processes. Soluble U®* is removed
while Th remains immobile, hence weathering causes Th/U to increase. The utility of
Th/U for assessing chemical weathering among the samples analysed here is limited
as | avoided selecting samples with high Th/U specifically because this characteristic
implies that they likely experienced U loss due to weathering which may have affected
their 52%8U. As a result, the Th/U of the samples in this study covers a relatively narrow
range from 2 to 7, and no overall covariation between 823U or 3%***U and Th/U is

observed (figs. 5.3c and d).

Six samples have 324U > 0, indicating U gain within the last ~1.5 Myr. Most of these
deviations are relatively small (+6 + 5%o to +19 + 9%o), but sample 235965, a ~3425
Ma TTG from the Pilbara Craton, has very high 334U of +149 * 5%.. This is the largest
deviation from secular equilibrium observed among the samples analysed here.
Groundwaters are enriched in 234U primarily due to alpha recoil processes enabling
234U to be more readily mobilised from minerals (Dunk et al., 2002; Osmond and
Cowart, 1976). Groundwaters can display extremely high 3*U typically of ~+50 to
+1000%o (Osmond and Cowart, 1976), meaning they have the potential to significantly
increase 523U while only slightly increasing U concentration. Addition of U from high
5%34U groundwaters could therefore explain the high 334U of sample 235965, even
with its relatively low U concentration of 1.36 ppm. The 323U of groundwaters away
from U ore deposits are unknown (Andersen et al., 2017). Modelling by Rodney et al.
(2024, Preprint) suggests that U addition from groundwater does not significantly affect
5238U unless a large amount of U is added. As sample 235965 has a relatively low U
concentration and 6238U of -0.34 + 0.05%o indistinguishable from the BSE, | propose
that there is no clear evidence for significant modification of this sample’s 238U by
interaction with groundwater. Other samples with 523U > 0 represent comparatively
minor deviations from secular equilibrium, and hence potential for recent modification

of 323U by groundwaters is even more limited.

To summarise, four samples (Yilgarn Craton TTG 232744, and Pilbara Craton
sanukitoid 235917 and TTGs 235913 and 142870) show isotopic and trace element

evidence for modification by oxidative weathering. As processes involving U oxidation
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can alter 5%38U, these samples are excluded from further discussion. Other samples
also show 3%*U < 0, but as there is no clear evidence that this was associated with
oxidative processes, there is nothing to suggest that the 5238U of these samples has
been significantly modified from their original values. To reflect some degree of
uncertainty about the 228U values of these samples, they are plotted as open symbols
on subsequent figures. Samples with 234U > 0 may have experienced U addition from
high 3%3*U groundwaters, in particular Pilbara Craton TTG 235965. However, there is
no evidence suggesting that this process has altered sample 5238U, so these samples

are also plotted as open symbols on subsequent figures.

5.4.2. U isotope fractionation by magmatic differentiation

In this section | investigate whether the U isotope compositions of TTGs and
sanukitoids have been affected by magmatic differentiation. While no correlation
between 523U and indices of magma differentiation (e.g. SiO2, MgO) is observed for
sanukitoids or TTGs (figs. 5.2e and f), 3%38U does show some correlation with trace
element concentrations and elemental anomalies (fig. 5.4). All samples, but especially
TTGs, display negative correlation between 823U and Zr and Hf concentrations (figs.
5.4a and b). The 523U of TTGs is also positively correlated with phosphorus (P)
anomaly (P/P* = Pn / (Cen * Ndn)%°, where elemental concentrations are normalised
to primitive mantle values from Palme and O’Neill, 2014) (fig. 5.4c). Some sanukitoid
samples, particularly those with relatively low 323U, also plot on this trend.
Additionally, there appears to be some degree of covariation of *¥U with europium
(Eu) anomaly (Eu/Eu* = Eun / (Smn * Gdn)%5, where elemental concentrations are
normalised to Cl chondrite values from O’Neill, 2016) (fig. 5.4d). Most of these
geochemical parameters are sensitive to the crystallisation of accessory minerals from
magmas. The Zr and Hf concentrations trace zircon, while P/P* traces the phosphate
mineral apatite. In contrast, Eu/Eu* is primarily used to look at plagioclase fractionation
as Eu is particularly compatible in plagioclase. Accessory minerals such as zircon,
apatite, titanite and allanite are the main hosts of U in TTGs and sanukitoids (e.g.
Cuney, 2010; Martin et al., 2009; Moyen and Martin, 2012), so the trends in figure 5.4
suggest that the U isotope compositions of TTGs and sanukitoids have been
fractionated by accessory minerals during magma differentiation. The most primitive
samples are BFG sanukitoids with SiO2 < 55 wt% which all plot towards the high 523U
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end of the trends, suggesting that accessory mineral fractionation during magma

differentiation drove rock compositions towards lower 6238U values.
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Figure 5.4: TTG and Archean-Paleoproterozoic sanukitoid 5?**U (%) vs a) Zr (ppm), b) Hf
(ppm), ¢) phosphorus anomaly P/P* (= Pn/ (Cen * Ndn)*° where elemental concentrations are
normalised to primitive mantle concentrations from Palme and O’Neill (2014)) and d) europium
anomaly Eu/Eu* (= Eun/ (Smn * Gdn)*° where elemental concentrations are normalised to Cl

chondrite values from O’Neill (2016)).

One possible interpretation of the trends in figure 5.4 is that they were generated by
zircon accumulation as zircon is the main host of Zr and Hf in felsic rocks (e.g. Hoskin
and Schaltegger, 2003). In this scenario, the negative direction of the correlations
between 523U and Zr and Hf concentrations implies that the accumulated zircons
preferentially incorporated 23°U over 238U and hence had low 32%U. However, this
inference is inconsistent with analyses of zircon mineral separates that find zircon to
have average 8%38U of -0.13%. (Hiess et al., 2012; Livermore et al., 2018), which is
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significantly heavier than modern upper continental crust (8%38U = -0.3%., Noordmann
et al.,, 2016; Tissot and Dauphas, 2015). Tissot et al. (2019) found slightly lighter
average 6238U of ~-0.3%o for individual Hadean-Paleoarchean zircon crystals from the
Jack Hills conglomerate, but this is still inconsistent with the trends in the TTGs and
sanukitoids as it suggests zircons have indistinguishable 3%38U to silicate magmas.
Therefore, it appears that accumulation of zircons is unable to explain 523U variations

in TTGs and sanukitoids.

The conflicting observations described above could be reconciled if the correlations in
my data are instead caused by incomplete dissolution of isotopically heavy zircon
during sample preparation. To investigate this possibility, | compare the expected
amount (mass in ng) of U in the fully dissolved sample, calculated from published U
concentrations and the mass of sample dissolved, to the actual amount of U in the
analysed sample solution. The latter value was calculated from the measured
238/238U ratio. All the 236U in the analysed sample solution comes from the IRMM-
3636 double spike, so the mass of 236U in the sample is known. Multiplication of the
238/238U ratio by the mass of 236U gives the mass of 238U in the sample. As 233U makes
up ~99% of naturally occurring U, the mass of 238U can be used as an estimate of the
total non-spike U content of the analysed sample solution. Figure 5.5 plots the
expected U content of the fully dissolved sample against the measured U content of
the analysed sample. The majority of samples have a U yield within 10% of the
expected yield. This suggests that there was no significant U loss from samples due
to incomplete sample dissolution, and therefore this cannot be the cause of 523U
variations. A mass balance calculation can be done to provide further support for this
conclusion. For dissolution of a sample the following mass balance between the bulk
sample, dissolved material and undissolved zircon can be written (equation 5.1):
8% Upuke = Xyircon > Usircon + (1 = Xzircon) 0> Ugissorvea  (5.1)

X,ircon 1S the proportion of sample U hosted in undissolved zircon. §%38U,;,.,n is taken
to be the mean zircon 5238U of -0.13%. from Hiess et al. (2012) and Livermore et al.
(2018). To change the U isotope composition of a sample from the average 523U of
UCC (62*3U,,;.= -0.3%o0, Noordmann et al., 2016; Tissot and Dauphas, 2015) to the
lightest TTG 238U value (6%°%U;ssommeq= -0.-39%o0), approximately 35% of sample U

needs to be lost in undissolved, isotopically heavy zircon. If the heaviest TTG 3%¢U
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value of -0.24%o is instead used for §2*3U,,,,, the proportion of sample U that needs
to be lost rises to ~58%. | have shown above that none of the samples show evidence

for this magnitude of U loss (fig. 5.5), again demonstrating that incomplete sample

dissolution cannot explain the observed 523U trends my samples.
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Figure 5.5: The mass of U in the analysed sample solution calculated from the measured
2381J/238U (ng) vs the expected mass of U calculated from the published U concentration (ng).
The solid line is the 1:1 line while the dashed lines show when the mass of U calculated from
2381231 is between +10% and -10% from the 1:1 line.

Alternatively, the variations in TTG and sanukitoid 3%38U may have been generated by
fractional crystallisation of an isotopically heavy mineral assemblage. The correlation
between 6238U and P/P* (fig. 5.4c) implicates apatite. The U isotope compositions of
two igneous apatite mineral separates have been measured, and both have higher
5238U than the BSE (Hiess et al., 2012; Livermore et al., 2018). Hiess et al. (2012)
analysed apatite from a carbonatite that has 323U of -0.17 + 0.11%o. (2se, n = 2), while
Livermore et al. (2018) measured 3%38U of -0.04 + 0.04 (2se, n = 1) in apatite from a
1341 Ma leucogabbro. These data suggest that apatites preferentially incorporate
heavy U isotopes to give them higher 238U than the BSE. Fractional crystallisation of
isotopically heavy apatite would drive the remaining melt to lower 3**U and P/P* and
can hence explain the positive correlation between 6238U and P/P* for samples with
P/P* < 0.3 (fig. 5.4c). However, as neither Hiess et al. (2012) or Livermore et al. (2018)
measured the bulk U isotope composition of the host rock, | cannot be completely

certain of the direction of U isotope fractionation between apatite and
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silicate/carbonatite melt. To provide additional support for preferential incorporation of
238 over 235U into apatite, | consider whether this direction of fractionation is
consistent with stable isotope theory. In silicate magmas with oxygen fugacity (fO2)
similar to TTG magmas (fO2 = AFMQ -1 + 1.1, given in log units relative to the fayalite-
magnetite-quartz buffer, Ge et al., 2023), U is predominantly present as 6-fold
coordinated U** with average U-O bond lengths of 2.26 — 2.29 A (Farges et al., 1992;
Halse, 2014). On incorporation into apatite, U preferentially partitions onto Ca sites
which are either 7- or 9-fold coordinated, and hence have longer, weaker bonds (e.g.
Luo et al., 2009). Traditional equilibrium isotope theory predicts that heavy isotopes
concentrate in the phase with the stronger, stiffer bonds (e.g. Bigeleisen and Mayer,
1947; Young et al., 2015), which in this case is the silicate melt. Apatite preferentially
incorporating heavy U isotopes is therefore inconsistent with traditional equilibrium

isotope fractionation of stable isotopes.

Mass-dependent isotope fractionation can also be caused by non-equilibrium, kinetic
processes. Kinetic isotope fractionation occurs during unidirectional processes where
isotope exchange is incomplete. In the scenario of apatite crystallisation, kinetic U
isotope fractionation could arise from faster diffusion of the lighter isotope (?3°U)
through the melt than the heavier isotope (238U). This process would generate apatite
crystals enriched in 23U, so kinetic isotope fractionation cannot explain why apatite
appears to preferentially incorporate heavy U isotopes. Additionally, it is unlikely that
significant kinetic fractionation of U isotopes occurs in gabbros and TTGs. These are
plutonic rocks that cooled slowly, making it likely that equilibrium was obtained, and in
TTGs no kinetic isotope fractionation has been observed for lighter elements (e.g. Ca,
Fe) that are more susceptible to large kinetic isotope fractionations (Antonelli et al.,
2021; Doucet et al., 2020; Liou et al., 2022; Z. J. Zhang et al., 2023).

The discussion above shows that mass-dependent isotope fractionation cannot
explain why apatite appears to be enriched in 233U over 23°U. But apatite is not alone
in displaying this characteristic — U coordination also increases during incorporation
from silicate melt (6-fold coordination) into other igneous accessory minerals (e.g. 8-
fold in zircon, e.g. Bea, 1996; 7-fold in titanite, Tiepolo et al., 2002), and the available
data suggest that these minerals are also dominantly enriched in 238U over 2%°U (Hiess

et al., 2012; Livermore et al., 2018; Tissot et al., 2019). Something must therefore be
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consistently driving U isotope fractionation due to changes in U coordination/bond
length in the opposite direction to that expected from mass-dependent fractionation.
Nuclear field shift (NFS) effects may provide the answer. As U is a heavy element with
a high atomic number (Z = 92), it also experiences mass-independent equilibrium
isotope fractionation due to NFS effects. While traditional equilibrium isotope
fractionation results from the mass differences between isotopes, NFS effects arise
from differences in nuclear size and shape between isotopes and can generate larger
magnitudes of fractionation than traditional equilibrium mass-dependent fractionation
(e.g. Bigeleisen, 1996; Fuijii et al., 2009). NFS effects cause odd neutron number nuclei
to be displaced to lower energies — for U this results in the ground state of 23°U having
lower electronic energy than 238U (Bigeleisen, 1996). Consequently, in isotope
substitutions involving a change in U redox state, isotope fractionation due to NFS
effects results in heavy U isotopes concentrating in U** over U®* (e.g. Bigeleisen, 1996;
Fujii et al., 2006) — the opposite direction to fractionation predicted by traditional
equilibrium isotope theory (e.g. Bigeleisen and Mayer, 1947; Young et al., 2015). It is
therefore possible that NFS effects may also cause a change in the direction of U
isotope fractionation for isotopic substitutions only involving a change in U
coordination/bond length. This could explain why apatite and other igneous accessory

minerals appear to preferentially incorporate 238U over 235U.

| propose that 323U variations in Archean igneous rocks are mainly caused by
fractional crystallisation of apatite, which is enriched in 238U as a result of NFS effects.
The 523U values of samples with P/P* < 0.3 were lowered by fractional crystallisation
of isotopically heavy apatite, while the U isotope compositions of samples with P/P* >
0.3 were not significantly affected by apatite fractional crystallisation. Apatite is a near-
ubiquitous accessory mineral in silicic igneous rocks (Webster and Piccoli, 2015), and
is the main phosphate mineral in TTGs (e.g. Moyen and Martin, 2012) and sanukitoids
(e.g. Martin et al., 2009), hence apatite exerts a dominant control on P concentrations
during magma evolution. Global geochemical datasets for both TTGs and Archean-
Paleoproterozoic sanukitoids show decreasing P20s5 contents as SiO2 contents
increase (fig. 5.6). For the Alto Maranh&o suite sanukitoids from the Sao Francisco
Craton, which plot on the &2%U vs P/P* trend, Rayleigh fractional crystallisation
modelling has demonstrated that apatite fractional crystallisation is required to explain

the evolution of their REE concentrations (Seixas et al., 2013). These pieces of
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evidence demonstrate that apatite crystallisation, and hence apatite fractional
crystallisation, likely occurred during the differentiation of TTG and sanukitoid
magmas. In contrast, while trace element modelling suggests apatite fractional
crystallisation also occurred in the BFG sanukitoids (Smithies et al., 2019), the majority
of BFG samples that | analysed are relatively primitive (SiO2 < 58 wt%) and likely have
not experienced significant amounts of apatite crystallisation, as demonstrated by their

high P/P*, hence their 8%38U is unaffected by apatite fractional crystallisation.
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Figure 5.6: P-Os (Wt%) vs SiO2 (wt%) for a global dataset of a) TTGs from Moyen (2011), and
b) Archean and Paleoproterozoic sanukitoids from my own compilation of published
geochemical data of rocks described as “sanukitoid” in published literature.

In addition, figure 5.7 shows that the 823U of TTGs from the Eastern Goldfields
Superterrane, Yilgarn Craton, is broadly negatively correlated with their titanium (Ti)
isotope composition (8*°Ti), and in particular TTGs with the lowest 523U have the
highest 3*°Ti. It is well understood that magma &*°Ti increases during differentiation
due to fractional crystallisation of isotopically light Fe-Ti oxides and Ti-bearing silicates
(e.g. amphibole) (e.g. Hoare et al., 2020; Millet et al., 2016), so the fact that the most
differentiated TTG samples from a Ti isotope perspective also have the lowest 5238U
supports my proposal that it is apatite fractional crystallisation, rather than mineral

accumulation, that is responsible for the observed trend.
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Figure 5.7: Eastern Goldfields Superterrane TTG 8?%U (%o) vs 6*Ti (%o). Uncertainty on 86U
is shown as 2se, and uncertainty on 0*Ti is shown as the 95% confidence interval. The Ti
stable isotope data are presented in Chapter 4 of this thesis.

To investigate the feasibility of apatite fractional crystallisation generating the observed
magnitude of U isotope fractionation, | use Rayleigh fractionation modelling (equation
5.2). The weighted mean 5238U of unfractionated Archean samples with P/P* > 0.3 (-
0.27 + 0.01%o, 2sd, n = 18) was used as the starting composition (§2°2U,). FY,,, is the

fraction of U remaining in the melt.
6238U — 103 (Fr[r{elt(aapatite—melt_l) _ 1) + 6238U0 (52)

| use the U isotope composition of the ~1341 Ma leucogabbro apatite (523U = -0.04 +
0.04%o, Livermore et al., 2018) to constrain the apatite-silicate melt fractionation factor
(Aapatite—merr)- As the 823U of the bulk leucogabbro has not been measured, an
assumption must be made about the U isotope composition of the melt the apatite
crystallised from. Before ~600 Ma, the mantle is thought to have had uniform U isotope
composition identical to the chondritic bulk Earth (Andersen et al., 2015), so | assume
that the leucogabbro apatite crystallised from a melt with 238U = -0.306 + 0.037%o
(2sd). | therefore estimate A?38Uapatite-meit (= 8238Uapatite - 3>8Umelt) to be +0.27 + 0.08%o
(2sd), which is equivalent to agpatite—merr= 1.00027 £ 0.00008 (2sd). Figure 5.8
presents the results of the Rayleigh fractionation modelling. To generate the U isotope
composition of the lightest TTG sample (322U = -0.39 + 0.05%o), around 20 — 60% of
total U needs to be removed by apatite fractional crystallisation. As mentioned

previously, other common accessory phases in TTGs and sanukitoids, such as titanite
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and zircon, are also predominantly enriched in 238U (Hiess et al., 2012; Livermore et
al., 2018; Tissot et al., 2019), so fractional crystallisation of these minerals alongside
apatite may additionally help drive magma 323U to lighter values during differentiation.
This simple modelling hence demonstrates that fractional crystallisation of isotopically

heavy apatite is a viable cause of observed 623U variability in TTGs and sanukitoids.
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Figure 5.8: 5**U (%) vs the fraction of U remaining in the melt (FY,,,), showing Rayleigh
fractionation modelling of apatite fractional crystallisation in TTG magmas. The apatite-melt
fractionation factor (Qapaiite-meit) IS constrained by the leucogabbro apatite from Livermore et al.
(2018) to be 1.00027 + 0.00008 (2sd). The Rayleigh fractionation models are shown in blue,
with the dashed lines and shaded blue region showing the 2sd uncertainty. The black dashed
line marks the lightest TTG &**8U value and the grey shaded region shows the 2se uncertainty
on this value (-0.39 = 0.05%., sample 235945).

Overall, these data add to growing evidence of U isotope fractionation at high
temperatures in igneous rocks (Hiess et al., 2012; Livermore et al., 2018; Tissot et al.,
2019, 2017). They also provide the first demonstration that U isotope fractionation by
magmatic processes can influence the 8238U of bulk terrestrial igneous rocks.
However, there are currently few data available on mineral separate U isotope
compositions, particularly for non-zircon minerals as previous studies have focussed
on geochronological applications of these data (Hiess et al., 2012; Livermore et al.,
2018). There are also very limited constraints on mineral-melt U isotope fractionation
factors. The best way to determine these would be direct measurements of coexisting
glass and mineral phases, but measuring the 3*%U of the bulk rock sample that

mineral separates are taken from would also prove valuable.
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5.4.3. U isotope variations in sanukitoids

In this section | investigate 238U variations in Archean and Paleoproterozoic
sanukitoids, as well as in the Paleozoic high Ba-Sr granite suites, their Phanerozoic
analogues. | first discuss sanukitoid 3%*8U-Th/U compositions and compare these to
modern arc magmas to investigate crustal recycling processes, before focussing on
5238 variations within individual rock suites. Then | assess whether there was any
temporal evolution in the U isotope compositions of sanukitoids and their analogues,
particularly across the GOE and NOE when significant changes in terrestrial U cycling
likely occurred (e.g. Andersen et al., 2015; Cuney, 2010; Partin et al., 2013). Finally, |
discuss the implications of these findings for the creation of oxidised sanukitoid

magmas in the Archean and Paleoproterozoic.

5.4.3.1. 238U — Th/U systematics

The ratio of thorium (Th) to uranium (Th/U) is a powerful tool to use in combination
with &238U, particularly when investigating crustal recycling processes. Th and U are
both present as tetravalent cations of similar radius in the mantle and are hence not
significantly fractionated during melting processes. In contrast, soluble U%* can form
under oxidising conditions, meaning mobilisation of U®" in aqueous fluids can
fractionate U from immobile Th and modify Th/U from the BSE value of 3.77 (Faure et
al., 2020; Wipperfurth et al., 2018). Sanukitoid magmas formed by interaction between
mantle peridotite and an incompatible element-enriched component derived from
recycled crustal material(s), most likely a metabasite-derived melt (see Chapter 3; e.g.
Martin et al., 2009; Smithies and Champion, 2000). On the present-day Earth, crustal
materials are predominantly recycled into the mantle at subduction zones, and
components derived from them (e.g. melts, fluids) migrate into the mantle source
regions of arc magmas. Comparison of sanukitoids to modern arc magmas can hence
help with interpreting the 8238U-Th/U systematics of sanukitoids, as well as provide

insight into how crustal recycling processes have changed over the Earth’s history.
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Figure 5.9: Th/U vs 6%8U (%o) of Archean and Paleoproterozoic sanukitoid samples not
affected by apatite fractional crystallisation (P/P* > 0.3) and high Ba-Sr granite suites,
compared to modern arc lavas. Modern arc lava data from Andersen et al. (2015), Avanzinelli
et al. (2018) and Freymuth et al. (2019). BSE Th/U from Faure et al. (2020) and Wipperfurth
et al. (2018). BSE &°*U from Andersen et al. (2015).

Currently, the U isotope compositions of lavas from three modern arcs — the Mariana
arc (Andersen et al., 2015), the Izu arc (Freymuth et al., 2019) and the Campanian arc
(Mount Vesuvius, Avanzinelli et al., 2018) — have been measured. |zu and Mariana arc
lavas form a trend extending away from the BSE towards lower 238U and Th/U values
(fig. 5.9). This reflects the influence of oxidised, slab-derived aqueous fluids, which

preferentially mobilise and transport U over Th and hence generate magmas with low
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Th/U ratios. U can only be mobilised by aqueous fluids if it is oxidised (U%*), and
Freymuth et al. (2019) proposed that the oxidation of U4+ to U®* in unaltered sections
of subducted oceanic crust is associated with a U isotope fractionation of ~-0.2%.,
creating low 8238U fluids. In contrast, lavas from Mount Vesuvius have higher 523U
than the BSE which is thought to be due to the involvement of isotopically heavy marl

melt in their formation (fig. 5.9) (Avanzinelli et al., 2018).

Archean and Paleoproterozoic sanukitoids with 28U not affected by apatite fractional
crystallisation (P/P* > 0.3) are also plotted on figure 5.9. They display distinct 3238U-
Th/U systematics to the modern arc lavas. The sanukitoids have 22U ranging from
similar to the BSE to slightly higher values, and their weighted average 828U of -0.27
1 0.01%o0 (2se, n = 17) is slightly heavier than the BSE (-0.306 + 0.026%o; Andersen et
al., 2015). Sanukitoid Th/U is also generally higher than the BSE value, excepting one
BFG sample with Th/U of ~2. The sanukitoid compositions therefore contrast with the
low 32%U and Th/U of modern fluid-dominated arc magmas. A Welch’s unequal
variances t-test confirms that the difference between the U isotope compositions of
sanukitoids (mean 623U = -0.27%o, 0 = 0.03%o, n = 16) and fluid-dominated arc
magmas (mean 523U = -0.40%o, 0 = 0.04%., n = 20) is statistically significant, #(34) =
10.2, p < 0.001. This result suggests that the processes transferring U from recycled
crust to the mantle source of magmas may have changed since the end of the

Archean.

The low 8238U and Th/U signature of modern arc magmas is generated by oxidation
of U#* in the subducted slab to fluid-mobile U%* by oxidising aqueous fluids, followed
by transfer of this 23°U-enriched fluid to the mantle wedge (Freymuth et al., 2019).
There is hence no evidence for addition of U%* to the mantle source of sanukitoids by
oxidised aqueous fluids. The absence of this process in the Mesoarchean-
Paleoproterozoic can be explained by temporal changes in the redox state of the
crustal materials being recycled into the mantle. Before the first major increase in
atmospheric O2 at the GOE (~2.45 — 2.05 Ga; e.g. Bekker et al., 2004; Gumsley et al.,
2017; Poulton et al., 2021), atmospheric O2 levels were much lower than present at <
0.001% of the modern level (e.g. Pavlov and Kasting, 2002), resulting in anoxic deep
ocean waters. These anoxic conditions likely prevailed until the NOE (~800 — 550 Ma;
e.g. Och and Shields-Zhou, 2012; Scott et al., 2008) when further significant increase
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in atmospheric O2 enabled oxygenation of the deep ocean (e.g. Canfield, 1998;
Canfield et al., 2007; Reinhard and Planavsky, 2022). At a similar time, seawater
sulfate concentrations increased to be similar to modern levels, leading to addition of
sulfate as anhydrite and oxidation of Fe?* by sulfate during seafloor alteration (e.g.
Fakhraee et al., 2019; Farquhar et al., 2010). These conditions meant that seafloor-
altered oceanic crust likely did not become substantially oxidised until the early
Phanerozoic (Stolper and Keller, 2018), a change that is reflected by the concurrent
increase in the fO2 of island arc magmas (Stolper and Bucholz, 2019). As the redox
budget of Archean and Proterozoic AOC was low and dominated by relatively low
solubility Fe3* from magnetite in serpentinised mantle, aqueous fluids derived from
such recycled AOC were not significantly oxidising (Evans and Tomkins, 2011). Hence
transformation of U%* to U®* by oxidised aqueous fluids in recycled crust, and its
associated low 5%38U and Th/U signature (Freymuth et al., 2019), did not appear until
after the NOE.

The sanukitoid samples mostly have Th/U values of ~4 — 6, higher than the BSE (3.77,
Faure et al., 2020; Wipperfurth et al., 2018). Two samples have even higher Th/U of
~6.5, while only one sample has Th/U lower than the BSE value (BFG sanukitoid
505465). Primitive sanukitoids from the BFG show general positive covariation
between Th/U and tracers of garnet fractionation (fig. 5.10a and b), such as the CI-
chondrite normalised ratio (La/Yb)n, and the shape coefficient A1 which quantifies the
steepness of their chondrite-normalised REE pattern (O’Neill, 2016). The heavy Ti
stable isotope compositions (high 3*°Ti values) of primitive BFG sanukitoids trace
residual rutile during eclogite partial melting (see Chapter 3 of this thesis), and figure
5.10c shows that their Th/U also positively covaries with 3*°Ti. These trends suggest
that the high Th/U of BFG sanukitoids may originate from the eclogite-derived melt
component that metasomatised the sanukitoid mantle source, which formed in
equilibrium with residual garnet and rutile. Th** is slightly more incompatible than U**
in garnet due to it having a slightly larger ionic radius (e.g. Blundy and Wood, 2003;
Elkins et al., 2008). The elevated Th/U of these primitive sanukitoids may therefore be
explained by preferential retention of U over Th in residual minerals such as garnet
during formation of the eclogite melt component. The high Th/U signature was then
transferred to the BFG sanukitoid mantle source alongside high &*Ti during

metasomatism.
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Figure 5.10: Primitive (SiO2 < 58 wt%) Black Flag Group sanukitoid Th/U vs a) (La/Yb)n, b) A+
(O’Neill, 2016) and c) *Ti (%o). REE concentrations are normalised to the Cl chondrite values
from O’Neill (2016). The Ti stable isotope data are presented in Chapter 3 of this thesis, and
uncertainty on 8*Ti is shown as the 95% confidence interval.

Sanukitoids not affected by apatite fractional crystallisation (P/P* > 0.3) display 538U
values that are on average (weighted mean =-0.27 £+ 0.03%o, 2sd) slightly heavier than
the BSE (-0.306 + 0.026%.), hence there may have been a small U isotope
fractionation during sanukitoid parental magma formation in the opposite direction to
mobilisation of U%* by oxidising aqueous fluids. The limited magnitude of U isotope
fractionation supports there being no redox change during transfer of U from recycled
crustal material to the sanukitoid mantle source. As U#* is insoluble in aqueous fluids,
| propose that a melt component is responsible for any U addition to the sanukitoid
mantle source. This process is consistent with the Ti stable isotope compositions of
primitive sanukitoids which require the involvement of a metabasite-derived melt
component in sanukitoid formation (Chapter 3). In contrast to Th/U, no correlation is

observed between 3*8U and (La/Yb)n, A1 or &*°Ti for primitive BFG sanukitoids. It
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therefore appears that, while residual silicate minerals such as garnet can fractionate
U from Th, they do not cause significant U isotope fractionation. Consequently, the
origin of the slightly heavier U isotope composition of sanukitoids relative to the BSE

is not immediately evident, and possible explanations for it are discussed in section

54.4.4.

5.4.3.2. The high Ba-Sr granite suites
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Figure 5.11: High Ba-Sr granite suite 52U (%.) vs a) Th/U, b) initial Sr isotope composition
(4’Sr/%°Sr);, ¢) eNd(t), and d) 5'**Ba (%.). Radiogenic isotope compositions are from Fowler et
al. (2001, 2008) and Ba stable isotope compositions are from Zhu et al. (2024). Uncertainty
on &"*®Ba is shown as 2sd.

While data are limited, the two high Ba-Sr granite suite plutons display distinct 5238U-
Th/U systematics — the Strontian pluton has &238U within error of the BSE and similar
to unaltered N-MORB (523U = -0.268 + 0.011%o0, Andersen et al., 2015) as well as
Th/U values similar to slightly lower than the BSE, while the Rogart pluton has
significantly higher 8*2U and Th/U (fig. 5.11a). In addition, the Rogart and Strontian

plutons have different radiogenic isotope compositions. The Rogart pluton has higher
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(87Sr/88Sr)i and lower eNd(t) (deviation of '“3Nd/'**Nd from the chondritic uniform
reservoir (CHUR) composition) than the Strontian pluton, meaning the Rogart pluton
originated from a more isotopically enriched mantle source (Fowler et al., 2008, 2001).
Fowler et al. (2008) attributed this to variable amounts of a pelagic sediment
component in the Paleozoic Caledonian mantle, with a greater sediment contribution
for the Rogart pluton. Ba-Mg-O stable isotope systematics also support this conclusion
(Fowler et al., 2008; Zhu et al., 2024). These isotopic data suggest addition of up to
5% pelagic sediment component to the mantle source of the Rogart pluton (Zhu et al.,
2024). In the high Ba-Sr granite plutons, 338U is positively correlated with (87Sr/26Sr);
and negatively correlated with eNd and 8'38Ba (fig. 5.11). The geochemical data
therefore imply that the high 323U and Th/U of the Rogart pluton are due to a pelagic

sediment component in its mantle source.

The Th/U and U isotope compositions of pelagic sediments are highly variable (e.g.
Gama and Schwark, 2022; Li and Tissot, 2023). High Th/U is primarily associated with
significant detrital input which increases the Th concentration of the sediment (e.g.
Carpentier et al., 2013; Hillaire-Marcel et al., 1990). The 5238U of the detrital
component in marine sediments is poorly constrained as studies have focused instead
on carbonate sediments and organic-rich shales/mudrocks that are used for
paleoredox reconstructions. Its U isotope composition is often assumed to be equal to
the average crustal 3%38U in order to correct for detrital input, and is generally found to
be lighter than the authigenic component (e.g. Andersen et al., 2016; Asael et al.,
2013; Holmden et al., 2015). However, it is possible to imagine a detrital component
with high 823U — oxidative chemical weathering may preferentially mobilise 235U,
leaving the residual rock with high 3*%U to be incorporated in detrital sediment
(Charbonnier et al., 2023; Pavia et al., 2023). Alternatively, Th/U and 523U may not
trace the same component of the pelagic sediment. Bulk Th/U is likely dominated by
Th from the detrital component, while bulk 3%38U is a mixture of the detrital and
authigenic components, and it may be the authigenic component that is enriched in

heavy U isotopes.

The light Mg isotope compositions of some Rogart pluton samples may indicate the
involvement of carbonate sediments (Zhu et al., 2024). Marine carbonates can exhibit

relatively high Th/U. The amount of U in carbonate depends on seawater U
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concentrations, and during increased ocean anoxia seawater U content decreases.
High marine carbonate Th/U can hence be seen during periods of extensive ocean
anoxia (Brennecka et al., 2011; Marenco et al., 2016). However, current studies
suggest that this effect only causes limited elevation of carbonate Th/U of <4 (Marenco
et al., 2016), which is lower than the Th/U of the Rogart pluton (~6). The compiled
carbonate data in the Uranium Isotope Database (UID; Li and Tissot, 2023) do extend
to higher Th/U values (> 10), but these more extreme values are generally associated
with elevated Th concentrations rather than diminished U concentrations, suggestive
of contamination by a detrital component. | therefore favour that the Th/U-52%¢U
systematics of the Rogart pluton are best explained by contamination of its mantle

source with pelagic sediment containing a significant detrital component.

The Strontian pluton has 3238U of -0.29 + 0.05%o to -0.26 + 0.05%o, within error of both
the BSE (-0.306 £ 0.026%o0) and the modern upper mantle estimated from N-MORBs
(-0.268 + 0.011%o0; Andersen et al., 2015). Its mantle-like U isotope composition is in
agreement with its Ba and Mg stable isotope compositions and relatively depleted Sr
and Nd isotope compositions. This supports previous conclusions that the mantle
source of the Strontian pluton contains significantly less recycled sediment than the
Rogart pluton source (Fowler et al., 2008; Zhu et al., 2024).

5.4.3.3. 538U variations in the Black Flag Group sanukitoids

The 8238U of the Neoarchean Black Flag Group sanukitoids varies from -0.33 + 0.03%o
to -0.23 + 0.04%0, and this variation does not appear to be generated by apatite
fractional crystallisation or other processes during differentiation (fig. 5.12a). Their
0238U is broadly correlated with La/Th (fig. 5.12b), the geochemical parameter used to
divide the BFG into subgroups. The low La/Th subgroup has relatively low and
homogeneous §2%U with a weighted mean of -0.29 + 0.02%. (2se) that is similar to the
BSE. Meanwhile, the high La/Th subgroups display more variable 3%38U that extends
to values slightly heavier than the BSE, and in the case of the high La/Th (high Ni)
subgroup 522U is positively correlated with La/Th (fig. 5.12b).

The compositional differences between BFG subgroups are interpreted to reflect

compositionally distinct lithospheric mantle sources, and the component responsible
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for enriching the source of the high La/Th subgroups was likely younger and more
enriched in incompatible trace elements than the component in the low La/Th
subgroup source (Smithies et al., 2022). It is hence possible that the variable 523U of
the BFG sanukitoids is related to their mantle source compositions. However, the
weighted means of the low La/Th subgroup (-0.29 £ 0.04%., 2sd, n =4) and high La/Th
subgroups (-0.27 £ 0.03%o, 2sd, n = 11) are indistinguishable, and a Welch’s unequal
variances t-test confirms that the difference between the subgroups is not large
enough to be statistically significant, {(10.1) = 1.41, p = 0.19. The current resolution of
the U isotope data is therefore not good enough to properly examine §238U variability
on this scale, and it is not possible to confidently determine the origin of &238U

variability among the BFG sanukitoids.
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Figure 5.12: Black Flag Group sanukitoid subgroup 6%®U (%o) vs a) SiO2 (Wt%) and b) La/Th.
The black dashed line is the BSE 5?*8U value of -0.306 *+ 0.026%. (Andersen et al., 2015) and

the grey box is the 2se uncertainty on this value.

5.4.3.4. Secular evolution of sanukitoid 232U

Archean and Paleoproterozoic sanukitoids and their Paleozoic high Ba-Sr granite suite
analogues were emplaced across the GOE and NOE and contain a component
derived from recycled crust, most likely a metabasite-derived melt (Chapter 3; e.g.
Martin et al., 2009; Smithies and Champion, 2000). The evolution of sanukitoid 238U
through time (fig. 5.13) may therefore record changes in the U isotope composition of

this recycled material resulting from increasing atmosphere and ocean oxygenation.
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Once samples affected by apatite fractionation (P/P* < 0.3) have been removed, the
sanukitoid data outside of the ~2660 — 2690 Ma Black Flag Group are very limited.
The weighted mean of the BFG data suggests that Archean sanukitoids had average
52381 of -0.28 + 0.01%o (2se, n = 15), similar to the BSE.
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Figure 5.13: Evolution of sanukitoid and Phanerozoic analogue (high Ba-Sr granite suite) 64U
(%0) through time. Only samples not affected by apatite fractional crystallisation (P/P* > 0.3)
are plotted. The black dashed line is the BSE &°*°U value of -0.306 + 0.026%. (Andersen et
al., 2015) and the grey box is the 2se uncertainty on this value.

The Alto Maranhao suite sanukitoid from the Sdo Francisco Craton formed at 2130 +
2 Ma (Noce, 1995), after the first major rise in atmospheric O2 at the GOE, and has
0238U of -0.23 £ 0.03%o. This value falls right at the upper end of the BFG range, and
is slightly heavier than the average 8238U of Archean sanukitoids. Moreira et al. (2020)
found that most zircons from the Alto Maranhao suite have slightly higher 580 (~6 —
6.7%0) than the mantle (5.3 + 0.6%o; Valley, 2003). They proposed that this shows a
recycled sediment component was involved in the formation of these sanukitoids in

addition to a metabasite melt component. The Alto Maranh&o suite sample also has
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high Th/U of 6.4, and on figure 5.9 it plots near the Rogart Pluton, the sediment
component in which is well-established. The relatively high 23U of the Alto Maranh&o
suite sanukitoid may therefore reflect an isotopically heavy recycled sediment
component in its source, similar to the Rogart Pluton. Multiple studies have found
evidence for increased 52U variability in sediments after the GOE due to oxidative
weathering processes starting (Bruske et al., 2020; Chen et al., 2021; X. Wang et al.,
2018). The onset of recycling sediments with distinct 323U into the mantle, followed
by incorporation of these sediments into the source region of sanukitoids such as the
2130 Ma Alto Maranh&o suite, may have caused a shift to higher 823U in sanukitoids
following the GOE. However, this conclusion is based on a single sanukitoid sample
with a U isotope composition that still falls in the range of Archean sanukitoids, so this
conclusion is speculative at best. Measurement of additional Paleoproterozic
sanukitoid samples, using P/P* to filter for apatite fractionation, is needed to provide

more robust constraints on the possible changes to sanukitoid 523U across the GOE.

The Scottish high Ba-Sr granite suites were emplaced at ~425 Ma, after the second
major rise in atmospheric O2 at the NOE. As discussed in section 5.4.3.2., a recycled
pelagic sediment component is thought to be responsible for the high 3*%¢U of the
Rogart Pluton. The Strontian Pluton, which does not contain a significant sediment
component (Fowler et al., 2008; Zhu et al., 2024), has weighted mean 323U of -0.28
t 0.04%0 (2se, n = 2), indistinguishable from the average composition of Archean
sanukitoids (-0.28 + 0.01%0). These data suggest that despite a significant change in
U cycling at the NOE, the U isotope composition of the recycled crust-derived
component did not significantly change. | discuss two possible explanations for this
observation below. However, it is again important to note that sample numbers are
relatively limited, and that there is a large temporal gap between the ~2130 Ma

sanukitoid and the ~425 Ma high Ba-Sr granite suites.

The first possible explanation is that, as the high Ba-Sr granite suites were emplaced
relatively shortly after the NOE (~800 — 550 Ma) at ~425 Ma, they could be sampling
older AOC that formed before changes to U addition during seafloor alteration at the
NOE. Generation of 8238U variations in recent AOC require either reductive (high
5238U) or oxic (low d%%8U) partial U uptake from U-rich, oxidised, seawater-derived fluid

(Andersen et al., 2024). Multiple studies have proposed that deep ocean oxygenation
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was only achieved relatively late, during the early Paleozoic (e.g. Dahl et al., 2019; Gill
et al., 2011; Reinhard and Planavsky, 2022). Some studies suggest an even more
extreme scenario where deep oceans may not have been fully oxygenated until later
in the Paleozoic < 425 Ma (e.g. Dahl et al., 2010; Sperling et al., 2015; Stolper and
Keller, 2018). Hence the deep ocean conditions required to create 338U variability in
AOC may have only developed shortly before the emplacement of the high Ba-Sr
granite suites. The age of subducting slabs on the modern Earth ranges from ~0 to
160 Ma (e.g. Cruciani et al., 2005), and there may have been further time delay
between enrichment of the high Ba-Sr granite mantle source and its melting (e.g.
Fowler et al., 2008). It is therefore possible that the high Ba-Sr granite suites are either
too old or contain too old a recycled AOC component to record a change in the 523U
of AOC following the NOE and extensive deep ocean oxygenation. A recent study of
U isotopes in ophiolites through time found evidence of significant U uptake and
variable 3>%8U in oceanic crust since at least 540 Ma (Rodney et al., 2024, Preprint).
This finding suggests that the AOC component in the high Ba-Sr granites would likely
have had variable 3%38U, although Rodney et al. note that the spatial and temporal

extents of deep ocean oxygenation recorded by these data are not clear.

An alternative explanation for the similar 238U of Archean sanukitoids and the post-
NOE Strontian pluton is that the metabasite melt component had indistinguishable
5238U to unaltered N-MORB and the mantle, despite its AOC source having variable
5238U. Seafloor alteration of oceanic crust produces heterogeneous 5%38U values, with
the magnitude and direction of fractionation depending on redox conditions during U
addition and how quantitative U uptake is (Andersen et al., 2024, 2015; Noordmann
et al., 2016). Slab melting may be most likely to affect the uppermost AOC as
temperatures are highest near the slab-mantle interface (e.g. Syracuse et al., 2010;
van Keken et al., 2011). The uppermost part of AOC generally shows low 8238U due to
oxic U uptake but the vertical extent of this signature varies — in young AOC low 523U
extends through the whole 750m section of lavas (Andersen et al., 2024), while in
older (> 100 Ma) AOC a switch to reductive U uptake and high 3%38U is observed below
~100m (Andersen et al., 2015; Noordmann et al., 2016). If slab melting samples a
mixture of high 322U and low 3%38U AOC, the resulting melt could have similar 238U
to unaltered MORB and hypothetical Archean altered crust. Additionally, while on

average the uppermost AOC has low 6238U, all cores also show some bulk samples
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from this region with 3238U indistinguishable from fresh MORB (Andersen et al., 2024,
2015; Noordmann et al., 2016). The heterogeneous U isotope composition of AOC
may therefore have led to the generation of slab-derived melts with indistinguishable
5238U to unaltered MORB and hypothetical Archean altered crust, resulting in no
observable difference in the average 5%28U of Archean sanukitoids and Paleozoic high

Ba-Sr granites.

In summary, there is no clear secular trend in the U isotope composition of sanukitoids
through time, despite major changes to the U geochemical cycle across the GOE and
NOE. Slightly higher average sanukitoid 623U after the GOE may reflect the onset of
recycling sediments with variable 32U due to oxidative weathering, but this
conclusion is based on a single Paleoproterozoic sanukitoid sample so it is not robust.
For samples without a significant sediment component, Neoarchean sanukitoids have
indistinguishable average 5%38U to their mid-Paleozoic analogues. This may be due to
heterogeneous 323U in Paleozoic upper AOC or due to the AOC component having

formed before extensive deep ocean oxygenation.

5.4.3.5. Implications for the oxidation of sanukitoid magmas

Ti stable isotopes (Chapter 3), mineral chemistry (de Oliveira et al., 2010; do
Nascimento et al., 2023, 2021) and S speciation in apatite (Meng et al., 2022; Moreira
et al., 2023) support oxidised parental magmas for Archean and Paleoproterozoic
sanukitoids, with fO2 of AFMQ +0.77 to +1.24 which is comparable to modern arc
magmas (average AFMQ of ~+1; Cottrell et al., 2021). The mechanism(s) by which
modern subduction processes generate oxidised magmas are debated, but there is a
growing consensus that neither degassing nor crystal fractionation can cause a large
enough increase in fO2, and that the mantle source regions of arc magmas are
themselves oxidised (see Evans and Tomkins (2021) for a recent review). The
dominant model is that modern arc magmas are oxidised by inputs of oxidised material
(e.g. fluids, melts) from the subducted slab (e.g. Evans and Tomkins, 2021). This
mechanism is supported by observations that the fO2 of arc magmas changes with the
spatial (Hu et al., 2024) and temporal (Stolper and Bucholz, 2019) distributions of
oxidised crustal materials. Oxidised aqueous fluids generated during slab

devolatilisation are the most commonly invoked source of redox budget (the number
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of moles of elements that can reduce or oxidise other elements; Evans, 2006) (e.g.
Duan et al., 2022; Kelley and Cottrell, 2009; Zhang et al., 2021), and solutes within
these fluids are required to transport the redox budget to the subarc mantle (Evans
and Tomkins, 2021). While reduction of Fe3* during dehydration of serpentinised
lithospheric mantle may form oxidised fluids (e.g. Debret and Sverjensky, 2017,
although this is disputed e.g. Piccoli et al., 2019), Fe itself is generally not considered
a significant vector of redox budget due to its low solubility in aqueous fluids (e.g.
Evans and Tomkins, 2011; Kelley and Cottrell, 2009). Instead sulfate, which is primarily
added to the oceanic crust and lithospheric mantle from seawater during seafloor
alteration, is thought to be the main species responsible for transferring redox budget
from the slab to the subarc mantle (e.g. Alt et al., 2013; Bénard et al., 2018; Pons et
al., 2016). Oxidised sediments may also contribute, either by oxidising slab-derived
fluids (Ague et al., 2022; Padron-Navarta et al., 2023) or by transferring redox budget

in sediment melts (e.g. Canil and Fellows, 2017).

While U isotopes and Th/U demonstrate U%* addition by oxidised aqueous fluids in
modern arc magmas (Andersen et al., 2015; Freymuth et al., 2019), there is no
evidence for this process having occurred in Archean and Paleoproterozoic
sanukitoids. This may not be particularly surprising — as previously detailed, seafloor-
altered oceanic crust was not substantially oxidised until after the NOE (e.g. Stolper
and Keller, 2018; Rodney et al., 2024, Preprint). Seawater sulfate concentrations were
also low until a similar time (e.g. Fakhraee et al., 2025; Farquhar et al., 2010), meaning
there was limited sulfate present in oceanic lithosphere and hence that the main vector
of redox budget in aqueous fluids was absent in the Archean and most of the
Proterozoic. This evidence suggests that, unlike for modern arc magmas, oxidising,
sulfate-bearing aqueous fluids were probably not responsible for the oxidised nature
of sanukitoid magmas. Therefore, the mechanisms by which mantle-derived magmas
are oxidised, or at least their relative importances, may have changed over the Earth’s

history.

One possible mechanism for the oxidation of sanukitoid magmas is the presence of a
component derived from recycled oxidised sediments in their mantle source. Moreira
et al. (2023) proposed that this process is the cause of the high fO2 (AFMQ +0.80 to

+1.24) of the Alto Maranhao suite sanukitoids, which | have presented the U isotope
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compositions of in this chapter. These sanukitoids are ~2130 Ma (Noce, 1995; Seixas
et al., 2013) and hence formed after the rise in atmospheric O2 at the GOE. The
combination of higher apatite S¢*/Stotal and zircon 380 and U/Yb compositions in the
sanukitoids than older (~2350 Ma) TTGs from the same region led Moreira et al. to
conclude that recycled oxidised sediments, which were only able to form after the start
of the GOE, are responsible for the high fO2 of the Alto Maranh&o suite. However,
unlike these Paleoproterozoic samples, most sanukitoids formed in the Meso-
Neoarchean, before the GOE, when atmospheric O2 was lower and consequently
sediments were not significantly oxidised (e.g. Lyons et al., 2014; Pufahl and Hiatt,
2012). Some studies have found evidence for “whiffs” of oxygen before the GOE,
possibly as far back as 2.95 Ga (Anbar et al., 2007; Planavsky et al., 2014; X. Wang
et al., 2020), which may have locally generated oxidised sediments. Wu et al. (2024)
proposed that such sediments may have contributed to the oxidation of late
Neoarchean (~2.5 Ga) metasomatised mantle peridotite xenoliths. However, |
consider it unlikely that localised recycling of oxidised sediments before the GOE can

account for the widespread distribution of sanukitoids in the late Archean.

Alternative mechanisms for producing oxidised mantle without the involvement of
oxidised slab inputs or sulfate have been proposed, with hydrogen playing an
important role. lacovino et al. (2020) suggested that hydrogen in aqueous fluids may
be an important oxidant. H* in the fluid is reduced to H2 while Fe?* in the surrounding
mantle is oxidised to Fe3* via the following reaction:
2Fe?*(s) + 2H%aq) — 2Fe%*(s) + H2 (ag)

Tollan and Hermann (2019) and Brandon and Draper (1996) proposed a different
model involving dissociation of H20 in slab-derived melt/fluid as it ascends through the
mantle. A coupled hydroxylation-oxidation reaction with mantle minerals (mainly
orthopyroxene) occurs, in which H* reacts with Fe?* in the mineral to form Fe3*, while
OH- is also added to the mineral. The H2 formed is then diffusively lost to leave locally
oxidised mantle. Meng et al. (2022) suggested that one of these mechanisms may be
responsible for the formation of oxidised, sulfur-rich magmas, including sanukitoids, in
the Neoarchean Superior Craton. Similarly, Wu et al. (2024) proposed that these
processes may have contributed to the oxidation of ~2.5 Ga peridotite xenoliths from
the North China Craton which were metasomatised by adakite-like melts. A major

difference between these two mechanisms involving H* as the oxidant is the volume
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of fluid they require. Modelling done by lacovino et al. (2020) suggests that the former
method requires high fluid:rock ratios of ~1 — 10 to elevate mantle fO2 sufficiently in
modern arcs. In contrast, Brandon and Draper (1996) calculated that the latter
mechanism requires only ~0.1 — 0.2 g of H20 per kilogram of peridotite to raise its fO2
by 1 — 2 log units. This consideration caused Meng et al. (2022) to view the dissociation
mechanism of Tollan and Hermann (2019) and Brandon and Draper (1996) as more
viable than the one proposed by lacovino et al. (2020). However, as discussed in
Chapter 3, the Ti isotope compositions of primitive sanukitoid magmas are best
explained by addition of an eclogite melt formed by fluid-fluxed melting to their mantle
source. This result implies that the metabasite-derived melt flux to the sanukitoid
mantle source may have been accompanied by a significant aqueous fluid flux, which
could potentially oxidise the sanukitoid mantle source via lacovino et al. (2020)’s

proposed mechanism.

Another possibility is that the metabasite melt component oxidised the mantle source
of sanukitoids. Fe?* is more compatible than Fe3* in garnet (Holycross and Cottrell,
2023), meaning that retention of Fe?* in residual garnet during partial melting could
generate relatively oxidised melts with high Fe3*/ZFe. Tang et al. (2024) proposed that
this process created oxidised medium pressure and high pressure TTG magmas in
the Neoarchean North China Craton. This model for forming oxidised melts is a
variation on one proposed for modern arc magmas in which melt oxidation is driven
by high pressure fractional crystallisation of garnet (e.g. Tang et al., 2019, 2018). A
recent study by Holycross and Cottrell (2023) concluded that this mechanism can only

cause limited melt fO2 increase of < 1 log unit due to the garnet-melt partition

Dgrt/melt

e ) and Fe®* (DITE™ety converging at the conditions of

coefficients for Fe?* ( A

high pressure garnet fractional crystallisation (1.5 GPa, > 1100°C). However, formation
of the metabasite melt component in sanukitoids would have occurred under different
P-T conditions. The Ti isotope data presented in Chapter 3 favour fluid-fluxed eclogite
melting to generate this component, which occurs at higher pressures (2 — 4 GPa) but
lower temperatures (750 — 900°C) than garnet fractional crystallisation (e.g. Martin
and Hermann, 2018; Schmidt et al., 2004; Sisson and Kelemen, 2018). The
experimental data from Holycross and Cottrell demonstrate that decreasing the
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limited, they also suggest that increasing the pressure increases DZ'i/™°' put

Fez+

decreases leergt{melt. Hence at the conditions of fluid-fluxed eclogite melting, Fe?* is

expected to be distinctly more compatible in garnet than Fe3*, enhancing the oxidation
change imparted by garnet-melt fractionation. Indeed, when Tang et al. (2024)
modelled metabasite partial melting at 900°C using the partition coefficients from
Holycross and Cottrell (2023) they found that residual garnet modes of > 0.2 can
increase melt fO2 by > 2 log units. It is therefore viable that Fe?* retention in residual
garnet may have generated oxidised metabasite-derived melts which oxidised the

mantle source of sanukitoids during metasomatism.

Overall, sanukitoid magmas display similar fO2 to modern arc magmas, but their U
isotope and Th/U compositions show no evidence for addition of oxidised aqueous
fluids to their mantle source. While the oxidation of Paleoproterozoic sanukitoids can
be explained by recycling of oxidised sediments into their source (Moreira et al., 2023),
this process is unable to account for the widespread occurrence of oxidised sanukitoid
magmas in the late Archean. In the absence of oxidised surface materials being
recycled into the mantle, alternative mechanisms are needed to form oxidised
sanukitoid parental magmas. | propose that the mantle source of Archean sanukitoids
may have been oxidised by reaction of H* from aqueous fluids/hydrous melts (Brandon
and Draper, 1996; lacovino et al., 2020; Tollan and Hermann, 2019) or by an oxidised
eclogite partial melt with high Fe3*/ZFe due to Fe?* retention in residual garnet (Tang
et al., 2024). This conclusion implies that the dominant mechanisms for generating
oxidised, mantle-derived magmas have likely changed over the Earth’s history. The
onset of recycling oxidised sediments into the mantle at the GOE may represent a
change towards modern-style processes in which recycled, oxidised crustal materials

are the main source of redox budget.

5.4.4. The U isotope compositions of granitoids

Prior to this study, the only 8%38U measurements of Archean granitoids were two
samples from the Isukaia terrane, Greenland, and three samples from Eswatini
analysed by Noordmann et al. (2016). The work presented in this chapter therefore

significantly increases the amount of Archean granitoid 238U data available. In this
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section | combine my data with literature data to investigate whether the U isotope
compositions of granitoid magmas (SiO2 > 57 wt%) have changed over time. However,
it is important to first assess whether the 523U values of literature granitoid samples
have been affected by weathering and alteration (see section 5.4.1; e.g. Andersen et
al., 2015; Charbonnier et al., 2023; Pavia et al., 2023). Many previous studies reporting
granitoid U isotope data do not discuss the possibility that their 523U values may have
been altered from the original values, despite U being mobile in aqueous fluids, and
did not measure 3%3*U alongside 8238U. Additionally, the findings presented in section
5.4.2 of this chapter demonstrate that it is also necessary to consider the effects of
mineral fractional crystallisation/accumulation during magmatic differentiation as these

processes can modify bulk rock 523U away from the composition of the parental melt.

5.4.4.1. Assessing the impact of weathering, alteration and
magmatic differentiation on literature granitoid 233U

Literature Archean granitoid data are from Noordmann et al. (2016), who did not
measure 623*U alongside 238U. | therefore use elemental concentration data to
assess Whether weathering/alteration may have modified the 6238U of these samples.
Unfortunately, | was unable to obtain the full major and trace element data for the
Eswatini granitoids, and hence | am unable to evaluate the impact of these processes
on their U isotope compositions. The Eoarchean granitoids from Greenland have Th/U
of 3.96 — 4.38, only slightly higher than the BSE, which suggests they did not
experience significant U loss or addition during alteration. No Mo data are available
for these samples, so | am unable to use Ce/Mo as a proxy for oxidative weathering.
To gain additional information about how altered these samples are | calculated their
chemical index of alteration (CIA = [Al203 / (Al203 + CaO* + Na20 + K20)] x 100,
Nesbitt and Young, 1982). The tonalite and quartz dioritic gneiss have CIA values of
50.4 and 46.7 respectively, both within the range of fresh granites and granodiorites
(45 to 55, Nesbitt and Young, 1982), hence they do not appear to have been
significantly altered. Additionally, these samples have P/P* > 0.35 so they show no
clear evidence for apatite fractional crystallisation when compared to the other
Archean samples from this chapter. Therefore, the U isotope compositions of the

Greenland granitoids have likely not been significantly —modified by
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weathering/alteration or by fractional crystallisation, although | cannot be completely

confident in this conclusion given the lack of 3?34U data.

Once samples affected by oxidative weathering (see section 5.4.1) and apatite
fractional crystallisation (P/P* < 0.3, see section 5.4.2) have been excluded, the
remaining Archean granitoid data presented in this chapter are limited to 5 samples
that are all Neoarchean granitoids from the Yilgarn Craton. To expand the dataset, |
include some unpublished U isotope data of Neoarchean granitoids from the Carajas
Province in the Amazonian Craton, Brazil (Carneiro et al., 2023). Two samples of the
~2739 Ma Curral granite show no evidence for modification by weathering or apatite
fractional crystallisation and have 5%*U of -0.26 + 0.05%o and -0.29 * 0.05%.

In addition to the high Ba-Sr granites analysed in this chapter, the U isotope
compositions of Paleozoic granitoids from the South Bohemian Massive (Weinsberg
granites; Noordmann et al., 2016) and Lachlan Fold Belt (Telus et al., 2012) have been
measured. The potential impact of weathering and alteration on the U isotope
compositions of these samples was not discussed by Noordmann et al. or Telus et al.,
despite the latter study measuring 523U and reporting values that are mostly not at
secular equilibrium (3%*U # 0). | have attempted to filter for the effects of later U
mobilisation during alteration/weathering for the Lachlan Fold Belt granitoids by
excluding samples with 823U > 20 or < -20, representing significant departures from
secular equilibrium. However, there are shortcomings to this approach — it is
insensitive to U mobilisation before ~1.5 Ma, and not all U mobilisation significantly
modifies 323U (e.g. Rodney et al., 2024, Preprint). No 3%3*U data are available for the
Weinsberg granites, but one sample displays high Th/U of ~12 which may indicate U
loss and was therefore excluded. Unfortunately, | could not locate the full major and
trace element compositions of two of the Weinsberg granite samples analysed by
Noordmann et al. (2016) so | was unable to assess whether these samples had been
affected by later U mobilisation. Consequently, only one Weinsberg granite sample,
Wb 11-94, is considered to have not been affected by weathering/alteration and is
included on figure 5.14. Due to the diverse compositions of the Paleozoic granitoids
and the fact that the major and trace element data of multiple samples are incomplete,
| feel | am unable to confidently assess whether these samples have experienced

fractional crystallisation of U-bearing accessory minerals. Some of the Paleozoic
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samples plotted on figure 5.14 may therefore have undergone U isotope fractionation

due to fractional crystallisation.

5.4.4.2. The temporal evolution of granitoid 5*°3U
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Figure 5.14: a) Kernel density plot comparing Neoarchean granitoid 86U (%.) to Paleozoic
granitoid 5°*4U. b) Evolution of granitoid 5**4U (%) through time, plotting data from this chapter,
unpublished granitoid data from the Carajas Province, Amazonian Craton, and literature data
from Telus et al. (2012) and Noordmann et al. (2016). Paleozoic data have been filtered to
exclude samples with U isotope compositions likely affected by weathering/alteration, while
Archean and Paleoproterozoic data have additionally been filtered to exclude samples likely
affected by apatite fractional crystallisation. The black dashed line is the BSE 6°*°U value of -
0.306 £ 0.026%0 (Andersen et al., 2015) and the grey box is the 2se uncertainty on this value.
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Figure 5.14b plots the 3%38U of granitoids likely not affected by oxidative weathering,
alteration or fractional crystallisation against their age, while figure 5.14a compares
the distribution of Neoarchean (2800 — 2500 Ma) granitoid 523U to that of Paleozoic
(541 — 252 Ma) granitoid 3%38U. There are several key observations that can be made
about the temporal evolution of granitoid 5238U:

1. The two Eoarchean (4.0 — 3.6 Ga) granitoids have 523U of -0.37 + 0.01%o0 and
-0.39 + 0.04%0 (2se) (Noordmann et al., 2016) which are significantly lighter
than the BSE and are ~0.1%o lower than the Neoarchean granitoids, which have
weighted mean 3%28U of -0.27 + 0.02%o (2se, n = 7). Possible origins of the light
U isotope composition of Eoarchean granitoids are discussed in section 5.4.4.3.

2. On average, Neoarchean granitoids have slightly heavier 3%38U (-0.27 + 0.02%o)
than the BSE (-0.306 + 0.026%o; Andersen et al., 2015). Possible explanations
for this difference are discussed in section 5.4.4.4.

3. The kernel density plot (fig. 5.14a) shows that the distributions of Neoarchean
and Paleozoic granitoid 5%3U peak at similar 528U values of ~-0.26 to -0.28%o.
However, the Paleozoic granitoids display a broader distribution than the
Neoarchean granitoids. These observations and their implications are

discussed in more detail below.

The Paleozoic granitoids appear to have more variable 5238U than the Neoarchean
and Paleoproterozoic granitoids (fig. 5.14a). Their extension towards lighter 523U
values than the Neoarchean granitoids is likely because the Paleozoic granitoids have
not been filtered for the effects of mineral fractionation during differentiation — Archean
granitoids also show light 8%%8U values down to -0.39%. but in section 5.4.2. |
demonstrated that this is due to apatite fractional crystallisation, hence these samples
are excluded from figure 5.14. However, more detailed investigation is needed to
confirm this interpretation of the light Paleozoic granitoid U isotope compositions. The
Paleozoic granitoids also extend to slightly heavier 238U values than the Neoarchean
granitoids, primarily because of the Rogart pluton tonalite with 3%38U = -0.21 + 0.05%o.
In section 5.4.3.2 | concluded that the heavy U isotope compositions of the Rogart
pluton and Paleoproterozoic sanukitoid were caused by recycled sediments in their
mantle sources, hence recycled sediments can explain the high 33U values

observed. However, the S-type granites from the Lachlan Fold Belt do not share this
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characteristic, despite them having a sedimentary source that has been exposed to

chemical weathering (Telus et al., 2012).

Figure 5.14a shows that the distributions of Neoarchean and Paleozoic granitoid 238U
peak at similar values. A Welch’s unequal variances t-test indicates there is no
statistically significant difference between the Neoarchean granitoids (mean §2%U = -
0.27%o, 0 = 0.02%0, N = 7) and Paleozoic granitoids (mean &238U = -0.29%o, 0 = 0.04%o,
n = 17), {(22.0) = 1.79, p = 0.09. Aside from the high Ba-Sr granites analysed in this
thesis, the I-type granites from the Lachlan Fold Belt are most analogous to the
Archean granitoids, particularly to TTGs, as they too formed by partial melting of
metaigneous rocks (e.g. Telus et al., 2012). Excluding two samples (11 and I8) with low
52381 (-0.363 + 0.033%0 and -0.385 + 0.039%o respectively) that was likely generated
by fractional crystallisation, the Paleozoic I-type granites have weighted mean 5*U
of -0.28 + 0.02%0 (2se, n = 4). This value is indistinguishable from the average
Neoarchean granitoid value (-0.27 + 0.02%.) and further demonstrates that the
average U isotope composition of granitoid magmas has likely not significantly

changed since the Neoarchean.

The continental crust is a key reservoir in the U geochemical cycle as weathering of
upper continental crust (UCC) is the main source of U in seawater. Constraining the U
isotope composition of the UCC through time is therefore important for studies that
use the 523U of marine sediments to look at environmental changes (e.g. in redox
conditions) throughout the Earth’s history. Noordmann et al. (2016) estimated that the
present day UCC has average 623U = -0.30 £ 0.05%o (2se, n = 41), while Tissot and
Dauphas (2015) calculated the 238U of bulk continental crust to be -0.29 + 0.03%o
(2sd). However, constraints on the U isotope composition of Archean UCC are limited,
and previous studies investigating the 823U of Archean sediments have had to
assume that the 238U of Archean UCC is the same as modern UCC (e.g. Chen et al.,
2021; X. Wang et al.,, 2018). The new granitoid data presented in this chapter
demonstrate that Neoarchean granitoids have indistinguishable 823U to Paleozoic
granitoids and to estimates of modern continental crust 3%28U (Noordmann et al., 2016;
Tissot and Dauphas, 2015), which suggests that the U isotope composition of UCC
has likely not varied significantly since ~2.8 Ga. These data therefore help validate the

assumption of invariant UCC 238U through time made by past studies of U isotope
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variations in Archean sediments (e.g. Chen et al., 2021; X. Wang et al., 2018), at least

as far back as the Neoarchean.

5.4.4.3. Origin of the low 523U of Eoarchean granitoids

The Eoarchean tonalite and quartz dioritic gneiss from Greenland have 8238U values
of -0.37 £ 0.01%0. and -0.39 + 0.04%0 respectively (Noordmann et al., 2016),
significantly lighter than both the BSE (-0.306 + 0.026%0) and Neoarchean granitoids
(-0.27 + 0.02%0). In this section | investigate possible origins of the light 5*8U of
Eoarchean granitoids. TTGs, such as the Eoarchean tonalite and the Neoarchean
TTGs from the Yilgarn craton, predominantly formed by partial melting of metabasites
in the garnet stability field (e.g. Moyen and Martin, 2012), while the Neoarchean BFG
sanukitoids formed by partial melting of mantle metasomatised by hydrous eclogite
melts (see Chapter 3 of this thesis). The petrogenesis of the 3720 Ma quartz dioritic
gneiss is not as well constrained but it has previously been grouped with TTGs from
the Isukaia terrane so may share a similar petrogenesis to them (Hoffmann et al., 2011;
Nutman et al., 1999). The change in granitoid 3*®U from the Eoarchean to the
Neoarchean may therefore reflect a change in the composition of the mantle and
mantle-derived magmas (basalts). | consider the viability of three possible
mechanisms for changing Archean mantle composition for explaining the apparent
change in mantle 5%%8U:

1. Mixing of the late veneer into the upper mantle.

2. Mixing of residues from crust formation into the mantle over time.

3. Mixing of recycled crustal materials into the mantle over time.

One possibility is that the increase in >*8U between the Eoarchean and Neoarchean
reflects gradual mixing of a late veneer into the mantle. The isotopic compositions of
siderophile elements have previously been used to argue for a “missing” late veneer
component in the Isua source mantle (e.g. W isotopes, Dale et al., 2017; Willbold et
al., 2011; Ru isotopes, Fischer-Godde et al., 2020; Ni isotopes, Xu et al., 2023). The
late veneer hypothesis was developed to explain why highly siderophile elements are
more abundant in the BSE than is predicted by metal-silicate partitioning experiments,
with late addition of meteorite material after core formation elevating their

concentrations (e.g. Chou, 1978; Li, 2022). In contrast, U is a lithophile element, and
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experiments predict that negligible U partitioned into the core (e.g. Faure et al., 2020;
Wheeler et al., 2006). Therefore, addition of only a small proportion of the Earth’s total
U during the late veneer should not have significantly modified the 523U of the BSE.
An additional problem with this mechanism for modifying the 8238U of the mantle is
that it would require the BSE to have initially had a non-chondritic U isotope

composition.

A second possible mechanism to explain changing Archean mantle 238U is mixing of
the residues from crust formation into the mantle. If the source of the Eoarchean
granitoids had the same U isotope composition as the BSE, it implies that forming the
Eoarchean granitoids generated residues with high 3*%U. Recycling these isotopically
heavy residues into the mantle over the Archean could have slightly elevated the 528U
of the Neoarchean granitoid sources. However, the Eoarchean granitoids are
proposed to have the same petrogenesis as the younger TTGs — partial melting of
garnet-bearing metabasite (Nutman et al., 1999) — so it would be expected that any U
isotope fractionation during formation of the Eoarchean granitoids also occurred during
formation of the Neoarchean TTGs. This inference would imply Neoarchean mantle
was > 0.1%o heavier than the BSE, for which there is no evidence, hence | consider

that this mechanism is unable to account for the change in granitoid 5%38U.

Recycling of crustal materials with distinct 238U into the mantle over the Archean may
have raised its 523U slightly by the Neoarchean. Modern U cycling is thought to result
in a flux of isotopically heavy U into the mantle, largely from recycled AOC, which has
slightly elevated the 523U of the modern upper mantle relative to the BSE (Andersen
etal., 2015). This heavy U isotope signature of AOC exists because the Earth’s surface
is currently oxidised (Andersen et al., 2024, 2015; Rodney et al., 2024, Preprint). In
contrast, surface U isotope fractionation under low atmospheric O2 and anoxic ocean
conditions in the Archean was limited (e.g. Briske et al., 2020; Chen et al., 2021;
Rodney et al., 2024, Preprint; X. Wang et al., 2018). Recycled crustal materials likely
did not have distinct 322U compared to the mantle until at least after the start of the
GOE at ~2.45 Ga, hence this process would not have been able to significantly modify
the U isotope composition of the Archean mantle. Furthermore, this mechanism would

again imply that the BSE initially had a non-chondritic U isotope composition.
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Alternatively, as there does not appear to be a viable mechanism for changing the
5238l of the mantle in the Archean, the 523U of the Eoarchean granitoids may have
been modified from their parental magma compositions by a process such as fractional
crystallisation. Their light 5%38U values of -0.37%. and -0.39%o are identical to those of
the TTG and sanukitoid samples that have experienced significant apatite fractional
crystallisation (fig. 5.4). While these samples have high P/P* > 0.35, which seems to
imply that they formed before significant apatite crystallisation from TTG magmas
occurs (P/P* = 0.3, fig. 5.4c), using solely comparison of their P/P* to that of other
Archean igneous rocks to assess the extent of apatite fractionation may not be valid if
they did not have similar parental magma elemental compositions. In the absence of
a viable mechanism for modifying the U isotope composition of the mantle, and hence
of mantle-derived rocks (basalts), | consider this explanation of the light 323U of
Eoarchean granitoids to be the most likely. However, further work is still necessary to
verify whether there is a genuine increase in the 52U of granitoids, and potentially of
the mantle and mantle-derived igneous rocks, over the Archean, or whether the
apparently light U isotope composition of Eoarchean granitoids is just the result of
fractional crystallisation. Measurement of additional Eoarchean samples, as well as of
Paleo-Mesoarchean granitoids, would be useful for this purpose. Improving
constraints on U isotope fractionation during magma differentiation would also help

with interpreting 323U variations in granitoids such as this.

5.4.4.4. Origin of the slightly elevated 5238U of Neoarchean
granitoids

Neoarchean granitoids with U isotope compositions that are not modified by
weathering/alteration or apatite fractional crystallisation have average 5238U of -0.27 +
0.02%0, which is marginally higher than the current best estimate for the BSE
composition of -0.306 + 0.026%o. (Andersen et al., 2015). The peak in the distribution
of Paleozoic granitoid 523U also appears to be slightly heavier than the BSE (fig.
5.14a). These observations imply that the parental melts of Neoarchean granitoids,
and possibly also of Paleozoic granitoids, were slightly enriched in 238U relative to the
BSE. In this section | explore possible explanations for this apparent small difference

in U isotope compositions.

197



There is growing evidence for mineral-melt U isotope fractionation at high
temperatures (Hiess et al., 2012; Livermore et al., 2018; Tissot et al., 2019, 2017), and
in section 5.4.2, | demonstrated that this process generated 3*%U variations in
Archean granitoids. It is therefore possible that high temperature mineral-melt U
isotope fractionation may be responsible for the heavy 523U of Neoarchean granitoids.
The petrogenesis of both TTGs and sanukitoids is thought to involve metabasite partial
melting (e.g. Martin et al., 2009; Moyen and Martin, 2012), hence U isotope
fractionation may have occurred during this process. Garnet may be the main residual
host of U during metabasite partial melting as U is slightly more compatible in garnet
than in other major metabasite-forming minerals (clinopyroxene, amphibole) (e.g.
Blundy and Wood, 2003; Elkins et al., 2008). However, as was discussed in section
5.4.3.1, the primitive sanukitoid samples from the BFG show no clear covariation of
0238U with tracers of garnet fractionation ((La/Yb)n and A1) despite some degree of
correlation of Th/U with these tracers (fig. 5.10). It consequently appears that residual
garnet does not cause significant U isotope fractionation. U is only marginally more
incompatible in clinopyroxene than in garnet. Tissot et al. (2017) proposed that
accumulation of isotopically light pyroxenes can explain why plutonic angrites have
lower 528U than volcanic angrites. Retention of 235U in residual clinopyroxene during
metabasite partial melting might hence be able to generate melts with slightly higher
5238 than their protolith.

Alternatively, the granitoids’ parental melts might have already crystallised out
minerals with low 8%38U deeper in the crust, forming isotopically light cumulates in the
lower crust. As mentioned above, pyroxenes may have lower 238U than the melt they
crystallised from (Tissot et al.,, 2017). However, pyroxenes are rare in TTGs and
unlikely to crystallise in notable quantities from an already felsic parental magma.
Small amounts of ortho- and clinopyroxene can be found in clots of mafic minerals in
sanukitoids (e.g. Laurent et al., 2014a; Martin et al., 2009). Therefore, there is a
possibility that early pyroxene crystallisation could increase the 3**U of sanukitoids,
although most studies favour amphibole and plagioclase as the main phases
crystallising from sanukitoid magmas (e.g. de Oliveira et al., 2010; Lobach-Zhuchenko
et al., 2005; Seixas et al., 2013; Smithies et al., 2019). Further to this, because TTGs

also display elevated 523U and U is very incompatible in pyroxenes (D5 < 0.02,
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Blundy and Wood, 2003), | consider it unlikely that early pyroxene fractional

crystallisation can explain the uniformly high 23U of Neoarchean granitoids.

Hornblende and plagioclase are generally thought to be the main phases crystallising
from TTG and sanukitoid magmas (e.g. Laurent et al., 2020, 2013; Moyen and Martin,
2012; Smithies et al., 2019). U partitioning in plagioclase is poorly constrained but it is

likely highly incompatible (D?'“9/™¢" < 0.001; Blundy and Wood, 2003; Sun et al.,
2017) and hence plagioclase fractionation is unlikely to affect U isotopes. U may be
slightly more compatible in hornblende than in pyroxenes (Nandedkar et al., 2016),
but whether it fractionates U isotopes is completely unknown. However, hornblende is
proposed to be an early crystallising phase in the BFG sanukitoids (Smithies et al.,
2019, 2018) and no variation of 238U with SiO:2 is seen for the BFG (fig. 5.12a),
implying that hornblende fractional crystallisation does not significantly affect U
isotopes. While the aforementioned silicate phases dominate the crystallising mineral
assemblage, U is highly incompatible in them, so U-bearing accessory phases such
as apatite, zircon and titanite are likely far more important controls on the U budget
during differentiation. Mineral separate measurements suggest these phases all
preferentially incorporate 238U over 23°U (Hiess et al., 2012; Livermore et al., 2018;
Tissot et al., 2019), so early fractional crystallisation of U-bearing accessory phases
would likely generate the opposite U isotope fractionation. Overall, it appears that
deep, early fractional crystallisation of 23°U-enriched minerals cannot readily explain
the high 323U of Neoarchean granitoids, although further work constraining mineral-
melt U isotope fractionation, particularly for silicate minerals, would help strengthen

this conclusion.

Another conceivable explanation is that the 238U of the Earth’s mantle was modified
early in the Earth’s history. Possible mechanisms for changing mantle 523U were
discussed in the previous section in relation to increasing granitoid 338U across the
Archean. While the difference in 238U between Neoarchean granitoids and the BSE
(~0.04%o0) is smaller than between Neoarchean and Eoarchean granitoids (~0.1%o),
the previous discussion concluded that none of the proposed mechanisms appear to
be feasible for modifying the U isotope composition of the mantle in the Archean. It is
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hence unlikely that a change in mantle 28U is responsible for the elevated 523U of

Neoarchean granitoids relative to the BSE.

Finally, the apparent difference in U isotope composition between Neoarchean
granitoids and the BSE may not be significant and may be a consequence of the
average 5%%U of one or both reservoirs being poorly constrained. Due to many
samples being affected by either weathering or apatite fractional crystallisation, the
average 523U of Neoarchean granitoids is constrained by only seven samples from
two locations (the Yilgarn and Amazonian cratons), all of similar age (~2.7 Ga).
Meanwhile, the BSE value is based on high precision measurements of just two large,
unaltered meteorite samples (Andersen et al., 2015). The difference between
Neoarchean granitoids (-0.27 + 0.02%o) and the BSE (-0.306 + 0.026%o) is minimal and
their 2se uncertainty windows do overlap by 0.01%.. It can therefore be argued that
Neoarchean granitoids and the BSE do not have distinct U isotope compositions, and
that measurement of additional samples for either reservoir could easily change their

average 638U values to be even more similar.

Overall, further sample measurements are needed to better constrain the U isotope
compositions of both the BSE and Neoarchean granitoids before a clear conclusion
can be drawn on whether they have distinct 823U or not. Efforts to constrain the bulk
Earth/BSE composition should focus on high-precision measurements of large
meteorite samples, using geochemical parameters such as Th/U and &23*U to check
for modification by terrestrial weathering. Future studies of U isotopes in Archean
granitoids would benefit from careful sample selection to avoid samples affected by
apatite fractional crystallisation, while measuring 524U alongside 5238U is essential to
thoroughly assess the effects of alteration on bulk rock U isotope compositions. If,
however, the slightly elevated 5238U of Neoarchean granitoids relative to the BSE is a
genuine signature, | consider retention of 23°U in residual clinopyroxene during

metabasite partial melting to be the most likely explanation.
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5.5. Conclusions

In this chapter | present the U isotope compositions of Archean and Paleoproterozoic
sanukitoids and Paleozoic sanukitoid analogues, aiming to investigate whether the
52381 of AOC recycled into the mantle changed in response to increasing atmospheric
and oceanic oxygenation across the GOE and NOE. These data are supplemented by
analyses of TTGs to better constrain the U isotope composition of the dominant
constituent of Archean continental crust. These data instead provide the first evidence
of high-temperature mineral-melt U isotope fractionation influencing the 523U of bulk
terrestrial igneous rocks. TTGs and Archean-Paleoproterozoic sanukitoids show a
decrease in 6238U during magmatic differentiation which appears to be caused by
apatite fractional crystallisation. Similar processes may also contribute to observed
0238U variability in Phanerozoic granitoids. Future work should focus on determining
mineral-melt U isotope fractionation factors and measuring the 8%38U of cogenetic
differentiation suites to improve our understanding of high-temperature U isotope

fractionation.

As the U isotope compositions of a significant proportion of the TTG and sanukitoid
samples analysed here have been affected by apatite fractional crystallisation, the
data suitable for investigating the original aim of this chapter are rather limited.
Sanukitoids not affected by fractional crystallisation display distinctly higher 3%38U and
Th/U than most modern arc magmas, showing no evidence of addition of U®* to their
mantle sources by oxidised aqueous fluids. Instead, they appear to be more consistent
with addition of a melt component to their mantle source, involving no significant U
isotope fractionation while slightly increasing Th/U. These findings imply that Archean
sanukitoids were oxidised by different mechanisms to modern arc magmas, with
oxidation of the sanukitoid mantle source by reaction with H* from aqueous
fluids/hydrous melts or with an eclogite partial melt that was itself oxidised by Fe?*
retention in residual garnet being possible methods. Data for sanukitoids and their
analogues are too limited to confidently discern any secular evolution in their U isotope
compositions, but they may hint at 3*¥U expanding to higher values after the GOE

due to the onset of recycling sediments with variable 238U into the mantle.
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Neoarchean granitoids not affected by fractional crystallisation have indistinguishable
5238 to Phanerozoic granitoids, although the available data are again quite limited
and itis difficult to thoroughly assess the impact of weathering, alteration and fractional
crystallisation on literature granitoid U isotope compositions. The Neoarchean
granitoids appear to have slightly heavier 8238U (-0.27 + 0.02%o) than the BSE (-0.306
+ 0.026%0; Andersen et al., 2015), but improving constraints on the U isotope
compositions of both reservoirs is essential to determine if this is a significant
difference. Two Eoarchean granitoids have 5238U of ~-0.38%o, considerably lighter than
both the BSE and Neoarchean granitoids. Additional analyses of Archean granitoid U

isotope compositions are needed to discern the cause of this difference.
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6. Synthesis and outlook

Sanukitoid magmatism is a distinctive feature of the late Archean-early Proterozoic
transition (~3.0 — 2.0 Ga) that marks a major shift in continental crust composition, and
sanukitoid generation may be linked to a geodynamic change at this time. The work
presented in this thesis uses the novel stable isotope compositions of sanukitoids,
specifically their titanium (Chapters 3 and 4) and uranium (Chapter 5) isotope
compositions, to provide new constraints on the formation of sanukitoid parental
magmas, their magmatic differentiation and petrogenetic link to high-Sr “high
pressure” (HP) TTGs, and the origin of their oxidised nature. These results further our
understanding of petrogenetic and geodynamic processes across the late Archean-

early Proterozoic transition.

While it is well-established that sanukitoid parental magmas formed by interaction
between mantle peridotite and a component derived from recycled crustal materials
(e.g. Martin et al., 2009; Shirey and Hanson, 1984), the nature (i.e. fluid vs melt) and
exact source of this crust-derived component are debated. The Ti stable isotope
compositions of primitive (pre-Fe-Ti oxide saturation) sanukitoids presented in Chapter
3 are significantly heavier than the mantle and modern arc basalts. This elevated 5*°Ti
signature cannot be explained by an aqueous fluid component alone and instead
requires a metabasite melt component. Modelling conducted to investigate Ti isotope
fractionation during metabasite melting leads me to favour a link to fluid-fluxed eclogite
partial melting. This result demonstrates that both metabasite melts and aqueous
fluids were important for sanukitoid formation, and may help explain why conflicting
petrogenetic interpretations of sanukitoid geochemical compositions exist. However,
there is still significant geochemical heterogeneity among sanukitoids, some of which
may be related to the involvement of additional incompatible element-enriched
components in their formation. In particular, recycled sediments are proposed to be
present in the mantle source of some sanukitoid intrusions (e.g. Halla, 2005; Laurent
et al., 2011; Sun et al., 2020), and it is possible that the importance of this sediment
component in sanukitoids changed across the late Archean-early Proterozoic
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transition as emergence of the continents above sea level led to subaerial weathering
(e.g. Chowdhury et al., 2025; Reimink and Smye, 2024) and increasing atmospheric
oxygenation allowed widespread oxidative weathering to occur (e.g. Bruske et al.,
2020; Gaschnig et al.,, 2014). Ti stable isotopes can be fractionated during
metasediment partial melting, generating melts enriched in heavy Ti isotopes similar
to metabasite partial melting (Klaver et al., 2024). However, sediments mostly have
lower TiO2 concentrations than metabasites, resulting in lower melt TiO2 contents as
well as generally lower 3*°Ti due to the lower abundance of residual Fe-Ti oxides. Ti
isotopes are therefore not particularly sensitive tracers of sediment melts and they
cannot effectively discriminate between the relative contributions of metabasite and
metasediment melts to sanukitoid formation. The possible increase in average
sanukitoid 323U after the GOE may hint at the onset of recycling sediments with
variable 5**8U due to oxidative weathering at this time, but this conclusion is not robust
as it is based on very limited data. Furthermore, tracing a recycled sediment
component with U isotopes is complicated by the fact that sediments have highly
variable 6238U (Li and Tissot, 2023) Other geochemical parameters, such as zircon
5'80 (e.g. Moreira et al., 2023; Wang et al., 2024), are more sensitive tracers of
recycled sediments and are hence better suited to investigating the involvement of a
sediment component in sanukitoid formation across the late Archean-early Proterozoic
transition. Novel stable isotope systems where metabasite-derived and
metasediment-derived components are expected to have distinct isotopic
compositions — for example barium stable isotopes (e.g. Nielsen et al., 2020; Shu et

al., 2025) — might also be useful for such an investigation.

While there is indeed significant geochemical heterogeneity among Archean-
Paleoproterozoic sanukitoids, this variability may in part be due to the gradually
broadening definition of “sanukitoid” (e.g. Laurent et al., 2014a; Martin et al., 2009)
and its application to a more diverse range of rocks than those originally described by
Shirey and Hanson (1984) and Stern et al. (1989) (e.g. Moyen, 2020; Steenfelt et al.,
2005). Grouping all these rocks with diverse geochemical compositions and potentially
diverse origins under a single name — one that is implicitly linked to derivation of the
rock from an incompatible element-enriched mantle source (e.g. Laurent et al., 2014a)
— may be obscuring details of their petrogenesis and hence of geodynamic processes

during the late Archean-early Proterozoic transition. For example, figure 1.10 shows
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that many rocks that have been described as “sanukitoids” in the literature have
considerably lower Mg# and Ni and Cr concentrations than literature geochemical
definitions of sanukitoid (Heilimo et al., 2010; Lowrey et al., 2023; Stern et al., 1989),
which may imply that their formation did not involve as significant a mantle component.
A thorough review of the heterogeneous Archean-Paleoproterozoic rocks labelled
“sanukitoid” in the literature is needed to unscramble the origin of their variability and
discern what information these rocks can provide about petrogenetic and geodynamic
processes during the late Archean-early Proterozoic transition. Future work to refine
and clarify the geochemical definition of “sanukitoid” may help ensure the terminology

is consistently applied in future publications.

The 5*9Ti of sanukitoids increases as they differentiate due to fractional crystallisation
of isotopically light Fe-Ti oxides and hornblende. In Chapter 3 | show that their 54°Ti
starts to increase at high Mg# of ~60 — 70, indicating that there was early oxide
saturation in sanukitoid magmas and hence that sanukitoid parental magmas had H20
contents and fO2 at least as high as modern arc magmas. My results add to existing
evidence from mineral chemistry (de Oliveira et al., 2010; do Nascimento et al., 2023,
2021) and S speciation in apatite (Meng et al., 2022; Moreira et al., 2023) that supports
Archean and Paleoproterozoic sanukitoid magmas being similarly oxidised to
Phanerozoic arc magmas. Modern subduction processes are generally thought to
create oxidised magmas via transfer of oxidised recycled materials (slab-derived
aqueous fluids, sediment melts) to the mantle sources of arc magmas (e.g. Ague et
al., 2022; Evans and Tomkins, 2021; Kelley and Cottrell, 2009). This process is
reflected in the low 823U and Th/U of modern arc magmas which record U®* addition
by oxidised fluids (Andersen et al., 2015; Freymuth et al., 2019). The data presented
in Chapter 5, however, show that Archean sanukitoids have 623U and Th/U values
similar to slightly higher than the BSE, hence there is no evidence for addition of
oxidised US*-bearing surface materials to their mantle sources. The absence of
oxidised surface materials being recycled into their mantle source implies that
sanukitoid magmas were oxidised by a different mechanism to modern arc magmas.
Using constraints on the conditions of sanukitoid parental magma formation provided
by the Ti isotope data, | propose two possible mechanisms for generating oxidised
sanukitoid magmas in the Archean. First, as | favour an eclogite protolith for the

metabasite melt component, this metabasite melt may have been oxidised by retention
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of Fe?* over Fe®* in abundant residual garnet (Tang et al., 2024). Second, as | favour
formation of the metabasite melt component by fluid-fluxed eclogite melting, this
metabasite melt was likely hydrous and its flux into the mantle may have been
accompanied by a significant aqueous fluid flux. Reaction of H* from the aqueous
fluid/hydrous melt might have then oxidised the sanukitoid mantle source (Brandon
and Draper, 1996; lacovino et al., 2020; Tollan and Hermann, 2019). Further
investigation into possible mechanisms for generating oxidised magmas, including
sanukitoids, in the Archean is needed and could include improving constraints on the
magnitude of fO2 changes that can be imparted by the mechanisms described above.
Such research would provide insights into how the dominant processes for generating

oxidised magmas have changed over the Earth’s history.

Sanukitoids show close spatial and temporal associations with gold mineralisation in
multiple Archean cratons, for example in the Yilgarn Craton (Witt et al., 2013) and the
Superior Province (Fayol and Jébrak, 2017). There is debate about whether this
relationship is just coincidental, with the distributions of both features relying on a
common structural control (e.g. Smithies et al., 2018), or whether there is a direct
genetic link between sanukitoid magmatism and gold mineralisation (e.g. Fayol and
Jébrak, 2017). The results presented in this thesis may contribute to improving our
understanding of the link between sanukitoids and gold mineralisation. If a genetic
relationship does exist between the two, it would likely be via the exsolution of large
volumes of volatile-rich, oxidised magmatic aqueous fluids from sanukitoid magmas
as they underwent fractional crystallisation (e.g. Fayol and Jébrak, 2017; Smithies et
al., 2018). The oxidised nature of the magma is important for generating such oxidised
magmatic-hydrothermal fluids and may also have contributed to high gold solubility,
and hence gold transport, in the magma itself (e.g. Cameron and Hattori, 1987; Fayol
and Jébrak, 2017). As described above, the Ti and U isotope data demonstrate that
sanukitoid parental magmas were oxidised and water-rich, and they also help to
constrain the possible origins of this oxidation and water. These results might provide
insights into the source of gold in sanukitoid-associated gold deposits, and help add

to models of Archean sanukitoid intrusion-related gold deposit formation.

Sanukitoids follow a differentiation pathway very similar to the modern calc-alkaline

series (e.g. de Oliveira et al., 2010; Martin et al., 2009). In Chapter 3 | demonstrate
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that sanukitoid suites show a more muted &*°Ti increase during differentiation than
currently analysed modern calc-alkaline suites. | propose that this is caused by
fractional crystallisation of abundant hornblende alongside Fe-Ti oxides from H20-rich
sanukitoid magmas, as amphibole fractionates Ti isotopes less than Fe-Ti oxides
(Greber et al., 2021; Mandl, 2019). This result demonstrates that hydrous silicate
minerals such as amphibole can play a significant role in controlling magma &*°Ti
evolution during differentiation. In addition, amphibole and phlogopite are important Ti-
bearing residual phases during partial melting of various lithologies (e.g. metabasites,
metasomatised mantle). However, constraints on the magnitude of amphibole-melt
and phlogopite-melt Ti isotope fractionation factors, which | use in the experimental
melt modelling presented in Chapter 3 and Appendices E and F, are limited and
primarily come from single mineral separates from the Kneeling Nun Tuff analysed by
Mandl (2019). This contrasts with the detailed ab initio density functional theory (DFT)
calculations (Aarons et al., 2021; Leitzke et al., 2018; W. Wang et al., 2020) and
empirical studies (Hoare et al.,, 2022) used to determine mineral-melt Ti isotope
fractionation factors for Fe-Ti oxides and non-hydrous silicate minerals. Further work
is therefore needed to better constrain mineral-melt Ti isotope fractionation factors for
Ti-bearing hydrous silicates such as amphibole and phlogopite. This work will make
more accurate fractionation factors available for use in models of Ti isotope
fractionation during various processes, including partial melting of metamorphic rocks
(e.g. amphibolites, gneisses) and metasomatised mantle lithologies (e.g. the MARID
(mica-amphibole-rutile-ilmenite-diopside) and PIC (phlogopite-ilmenite-clinopyroxene)

suites), and fractional crystallisation of hydrous magmas.

Recent studies by Smithies et al. (2019) and Liou and Guo (2019) suggest that a
subset of “high pressure” TTGs with very high Sr concentrations and Sr/Y formed by
hornblende-dominated fractional crystallisation of metasomatised mantle-derived
sanukitoid magmas, instead of by the predominantly favoured model of high pressure
(= 2 GPa) metabasite partial melting (e.g. Moyen, 2011). In Chapter 3 | present the Ti
stable isotope compositions of the Black Flag Group (BFG) sanukitoids, which
Smithies et al. (2019) propose constitute the liquid line of descent linking high-Sr HP
TTGs to mantle-derived magmas in the Eastern Goldfields Superterrane, Yilgarn
Craton. These data constrain the 3*°Ti evolution of the BFG during magma

differentiation, and | model the differentiation trends of the different geochemical
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subgroups of the BFG using Rayleigh fractionation. In Chapter 4 | show that the Ti
isotope compositions of high-Sr HP TTGs from the Eastern Goldfields Superterrane
plot at the evolved end of the BFG sanukitoid differentiation trend and Rayleigh
fractionation models, demonstrating that they formed by hornblende-dominated
fractional crystallisation of low La/Th BFG magmas and ultimately had a hydrous
eclogite melt-metasomatised mantle source. In contrast, the 5*°Ti values of other
TTGs from the Eastern Goldfields Superterrane, which have different trace element
compositions to the high-Sr HP TTGs, can be explained by the traditional petrogenetic
model for TTGs where hydrous metabasite undergoes partial melting in the garnet
stability field. While TTG formation via fractional crystallisation of hydrous mafic
magma has been proposed multiple times over the past few decades (e.g. Arth et al.,
1978; Kamber et al.,, 2002; Kleinhanns et al., 2003; Smith et al., 1983), this
petrogenetic model has generally been dismissed in favour of a metabasite melting
origin (e.g. Moyen and Martin, 2012). My results provide strong support for the
derivation of some Archean TTGs from mantle-sourced sanukitoid magmas. They also
record the contemporaneous, diverse petrogenesis of Neoarchean TTGs in the Yilgarn
Craton, demonstrating that TTG-forming processes were likely more varied than

previously appreciated.

From published geochemical data of global TTGs, | identify high-Sr HP TTGs on many
Archean cratons. The temporal distribution of global high-Sr HP TTGs largely mirrors
that of sanukitoids as they become more abundant and widespread in the late
Archean, after ~3 Ga. Furthermore, within individual cratons many high-Sr HP TTGs
are spatially and temporally associated with sanukitoid magmatism. These findings
imply that formation of high-Sr HP TTGs by fractional crystallisation of metasomatised
mantle-derived sanukitoid magmas was a global phenomenon, and that mechanisms
for forming TTG magmas may have globally diversified in the late Archean. As high-
Sr HP TTGs were derived from metasomatised mantle sources rather than exclusively
from recycled metabasite, they represent net addition of material to the continental
crust. Crustal growth models may therefore have previously underestimated juvenile
input in the late Archean, although high-Sr HP TTGs appear to constitute a relatively
minor proportion of TTG magmatism. Future work may want to further constrain the
magnitude of the contribution from high-Sr HP TTGs to TTG magmatism and crustal

growth in the late Archean.
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The results presented in this thesis place new constraints on geodynamic processes
during the late Archean-early Proterozoic transition. The emergence of metasomatised
mantle-sourced high-Sr HP TTGs alongside sanukitoids in the late Archean was likely
the result of a geodynamic transition at this time that promoted interaction between
metabasite melts and mantle peridotite. Generation of the metabasite melt component
involved in sanukitoid petrogenesis by fluid-fluxed eclogite melting is most consistent
with formation of the sanukitoid mantle source by a subduction-like process, and
shows that deep burial of hydrated near-surface material along relatively low
geothermal gradients occurred at least as far back as ~2.7 Ga. This process may have
been either some form of subduction or sinking crustal drips that brought hydrated
near-surface material to mantle depths. On the other hand, formation of the sanukitoid
mantle source via delamination of lower crustal eclogite or crustal drips involving only

anhydrous lower crust is not compatible with my results.

Shifting the focus away from sanukitoid petrogenesis, the data presented in Chapter
5 have significant implications for our understanding of uranium isotope systematics.
TTGs and Archean-Paleoproterozoic sanukitoids show a decrease in 328U during
magmatic differentiation which appears to be caused by apatite fractional
crystallisation. This work provides the first demonstration of high-temperature mineral-
melt U isotope fractionation influencing the 323U of bulk igneous rocks, and adds to
growing evidence of high-temperature U isotope fractionation (Hiess et al., 2012;
Livermore et al., 2018; Tissot et al., 2019, 2017). However, our understanding of this
process is currently hindered by the incredibly limited constraints on mineral-melt U
isotope fractionation factors, hence future work investigating high-temperature U
isotope fractionation is imperative. The best way to determine mineral-melt U isotope
fractionation factors would be direct measurements of coexisting glass and mineral
phases, with a focus on U-bearing accessory minerals (e.g. apatite, zircon, titanite,
allanite) that are the main hosts of U in igneous rocks. Measuring the 522U of the bulk
rock sample that any mineral separates are taken from would also provide valuable
insights into the direction and magnitude of high-temperature U isotope fractionation,
as previous studies of U isotope compositions in mineral separates did not make such
analyses (Hiess et al., 2012; Livermore et al., 2018; Tissot et al., 2019). In addition,

targeted analysis of cogenetic differentiation suites, as opposed to disparate igneous
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samples, would improve our understanding of 328U evolution during magma

differentiation.

Although my data are limited, they hint at possible secular variation of granitoid, and
potentially mantle, U isotope compositions over the Archean. Eoarchean granitoids
have considerably lighter 522U (~-0.38%o; Noordmann et al., 2016) than Neoarchean
granitoids (average 238U = -0.27 + 0.02%.) and the BSE (-0.306 + 0.026%o; Andersen
et al., 2015). However, as Eoarchean granitoid data are limited to just two samples
and there does not appear to be an obviously viable mechanism for changing the 538U
of the mantle and mantle-derived igneous rocks at this time, further work is needed to
determine whether there was a genuine increase in the 523U of granitoids in the
Archean or whether the low 523U of the Eoarchean granitoids were produced by
magmatic differentiation. Future work should involve measuring the U isotope
compositions of additional Eoarchean granitoid samples, as well as of Paleo-
Mesoarchean granitoids, and should measure 523U alongside 6238U to help assess
the extent of recent U mobility due to weathering and alteration. These results also
suggest that Neoarchean granitoids may have slightly heavier average 238U than the
BSE. However, the U isotope compositions of both Neoarchean granitoids and the
BSE are constrained by relatively few samples. Future work to better constrain the
5%38U of the BSE and bulk Earth is necessary, and efforts should focus on high
precision measurements of large meteorite samples, using parameters such as Th/U
and 5%%*U to check for modification of their U isotope compositions by terrestrial

weathering.

Finally, my data suggest that the U isotope compositions of oxidised, largely
subduction-related, magmas have changed over the Earth’s history. While modern arc
magmas mostly have low Th/U and low 52U down to ~-0.5%0 due to addition of
oxidised, slab-derived aqueous fluids to their mantle source (Andersen et al., 2015;
Freymuth et al., 2019), Archean sanukitoids have significantly higher 3*28U of -0.33%o
to -0.23%o, similar to the BSE composition. Additionally, some oxidised igneous rocks
— the Rogart high Ba-Sr granite suite pluton and Paleoproterozoic Alto Maranhao suite
sanukitoid (Chapter 5), Mount Vesuvius (Avanzinelli et al., 2018) — have higher 52U
than the BSE due to a recycled sediment component. Liu et al. (2019) observed

secular changes in the Th/U of arc magmas over the last 3 Gyr, and found a significant
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decrease in their average Th/U during the NOE at ~0.65 Ga. Future work could
investigate whether this shift in Th/U was accompanied by a change in the 338U of
oxidised arc magmas to help constrain exactly how U cycling processes in subduction
zones changed across the NOE. It could also explore when in the Earth’s history the
low 828U and Th/U signature, and hence significant transfer of U%* in oxidised, slab-
derived aqueous fluids, is first recorded in oxidised magmas, helping us understand
how subduction zone processes and mechanisms of magma oxidation have changed

though time.
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Appendix A — Measured *Ti, §%°%U and

524U of geological reference materials

Table A1: Measured 5“Ti (%o) of geological reference materials. 95% ci = 95% confidence
interval. 2sd = 2 standard deviations. n = number of measurements.

Reference O®Ti 95%ci 2sd n

Material %0 Yoo Yoo
JB-2 -0.023 0.024
-0.027 0.021
-0.028 0.020
-0.013 0.026
-0.033 0.021
-0.019 0.023
-0.031  0.021
Weighted mean -0.026 0.021 7
RGM-2 0.553 0.019
0.595 0.021
0.548 0.022
0.592 0.027
0.604 0.021
0.589 0.021
0.577 0.021
0.564 0.026
0.548 0.021
Weighted mean 0.574 0.021 9
BCR-2 -0.005 0.021
-0.019 0.024
Weighted mean -0.012 0.021 2
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Table A2: Measured 6%®U (%) and 6*U (%.) of geological reference materials. 2se = 2
standard errors. 2sd = 2 standard deviations. n = number of measurements.

Reference 538U 2se 2sd &%*U 2se 2sd n
Material %o Yoo Yoo Yoo %o %o
BCR-2 -0.26  0.03 4 1
-0.26 0.04 3 1
-0.27 0.04 2 2
-0.25 0.03 1 2
Weighted mean -0.26 0.03 3 17 4
HU-1 -0.54 0.03 6 1 1
Cz1 -0.02 0.03 4 1
-0.08 0.03 5 1
-0.03 0.03 -1 1
-0.08 0.03 1
-0.05 0.04 0 1
-0.09 0.05 -2 1
-0.01  0.06 1
-0.06 0.03 1
0.00 0.06 1
-0.11  0.04 0 1
-0.02 0.04 -7 2
-0.05 0.05 2
-0.03 0.03 2
-0.04 0.04 2
-0.02 0.05 -3 2
-0.02 0.04 2
Weighted mean -0.05 0.04 2 17 16
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Appendix B — Table of all new titanium and uranium isotope data

presented in this thesis

Table B1: All new titanium (5*°Ti) and uranium (5?**U, 5***U) isotope data presented in this thesis. 95% ci = 95% confidence interval on 5*Ti, calculated via the
method described in Chapter 2. 2se = 2 standard errors on °*%U and 6?*U, calculated via the method described in Chapter 2. n = number of measurements
made. Lithological descriptions are taken from the references listed in Appendix C. Bt = biotite, Hbl = hornblende, Amp = amphibole, Qz = quartz, Fsp = feldspar,
Pl = plagioclase, Kfs = K-feldspatr.

Sample Lithological Description Age Suite Location Ti 95%ci n 33U 2se &% 2se n
Ma %0 %0 %o %o %o %o
Sanukitoids and analogues
235921 Enclaves Mafic microgranular enclaves ~3421 Sanukitoid-like rocks Pilbara 0.227 0.021 1 -0.35 0.05 -2 1
235921 Bt-Hbl granite ~3421 Sanukitoid-like rocks Pilbara 0.299 0.023 1 -035 0.05 -10 5 1
142170 Bt granite ~3421 Sanukitoid-like rocks Pilbara 0.292 0.021 1
235917 Bt-Hbl quartz diorite 2948 High-Mg diorite suite Pilbara 0211 0.032 2 -0.14 0.05 -60 5 1
142945 Metafelsic volcanic rock ~2950 High-Mg diorite suite Pilbara 0.232 0.015 1
142260 Melanodiorite ~2950 High-Mg diorite suite Pilbara 0.177 0.016 1
142347 Melanodiorite 2498 + 5 High-Mg diorite suite Pilbara 0.133 0.016 1 -0.31 0.05 1 5 1
142257 Tonalite-granodiorite ~2950 High-Mg diorite suite Pilbara 0.161 0.018 1
227869 Fsp-porphyritic basalt ~2660 High La/Th (high Ni) BFG Yilgarn 0.197 0.020 1 -0.33 0.03 -1 9 2
227873 Pl-porphyritic basalt ~2660 High La/Th (high Ni) BFG Yilgarn 0.176 0.026 1 -0.24 0.03 -3 9 2
223149 Metabasalt ~2660 High La/Th (high Ni) BFG Yilgarn 0.137 0.020 1 -0.31 0.03 9 2
505567 Amp-porphyritic lamprophyre ~2660 High La/Th (high Ni) BFG Yilgarn 0.164 0.019 1 -0.25 0.03 9 2
505652 Lamprophyre ~2660  High La/Th (high Ni) BFG Yilgarn 0.146 0.021 1 -0.25 0.03 9 2
227863 Metabasalt ~2660 High La/Th (high Ni) BFG Yilgarn -0.30 0.03 -3 9 2
211213 Metabasalt ~2660 High La/Th (high Ni) BFG Yilgarn -0.23 0.04 9 2
229900 Hbl-diorite ~2660 High La/Th (high Ni) BFG Yilgarn 0.157 0.022 1 -0.29 0.05 5 1
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Table B1 continued:

Sample Lithological Description Age Suite Location Ti 95%ci n 838U 2se &2*U 2se n
Ma %o %o %o %o Yo Yo

Sanukitoids and analogues

228046 Granitic rock ~2660 High La/Th (high Ni) BFG Yilgarn 0.208 0.024 1

223100 Fsp-porphyritic dacite ~2660 High La/Th (high Ni) BFG Yilgarn 0.221 0.024 1

229913 Diorite 2666 + 7  High La/Th (high Ni) BFG Yilgarn 0.236 0.020 1

223123 Pl-porphyritic dacite ~2660 High La/Th (high Ni) BFG Yilgarn 0.213 0.025 1

223112 Fsp-porphyritic dacite ~2660 High La/Th (high Ni) BFG Yilgarn 0.210 0.026 1

223146 Pl-porphyritic dacite ~2660 High La/Th (high Ni) BFG Yilgarn 0.280 0.028 1

223143 Pl-porphyritic dacite ~2660 High La/Th (high Ni) BFG Yilgarn 0.286 0.025 1

223157 Metabasalt ~2660 High La/Th (low Ni) BFG Yilgarn 0.157 0.024 1 -0.24 0.03

229901 Hbl-porphyritic andesite ~2660 High La/Th (low Ni) BFG Yilgarn 0.126 0.020 1 -0.28 0.03 2 9
227885 Felsic volcaniclastic sandstone ~2660 High La/Th (low Ni) BFG Yilgarn 0.123 0.020 1

211545 Meta-andesite ~2660 High La/Th (low Ni) BFG Yilgarn 0.233 0.018 1

230891 Hbl-Bt granitic rock ~2660 High La/Th (low Ni) BFG Yilgarn 0.207 0020 1 -0.26 0.05 1 5 1
211545 Meta-andesite ~2660 High La/Th (low Ni) BFG Yilgarn 0.233 0.020 1

223070 Felsic volcaniclastic rock ~2660 High La/Th (low Ni) BFG Yilgarn 0.268 0.020 1

227874 Pl-porphyritic basalt ~2690 Low La/Th BFG Yilgarn 0.182 0.025 1 -0.30 0.05 0 9 2
501922 Porphyry ~2690 Low La/Th BFG Yilgarn 0.180 0.021 1 -0.28 0.03 9 2
505465 Quartz diorite ~2690 Low La/Th BFG Yilgarn 0.108 0.023 1 -0.31 0.04 7 9 2
230733 Felsic volcaniclastic rock ~2690 Low La/Th BFG Yilgarn 0139 0.021 1 -0.27 0.05 -13 5 1
224582 Meta-andesite ~2690 Low La/Th BFG Yilgarn 0.170 0.020 1

224513 Felsic volcaniclastic sandstone ~2690 Low La/Th BFG Yilgarn 0.199 0.022 1

230774 Felsic volcaniclastic rock ~2690 Low La/Th BFG Yilgarn 0.186 0.020 1

230787 Pl-porphyritic dacite ~2690 Low La/Th BFG Yilgarn 0.202 0.023 1

233603 Hbl-Bt metagranodiorite ~2690 Low La/Th BFG Yilgarn 0.259 0.021 1

223185 Metagranodiorite ~2690 Low La/Th BFG Yilgarn 0.291 0.021 1

AMT 03 Bt-Hbl tonalite 2130+ 2 Alto Maranhé&o suite Sao Francisco 0.224 0.023 1 -0.23 0.03 -3 9 2
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Table B1 continued:

Sample Lithological Description Age Suite Location Ti 95%ci n 338U 2se &2*U 2se
Ma %0 %o %o %0 %o %o
Sanukitoids and analogues
AMT 02 Bt-Hbl tonalite 2130+ 2 Alto Maranh&o suite S&o Francisco  0.231 0.023 1 -0.35 0.05 -27 5
AMT 0O1a Bt-Hbl tonalite 2130+ 2 Alto Maranh&o suite Sao Francisco 0.229  0.023 1
AMT 01b Bt-Hbl tonalite 2130+ 2 Alto Maranh&o suite Sao Francisco 0.223  0.024 1
MAJF 51b Hbl-Bt granodioritic banded gneiss 2117 £ 24 Sao Francisco 0.144 0018 1 -0.31 0.05 -13 5
MAJF 42 Hbl-Bt granodioritic gneiss 2114 £ 10 Sao Francisco 0.133 0.045 2
RA1 Appinite 425+1.5 Rogart pluton Scotland 0.143 0.023 1
RA2 Appinite 425+1.5 Rogart pluton Scotland 0.214 0.022 1 -0.20 0.03
RT1 Bt-Hbl tonalite 425+1.5 Rogart pluton Scotland 0.260 0.023 1 -0.21 0.05 3 5
RHG2 Bt-Hbl granodiorite 425+1.5 Rogart pluton Scotland 0.300 0.023 1
SR2 Appinite 425+ 3 Strontian pluton Scotland 0.150 0.004 2
SR3 Hbl-Bt granodiorite 425+ 3 Strontian pluton Scotland 0.165 0.015 2 -0.29 0.05 4
SR4 Hbl-Bt granodiorite 425+ 3 Strontian pluton Scotland 0176 0023 1 -0.26 0.05 5
TTGs
235965 Mesosome ~3425 Pilbara -0.34 0.05 149 5 1
142870 Tonalite ~3500 Pilbara -0.24 0.05 3 5 1
235913 Granodiorite ~3270 Pilbara -0.25 0.05 -59 5 1
235945 Granodiorite ~3303 Pilbara -0.39 0.05 1 5 1
178102 Granodiorite ~2787 Yilgarn -0.24 0.06 -85 5 1
232744 Tonalite ~2696 Yilgarn -0.21 0.05 6 5 1
227968 Granitic rock ~2675 High-Sr HP TTG Yilgarn 0.329 0.015 2
502247 Amp-Qz-Fsp porphyry ~2675 High-Sr HP TTG Yilgarn 0446 0022 1 -0.31 0.03 19 9
505481 Qz-Amp-PI porphyry ~2675 High-Sr HP TTG Yilgarn 0.371  0.022 1 -0.25 0.04 -4
230558 Granitic rock ~2675 MP-like HP TTG Yilgarn 0.227 0.014 2 -0.26 0.03 -4
501894 Porphyry ~2675 MP-like HP TTG Yilgarn 0.252 0.013 2
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Table B1 continued:

Sample Lithological Description Age Suite Location Ti 95%ci n 338U 2se &2*U 2se

Ma %0 %o %o %0 %o %o
TTGs

504718 Bt monzogranite ~2675 MP-like HP TTG Yilgarn 0.292 0.022 1 -0.30 0.03 -31 9

233734 Metadacite ~2675 MP-like HP TTG Yilgarn 0.206 0.022 1

222660 Granitic gneiss ~2675 MPTTG Yilgarn 0.482 0.023 1

240405 Metagranitic rock ~2675 MPTTG Yilgarn 0296 0.023 1 -0.32 0.03

502533 Tonalite ~2675 MP TTG Yilgarn 0292 0.023 1 -0.31 0.04

234000 Metagranitic rock ~2675 MP TTG Yilgarn 0.236  0.023 1

500854 Kfs-PI porphyry ~2675 LPTTG Yilgarn 0513 0.016 2 -0.37 0.03 4 9

240623 Metagranitic rock ~2675 LPTTG Yilgarn 1.385 0.020 1

501345 Granite ~2675 LPTTG Yilgarn 0.586 0.016 2

504940 Felsic tuff ~2675 LPTTG Yilgarn 0.463 0.016 2

501356 Granite ~2675 LPTTG Yilgarn 0.401 0.015 2 -0.36 0.04 -70 9

233699 Metagranitic rock ~2675 LPTTG Yilgarn 1.077 0.016 2
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Appendix C — Table of spatial data and literature geochemical data

references for samples analysed in this thesis

Table C1: Spatial data and literature whole rock elemental and isotopic data references for the samples analysed in this thesis. The full list of references?® is

provided at the end of the table. CPTZ = Central Pilbara Tectonic Zone. EGST = Eastern Goldfields Superterrane.

Sample Location Latitude, Longitude, Core Name Depth in core References for
decimal decimal elemental and
degrees degrees m isotopic data?

Sanukitoids and analogues
235921 Enclaves East Pilbara Terrane, Pilbara Craton -21.08991 118.51366 [1]

235921 East Pilbara Terrane, Pilbara Craton -21.08991 118.51366 [1]

142170 East Pilbara Terrane, Pilbara Craton -21.0900 118.5131 [1]

235917 Mallina Basin, CPTZ, Pilbara Craton -21.04373 117.94143 [1]

142945 Mallina Basin, CPTZ, Pilbara Craton -21.46535 117.93473 [2]

142260 Mallina Basin, CPTZ, Pilbara Craton -21.097003 118.020236 [3]

142347 Mallina Basin, CPTZ, Pilbara Craton -20.998694 118.097773 [3]

142257 Mallina Basin, CPTZ, Pilbara Craton -21.073670 118.034958 [3]

227869 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.823624 121.557757  12GMSD001 107.33 — 107.46 [2]

227873 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.823624 121.557757 12GMSD001 154.59 — 154.68 [2]

223149 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.3263371  121.7902486  CD16056A 1284.52 — 1284.63 [4]

505567 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.254380 121.695163 [2]

505652 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.254438 121.717520 [2]

227863 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.926391 121.574102 FED362 113.40 — 113.62 [5]

211213 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.225722 121.674641 KD330 204.30 — 204.44 [5]
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Table C1 continued:

Sample Location Latitude, Longitude, Core Name Depth in core References for
decimal decimal elemental and
degrees degrees " isotopic data®

Sanukitoids and analogues

229900 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.2978 121.7589 LD 7454 924.09 — 924.34 [5]

228046 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.326337 121.790249 CD16056A  1283.25 — 1283.41 [5]

223100 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.326337 121.790249 CD16056 801.63 — 801.89 [5]

229913 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.2978 121.7557 LD 7006 828.47 — 828.71 [5]

223123 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.326337 121.790249 CD16056A  1000.75 — 1000.86 [5]

223112 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.326337 121.790249 CD16056 943.66 — 944.00 [5]

223146 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.326337 121.790249 CD16056A  1258.23 — 1258.60 [5]

223143 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.326337 121.790249 CD16056A 1172.60 — 1172.83 [5]

223157 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.3263371  121.7902486  CD16056A 1455.38 — 1455.62 [4]

229901 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.2978 121.7557 LD 7006 949.75 — 949.87 [5]

227885 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.823624 121.557757 12GMSDO001 305.17 — 305.50 [5]

211545 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.815452 121.536230 SE18 1046.16 — 1046.34 [5]

230891 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.027780 121.918243 18EISD001 1150.73 — 1151.05 [5]

211545 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.815452 121.536230 SE18 1042.23 — 1042.43 [5]

223070 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.326337 121.790249 CD16056 181.30 — 181.61 [5]

227874 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.823624 121.557757 [2]

501922 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.603092 121.594820 [2]

505465 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.262337 121.707811 [2]

230733 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.772866 121.279680 PDDDO003 292.74 — 292.95 [5]

224582 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.736245 121.253266 PGDD15001  1178.17 — 1178.28 [5]

224513 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.761413 121.276641 MEDD144 253.00 — 253.15 [5]

230774 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.721911 121.216094 WKDD15004 213.69 — 214.06 [5]

230787 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.773491 121.291465 PDDDO010 521.53 - 521.73 [5]

233603 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.40857 121.40003 PGCDO0024 59.40 - 59.67 [5]
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Table C1 continued:

Sample Location Latitude, Longitude, Core Name Depth in core References for
decimal decimal elemental and
degrees degrees " isotopic data®

Sanukitoids and analogues

223185 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.549076 121.490884 RYDD14004 109.70 — 110.19 [5]

AMT 03 Mineiro Belt, Sdo Francisco Craton -20.6565431 -43.6716649 [6]

AMT 02 Mineiro Belt, Sdo Francisco Craton -20.6707198 -43.6429364 [6]

AMT O1a Mineiro Belt, Sdo Francisco Craton -20.6516888 -43.7325297 [6]
AMT 01b Mineiro Belt, Sao Francisco Craton -20.6516888 -43.7325297 [6]
MAJF 51b Mineiro Belt, Sdo Francisco Paleocontinent -21.5837280 -44.3833899 [7]
MAJF 42 Mineiro Belt, Sdo Francisco Paleocontinent -21.2869793  -44.1418248 [7]
RA1 Northern Highland Terrane, Scotland 57.993610 -4.197395 [8], [9]
RA2 Northern Highland Terrane, Scotland [81, [9]
RT1 Northern Highland Terrane, Scotland 58.029737 -4.133558 [81, [9]
RHG2 Northern Highland Terrane, Scotland [81, [9]
SR2 Northern Highland Terrane, Scotland 56.689017 -5.616935 [9], [10]
SR3 Northern Highland Terrane, Scotland 56.685100 -5.627994 [9], [10]
SR4 Northern Highland Terrane, Scotland 56.730766 -5.540805 [9], [10]
TTGs

235965 East Pilbara Terrane, Pilbara Craton -21.75661 119.23913 [1]

142870 East Pilbara Terrane, Pilbara Craton -20.81288 120.56729 [1]

235913 Karratha Terrane, Pilbara Craton -20.82914 116.85296 [1

235945 East Pilbara Terrane, Pilbara Craton -20.91388 120.55534 [1

178102 Youanmi Terrane, Yilgarn Craton -26.74518 118.30393

232744 Youanmi Terrane, Yilgarn Craton -28.14251 117.78442

227968 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.21119 121.67346 [2]

502247 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.028103 121.600152 [2]
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Table C1 continued:

Sample Location Latitude Longitude Core Name Depth in core References for
Decimal Decimal elemental and
degrees degrees " isotopic data®

TTGs

505481 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.225697 121.669862 [2]

230558 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.33968 -120.79401 [2]

501894 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.595704 121.574202 [2]

504718 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.860039 121.157542 [2]

233734 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.02936 121.56274 2]

222660 Kalgoorlie Terrane, EGST, Yilgarn Craton -31.29826 121.30681 2]

240405 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.17809 121.23090 2]

502533 Kalgoorlie Terrane, EGST, Yilgarn Craton -32.120730 121.936648 2]

234000 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.38420 121.51736 [2]

500854 Kurnalpi Terrane, EGST, Yilgarn Craton -29.357069 122.213874 [2]

240623 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.21838 120.95453 [2]

501345 Kalgoorlie Terrane, EGST, Yilgarn Craton -27.081473 120.738437 [2]

504940 Kalgoorlie Terrane, EGST, Yilgarn Craton -27.418373 120.939233 [2]

501356 Kalgoorlie Terrane, EGST, Yilgarn Craton -27.272066 120.520228 [2]

233699 Kalgoorlie Terrane, EGST, Yilgarn Craton -30.37482 121.08043 [2]

“References: [1] Vandenberg et al. (2023); [2] Western Australia Geochemistry Database (WACHEM, Geological Survey of Western Australia, 2025); [3] Smithies
and Champion (2000); [4] Smithies et al. (2019); [5] Smithies et al. (2022); [6] Moreira et al. (2018); [7] Bruno et al. (2021); [8] Fowler et al. (2001); [9] Zhu et al.

(2024); [10] Fowler et al. (2008).
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Appendix D — Method for Rayleigh
fractionation modelling of titanium

isotopes during sanukitoid
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Figure D1: Ti (ppm) vs Ho (ppm) for the Black Flag Group subgroups — a) high La/Th (high Ni)
BFG, b) high La/Th (low Ni) BFG), c) low La/Th BFG. The grey lines show the results of curve
fitting equation D3 to the Ti and Ho concentration data.

| modelled the Ti isotope composition of the Black Flag Group (BFG) sanukitoids,

Yilgarn Craton, during differentiation using Rayleigh fractionation. The three
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subgroups of the BFG — high La/Th (high Ni), high La/Th (low Ni) and low La/Th —

were each considered separately.

Rayleigh fractionation modelling requires calculation of the fraction of Ti remaining in
the melt (FFL,,) when each sample formed. To calculate FIi, | used the Rayleigh
fractional crystallisation modelling for the BFG between 56 — 69 wt% SiO2 of Smithies
et al. (2019), which constrained the bulk partition coefficients (D.,,;;) of various trace
elements during differentiation. BFG Ti concentrations (CI%,,) show strong positive
correlation with Ho concentrations (C/9,,, fig. D1). Melt Ti and Ho concentrations can
be described as a function of their bulk partition coefficients by equations D1 and D2

respectively.

Clie = €3 (Fere PV (1)

Ch% = YO (Fnere Pk D) (D2)
Fnere is the fraction of melt remaining in the system, while CI* and Cl° are the initial
concentrations of Ti and Ho in the melt respectively. Equations D1 and D2 are

parametric equations that describe the trends in figure D1, and can be combined into

a single equation (equation D3).

Ti
Dbulk_1>

. (CHo . <D{,’1flk—1
Crete = GG ( CFo ) (D3)
0

clt was determined by linear regression of Ti (ppm) vs SiO2, calculated at 56 wt%
SiO2 for each subgroup. Cf° = 0.54 ppm and D{%, are taken from Smithies et al.
(2019) model 2. To determine the optimum value of DI.,, | did curve fitting of equation
D3 to the BFG Ti and Ho concentration data using the curve_fit function from the SciPy

optimize subpackage. The results of the curve fitting are shown by the grey lines in

figure D1 and the optimum D[}, values given in table D1.

| calculated F,,.;; for each sample with equation D4, using the previously determined

optimum DJ%,. .

1
ch l <D1ﬁlk‘1>
Frnerr = ("‘—t> (D4)

Ti
CO
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Fp.e1: Values were then normalised to the F,,.;; value of the sample closest to the onset

of the increase in 5°Ti (FP1i™) to give Fpetr (vy (€quation D5).

Frnelt
Finete ) = F;ﬂ% (D5)

melt

Finally, for each sample FIi,, was calculated using equation D6, where Cgriim is the Ti

concentration of the sample closest to the onset of the increase in 5*°Ti.

Ti

: Crmete
Tq;lleltz melt (N) (C,Tm_le> (D6)

prim

The solid-melt fractionation factor (a(seiia-meiry) for each BFG subgroup was
determined by weighted curve fitting of the Rayleigh fractionation equation (equation
D7) to the measured 8*Ti and calculated FI., of the samples, again using the

curve_fit function from the SciPy optimize subpackage.
§4Ti = 103 (F,f,ielt(““"”d‘m"’”)‘l) —1)+68%Tiy (D7)
5*°Ti, was taken as the 8*°Ti of the sample closest to the onset of the increase in

&%9Ti for each subgroup. The 20 uncertainty in @(s1ig—meir) Was calculated from the

variance returned by the curve_fit function. The values used for modelling and the

optimum a(s1ia-meiry for each BFG subgroup are shown in table D1, and figure D2

shows the final Rayleigh fractionation models.

Table D1: Values used and calculated by the Rayleigh fractionation modelling of Ti isotope
compositions during differentiation of the Black Flag Group subgroups.

cri , . cri 5*Tip
BFG Subgroup 0 Dpii,.  FPUR e . A(solid-melt) ~ 20
(ppm) (ppm) (%o)

High La/Th (high Ni)  4055.54 3.07983 0.873 3057.45 0.157 0.99988  0.00003
High La/Th (low Ni)  3756.48 2.35477 0.957 3537.05 0.126 0.99988  0.00001
Low La/Th 3931.41 224134 0.956 3716.90 0.139 0.99989  0.00001
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Figure D2: 5*Ti vs calculated F"mex and Rayleigh fractionation models for the Black Flag
Group subgroups — a) high La/Th (high Ni) BFG, b) high La/Th (low Ni) BFG), c) low La/Th
BFG. The solid grey lines show the Rayleigh fractionation models, and the dashed grey lines
show the 2o uncertainty on those models. Uncertainty on sample 6*°Ti is shown as the 95%
confidence interval.
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Appendix E — Method for modelling of
titanium isotope fractionation during

partial melting

During partial melting, Ti isotope fractionation may arise due to the contrast in Ti
coordination between the silicate melt (predominantly 5-fold coordination) and residual
Ti-bearing minerals (either 6-fold coordination, 4-fold coordination or both). The
magnitude of this mass-dependent Ti isotope fractionation (@ inerai—merr) €an be
determined directly from measured natural and experimental mineral-melt pairs
(Hoare et al., 2022; Mandl, 2019; Rzehak et al., 2022) or from ab initio calculations
based on density functional theory (Aarons et al., 2021; Leitzke et al., 2018; W. Wang
et al, 2020). When these fractionation factors are combined with melting
temperatures, and phase proportions and Ti concentrations from partial melting

experiments, | can model the Ti stable isotope fractionation during that partial melting.

| used direct measurements of mineral-melt pairs to constrain a,,inerai—merr Where
available. Experimental rutile-melt pairs were analysed by Hoare et al. (2022) and
Rzehak et al., (2022). The equation for a,sije—mei: Was determined by weighted curve
fitting of equation E1 to the measured @, ,;ijc—mei: Values and temperatures (T) in kelvin
using the curve_fit function from the SciPy optimize subpackage.

10°
TZ
A is a constant which was determined by the curve fitting, and the 2o uncertainty in A

103 In Arytite—melr = A (E]-)

was calculated from the variance returned by the curve fit function. The resulting
equation is shown in table E1. The same approach was done for a;;menite—meit, USIiNg
natural ilmenite-melt pairs from Hoare et al. (2022). Mand| (2019) measured only one
amphibole-melt pair and one phlogopite- (biotite-) melt pair from the Kneeling Nun
Tuff. These values, along with a crystallisation temperature of 775°C based on a
combination of zircon, titanite, amphibole and plagioclase thermometers

(Szymanowski et al., 2019, 2017), were used to constrain agmpnivore—merr and
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Aphiogopite-melt (table E1). The same method was done for a,,¢thopyroxene—merr With the
experimental orthopyroxene-melt pair from Rzehak et al. (2021) where all Ti present
was tetravalent (fO2 = air). The 20 uncertainty on these ainerai—merr Values were

propagated to determine the 20 uncertainties on the equations in table E1.

Table E1: Ti isotope mineral-melt fractionation factors determined from natural and
experimental mineral-melt pairs. T is the temperature in kelvin (K).

Mineral Fractionation Factor (a) References
: Hoare et al. (2022),
Rutile 10%Ina = -0.4343 (+ 0.0693, 20) x 10°/T2
Rzehak et al. (2022)
lImenite 10%na = -0.5997 (+ 0.0771, 20) x 108/T2 Hoare et al. (2022)
Amphibole 10%na = -0.2296 (+ 0.0670, 20) x 108/T2 Mandl (2019)
Phlogopite 10%na = -0.2571 (+ 0.0659, 20) x 108/T2 Mandl (2019)
Orthopyroxene 10%na = -0.0056 (+ 0.0502, 20) x 108/T2 Rzehak et al. (2021)

Direct measurements of mineral-melt pairs are not available for clinopyroxene, garnet,
phengite, epidote or titanite, so | used the reduced partition function ratios (RPFRs, )
obtained by ab initio calculations to determine a,,inerai—merr- 1he fractionation factor

between two phases i and j is given by the ratio of their RPFRs (a;_; = f;/B;, €.g.

Young et al., 2015). As no B,,.;: has been calculated, | can instead use My a,ti10—meit
determined directly from mineral-melt pairs (table E1) and 3,1 (table E2) to calculate
a;_meir (€Quation E2).

Bi

> X Qrytile—melt (EZ)
ﬁrutile

Ai—meit =
RPFRs for rutile and garnet (pyrope with Ti** in 6-fold coordination) are from W. Wang
et al. (2020), for clinopyroxene (Ti** in 6-fold coordination) is from Leitzke et al. (2018),
and for titanite is from Aarons et al. (2021). These are given in table E2. No ab initio
constraints on Ti isotope fractionation factors are available for phengite or epidote.
Both of these silicate minerals primarily host Ti in octahedral sites, so — like Klaver et
al. (2024) did — | estimated their a,,inerai—-merr PY @ssuming that their RPFRs are
identical to garnet (W. Wang et al., 2020).
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Table E2: Ti isotope reduced partition function ratios. T is the temperature in kelvin (K).

Mineral Reduced Partition Function Ratio (x = 10°/T?) References
Rutile 10%nB = 1.19767x — 0.00959x2 + 0.000154x3  W. Wang et al. (2020)
Clinopyroxene 10%InB = 1.69903x — 0.00972x2 + 0.000127x3 Leitzke et al. (2018)
Titanite 10%InB = 1.26x — 0.0115x? + 0.000254x3 Aarons et al. (2021)
Garnet 10%nB = 1.70195x — 0.01864x? + 0.000380x> W. Wang et al. (2020)
Phengite estimated same as garnet
Epidote estimated same as garnet

To calculate the magnitude of Ti isotope fractionation occurring during partial melting
(A*Timert—protorien) | Used a mass balance approach following Klaver et al. (2021,
2024). The bulk isotope ratio of a closed system during partial melting is that of the
protolith (R,,0t01icn) @Nd is given by equation E3, where C is the Ti concentration, F is

the proportion of the phase and R is the isotope ratio.
CmeltFmeltRmelt + CiFiRi + C]'P}'Rj +

protolith X P ¥ GR A GE £ )
AS &;_meit = Ri/Rmeir, €quation E3 can be re-written as:
Rmelt Zi(CiFi) (E4)

- = Upeir— .
Ryrototith Y :(CiF;—metr) melt—protolith
For a closed system A = (ai;— 1) x 1000, meaning:

Xi(GF)
2i(CiFiai_merr)

Equation E5 was used to calculate A**Tip1e—protorien, With C; and F; taken from partial

A49Timelt—protolith = ( - 1> x 1000 (E5)

melting experiments and a;_,.;; determined from mineral-melt pairs or RPFRs as
previously described. Table E3 lists the experimental studies used for modelling. As
the melt is included as a phase in equation E5, the value a,,c1t—meir = 1 is used. The
Ti isotope composition of the protolith (§*°Ti,,or01:n) Was taken to be the weighted
mean &*°Ti of Neoarchean komatiites (0.001 + 0.003%o, 2se, n = 17), so melt 5*°Ti was
calculated using equation EG6.

49 — S497; 49
6 Tlmelt_6 Tlprotolith"'A Tlmelt—protolith (E6)

Uncertainty on a;_,,.;; calculated from mineral-melt pairs (&, ytite—meit> Xitmenite—metts

aamphibole—melt’ aphlogopite—melt and aorthopyroxene—melt) were considered the onIy

sources of uncertainty for A**Tipe1;—proronien @s the uncertainty cannot be determined
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for RPFRs. 20 uncertainty was propagated through the model to determine the 20
uncertainty on A49Timelt_pmmlith. Where there were multiple sources of uncertainty
present in a single model (e.g. both residual rutile and amphibole were present), the
uncertainty on A**Tip.ir_protoricn Was approximated using the variance formula
(equation E7). oy is the standard deviation of the overall function, while o, and g, are

the standard deviations of variables x and y respectively. Equation E7 was also used
to calculate the 20 uncertainty on §*°Ti,,.;., taking into account the 2o uncertainty on

497 497
both & Tlprotolith and A Tlmelt—protolith-

- [ e @ o o

Model results are presented in Chapter 3 and Appendix F.

Table E3: Experimental studies used to constrain melting temperatures, and phase
proportions and Ti concentrations for modelling Ti isotope fractionation during partial melting.

Partial Melting

Scenario

References

Anhydrous eclogite  Pertermann & Hirschmann (2003), Spandler et al. (2008), Yaxley &
melting Green (1998)

Amphibolite

dehydration melting Sen & Dunn (1994), Wolf & Wyllie (1994), Zhang et al. (2013)

Eclogite dehydration

. Massonne & Fockenberg (2022)
melting

Carter et al. (2015), Kessel et al. (2005), Laurie & Stevens (2012),
Martin & Hermann (2018), Schmidt et al. (2004), Sisson &
Kelemen (2018)

Fluid-fluxed eclogite
melting

Phlogopite-bearing

peridotite melting Condamine et al. (2016)

A limitation of this approach to modelling Ti isotope fractionation during metabasite
partial melting is that the experimental studies used to constrain phase proportions
and compositions all use slightly different starting materials. TiO2 content is a
particularly important variable as Hoare et al. (2023) found that more TiO2-rich
protoliths stabilise higher proportions of residual Ti-bearing oxides and hence generate
melts with slightly higher 3*°Ti than TiO2-poor protoliths. This effect can be seen in my

model results. The amphibolite starting material used by Wolf & Wyllie (1994) has the
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lowest TiO2 content at 0.4 wt% and no residual oxides were identified during melting.
In contrast, the eclogite starting material of Laurie & Stevens (2012) had the highest
TiOz2 at 2.5 wt%, which stabilised higher proportions (weight fraction of 0.02 — 0.04) of
Fe-Ti oxides than most other experiments and produced the heaviest melts with 5*°Ti
of 0.32 — 0.37%.. However, TiO2 content is not the sole compositional control on the
stability and abundance of minerals driving Ti isotope fractionation. For example, the
high FeO* content of Laurie & Stevens (2012)'s starting material (16.2 wt%) is likely
an important reason why residual ilmenite is present in their lower pressure (2.2 GPa)
experiment. As ilmenite fractionates Ti isotopes more strongly than rutile (Hoare et al.,

2022), the presence of residual ilmenite leads to melts with higher &*°Ti.

Ti isotope fractionation during metabasite partial melting has also been modelled by
Zhang et al. (2023) and Hoare et al. (2023) using thermodynamic phase equilibria
models to constrain phase proportions and compositions. Comparison with the models
of Zhang et al. (2023) is difficult because they modelled polybaric metabasite melting
along set geothermal gradients, whereas my models are of isobaric melting. The most
direct comparison can be made between the Hoare et al. (2023) models of E-MORB
(enriched mid-ocean ridge basalt) and picritic plateau basalt amphibolite dehydration
melting at 1.3 GPa and my amphibolite dehydration melting models at 1 — 2 GPa.
Modelled A*Ti,e1t—protorien fOr plateau basalt melting is ~0.10 — 0.17%. and agrees
with my models, whereas E-MORB melting generates slightly heavier melts (A**Time-
protolith = 0.15 — 0.25%o0). This is likely because the E-MORB composition used by Hoare
et al. (2023) has a higher TiO2 content (1.53 wt%) than the starting materials in the
amphibolite dehydration melting experiments used here (0.4 — 1.23 wt%). This results
in higher proportions of residual rutile in the Hoare et al. (2023) E-MORB melting model
and hence slightly higher A**Ti,ee_protorien- Conversely, the Hoare et al. (2023)
plateau basalt model has similar TiO2 content to my models and results in similar

calculated melt 8*°Ti.
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Appendix F — Results of titanium stable
isotope partial melting models for
eclogite, amphibolite, and phlogopite-

bearing peridotite

The results of the titanium stable isotope modelling of experimental eclogite,
amphibolite, and phlogopite-bearing peridotite partial melts, presented in Chapter 3,
are available as a Microsoft Excel file at:

https://ars.els-cdn.com/content/image/1-s2.0-S0012821X24004990-mmc2.xIsx
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