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ARTICLE INFO ABSTRACT
Keywords: Sanukitoids are unique Archean and early Proterozoic igneous rocks. They contain high amounts of Mg, Ni and
Sanukitoid Cr, showing they are mantle-derived melts, while they are also enriched in Sr and Ba and have relatively high K

Titanium isotopes
Eclogite melting
Archean

contents, requiring the involvement of an incompatible element-enriched component likely derived from recy-
cled 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 meta-
somatised 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 we present Ti isotope data (5*°Ti) for a series of Neoarchean sanuki-
toids 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, we analysed
Paleozoic high Ba-Sr granite suites from Scotland, which are proposed to be Phanerozoic sanukitoid analogues.
Evolved sanukitoids, which formed after Fe-Ti oxide saturation, show a more muted 5*Ti increase during
differentiation compared to currently analysed modern calc-alkaline suites. This difference is best explained by
removal of significant 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 HoO contents and fO; at least as high as modern arc magmas.
Primitive (pre-oxide saturation) sanukitoids, however, have significantly higher §*°Ti (0.11-0.20%0) than
modern arc basalts, the depleted mantle and the bulk silicate Earth (BSE). Their elevated 549Ti 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. We 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.
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1. 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 sub-
duction (e.g. Smithies and Champion, 2000) or a change in subduction
style (e.g. Laurent et al., 2014; 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 frac-
tionated rare earth element (REE) 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 com-
positions (e.g. Martin et al., 2005, 2009). 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 incom-
patible element-enriched components.

A second uncertainty concerns the mechanisms and timing of inter-
action 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). How-
ever, 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., 1999, 2010). Recently, it has been proposed
that sanukitoid magmas can evolve from lamprophyric magmas by
amphibole-dominated fractional crystallisation (Smithies et al., 2018,
2019), which is a variation on the two-stage model as calc-alkaline
lamprophyres form by low- to moderate-degree partial melting of met-
asomatised mantle.

Titanium (Ti) stable isotopes are proving to be a valuable tracer of
magmatic processes, and Fe-Ti oxide-melt and amphibole-melt equi-
libria in particular (e.g. Deng et al., 2019; Hoare et al., 2020, 2022;
Johnson et al., 2019, 2023; 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 con-
tinental crust. Most notably, Zhang et al. (2023) and Hoare et al. (2023)
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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 we present the Ti stable isotope compositions of Archean and
Paleoproterozoic sanukitoids as well as of Paleozoic sanukitoid ana-
logues to test models of the formation and evolution of sanukitoids. We
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 sanu-
kitoids require the involvement of a metabasite melt component
enriched in heavy Ti isotopes, which likely formed by fluid-fluxed par-
tial melting of eclogite, favouring formation of the sanukitoid mantle
source by a subduction-like process.

2. Samples and methods

To investigate the Ti isotope systematics of sanukitoids we selected
Archean and Paleoproterozoic sanukitoid suites covering a range of ages
and locations — the ~2950 Ma high-Mg diorite suite from the Pilbara
Craton (Smithies and Champion, 2000), the ~2670 Ma Black Flag Group
(BFG) from the Yilgarn Craton (Smithies et al., 2019, 2022), and the
2130+2 Ma Alto Maranhao suite (Moreira et al., 2018) and two ~2115
Ma sanukitoids (Bruno et al., 2021) from the Sao Francisco Craton and
Paleocontinent respectively. Trace element modelling demonstrates that
these suites primarily evolved via fractional crystallisation of
hornblende-dominated assemblages (Seixas et al., 2013; Smithies et al.,
2019). The Black Flag Group is unique among sanukitoid occurrences as
it continuously covers a wide SiO; range (44-73 wt%), including
primitive sanukitoids and calc-alkaline lamprophyres as well as the
granitoids that evolved from them (Smithies et al., 2018, 2019). This
characteristic makes the BFG perfectly suited for investigating both the
formation of primitive sanukitoid magmas and their differentiation. The
BFG has been divided into three geochemical subgroups - high La/Th
(high Ni), high La/Th (low Ni) and low La/Th. The high La/Th sub-
groups have more radiogenic Nd isotope compositions and younger Nd
model ages (Tapy) than the low La/Th subgroup, suggesting the high
La/Th subgroups had a younger and slightly more incompatible trace
element-enriched mantle source than the low La/Th subgroup (Smithies
etal., 2022). We also analysed three ~3421 Ma samples from the Pilbara
Craton which can be considered “sanukitoid-like rocks” because they
share many geochemical characteristics with sanukitoids (e.g. high Ba
and Sr concentrations, moderately potassic) but have lower Mg# (=
100*Mg/(Mg + Fe?")), Ni and Cr and slightly shallower
chondrite-normalised REE patterns than typical sanukitoids (Smithies
et al., 2021; Vandenburg et al., 2023). Additionally, we looked at the
~425 Ma high Ba-Sr granite suites, including appinites, from Scotland
which based on their petrology and geochemical composition are pro-
posed to be Phanerozoic sanukitoid analogues (Fowler and Rollinson,
2012). These are late- to post-collisional magmas that formed during the
Caledonian Orogeny, and it is proposed that their formation was trig-
gered by slab breakoff (Fowler et al., 2008). Samples are from the Rogart
and Strontian plutons, which are geochemically similar except the
Rogart pluton displays enriched Sr and Nd isotope compositions, while
the Strontian samples display Sr-Nd isotope compositions closer to
depleted mantle values. This difference suggests that the Rogart mantle
source was more contaminated by subducted sediment (Fowler et al.,
2008). Detailed descriptions of the characteristics and geological
context of each sample suite are provided in the supplementary material.

Mass-dependent Ti stable isotope compositions are expressed in delta
notation relative to the Origins Laboratory Ti reference standard (OL-Ti)
as 5*°Ti, where 8**Ti (%0) = 10*[(**Ti/* Ti)sampte/(**Ti/* Tior i — 11. A
47Ti-%3Ti double spike was added to the samples before Ti purification
using an established cation exchange chromatography method (Millet
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and Dauphas, 2014; Zhang et al., 2011). Ti isotope compositions were
measured using the Nu-Plasma II multicollector inductively coupled
plasma mass spectrometer (MC-ICP-MS) at the Cardiff Earth Laboratory
for Trace Element and Isotope Chemistry (CELTIC) at Cardiff University.
To account for possible small polyatomic interferences on 4’Ti, all
sample analyses were bracketed by measurements of the OL-Ti standard,
while Ca interferences were monitored at mass 44. Uncertainties on the
measurements are given as 95% confidence intervals (c.i.). A detailed
description of the methodology is provided in the supplementary ma-
terial. Reference materials BCR2, JB2 and RGM2 were prepared and
analysed alongside each sample batch. The 5*°Ti of the reference ma-
terials measured here (BCR2 = -0.01240.014%o, n = 2; JB2 = -0.014
+0.018%0, n = 5; RGM2 = 0.580+0.019 %o, n = 6) are in agreement with
previous studies (e.g. Deng et al., 2019; Hoare et al., 2020; Millet et al.,
2016; Zhao et al., 2020). All Ti isotope data are presented in supple-
mentary dataset 1 (Spencer et al., 2024; https://doi.org/10.5880/digis.
2024.004) alongside previously published major and trace element
compositions of the samples.
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3. Results

The &*°Ti values of Archean and Paleoproterozoic sanukitoid sam-
ples vary from 0.108-+0.023%o to 0.2914+0.021%.. The relatively prim-
itive samples (Si02<58 wt%, MgO>5.5 wt%) precede oxide saturation;
hence, they cover a more limited range (0.108-0.197%o) and their 54°Ti
is not correlated with indices of differentiation (Fig.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 depleted MORB (mid-ocean ridge
basalt) mantle (DMM) (0.00140.015%o, 2sd; Klaver et al., 2024). At
Si05>58 wt% (i.e., after oxide saturation) §49Ti positively covaries with
SiOy content (Fig.1a), similar to the differentiation trends seen in
modern magma suites (e.g. Deng et al., 2019; Hoare et al., 2020; Millet
et al., 2016). The Yilgarn sanukitoids extend to higher SiOy contents
(>70 wt%) and 5*°Ti values (0.291%o) than the Pilbara and Sao Fran-
cisco sanukitoids (67 wt% and ~0.23%o, respectively).

The ~3.42 Ga sanukitoid-like rocks from the Pilbara Craton plot on
the same 5*°Ti vs SiOs trend as the sanukitoids (Fig. 1a). These samples
cover a limited compositional range at the upper end of this trend of
66.7 to 69.8 Wt% SiO,, and consequently have relatively high §*°Ti
values of 0.22740.021%o to 0.2994+0.023%.. The Paleozoic high Ba-Sr
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Fig. 1. a) 8*°Ti vs Si0,, b) §*°Ti vs MgO, and c) TiO, vs SiO, 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 TiO3 vs SiO, trend.
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granite suites cover a similar *°Ti range to the Archean and Paleo-
proterozoic sanukitoids, varying between 0.143+0.023%. and 0.300
+0.023%o. Appinites from both the Rogart and Strontian plutons have
indistinguishable §*°Ti values of 0.143+0.023%0 and 0.158+0.022%o
respectively, similar to the more primitive sanukitoid samples.

4. Discussion
4.1. Effects of alteration, metamorphism and post-emplacement processes

The majority of Archean and Paleoproterozoic samples have expe-
rienced 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., 2004, 2019). Titanium is a HFSE with very
low mobility in aqueous fluids (even at high salinity, see Rustioni et al.,
2021) so protolith §*°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 §*°Ti and LOI (loss
on ignition), Ce anomaly (Ce/Ce*) and fluid mobile elements (e.g. Pb) in
the samples studied here (supplementary fig. S1). 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 frac-
tionation 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 SiO5 contents
(60-63 Wt%) these samples have 5*°Ti values nearly 0.1%o lower than
the unmigmatised Alto Maranhao suite from the nearby Mineiro Belt
(Fig. 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 we consider their
Ti isotope compositions to be robust. The Paleozoic high Ba-Sr granite
suites have not been affected by any later metamorphism (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 5*°Ti is not significantly affected by metamorphic
processes.

Sample RA2 from the Rogart pluton has unusually high MgO and
CaO for its SiOy 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; Wang et al., 2020), but RA2
shows slightly elevated 5*°Ti and may have been affected by accumu-
lation of other minerals; hence, it is excluded from further discussion.

4.2. Differentiation of sanukitoids

While less evolved sanukitoids and appinites (<58 wt% SiO2) show
scattered but fairly constant 5*°Ti values between 0.1 and 0.2%o, the
5%°Ti values of the more evolved sanukitoids are correlated with indices
of magma differentiation (SiO2, MgO; Fig. 1), with the highest 5%°Ti
measured in the most differentiated samples. The onset of this §*°Ti
increase coincides with TiO, content beginning to decrease (Fig. 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., 2019; Hoare et al., 2020; Millet et al., 2016).

Increasing 5*°Ti during differentiation has been observed in alkaline,
tholeiitic and calc-alkaline magma series but the magnitude of this in-
crease depends on the composition and abundance of Fe-Ti oxides,
which themselves are a reflection of the TiO, concentration, water
content and oxidation state of the magma (Aarons et al., 2020; Deng
et al., 2023; Hoare et al., 2020, 2022; Johnson et al., 2023; Millet et al.,
2016). Of these magma series, the calc-alkaline series shows the smallest
increase in &*Ti during differentiation due to crystallisation of
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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 5*°Ti
increase during differentiation than the modern calc-alkaline suites
(Fig. 2a). This feature is also observed in the Paleoarchean
sanukitoid-like rocks and Paleozoic high Ba-Sr granite suites (see sup-
plementary material for a detailed discussion of the differentiation of the
high Ba-Sr granite suites). We 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 SiOy content. The value of the
bulk mineral-melt Ti isotope fractionation factor (x(solid-melr)) and the 2¢
uncertainty were determined by weighted curve fitting to the measured
§%°Ti and calculated fraction of Ti remaining in the melt (F;‘eh) of the
samples (a detailed description of the method used is provided in the
supplementary material). The modelled o(solid-melry Values for the BFG
subgroups are distinctly higher than that of modern calc-alkaline suites
at comparable SiO; contents (Hoare et al., 2020; Johnson et al., 2023)
(Fig. 2b), thus indicating that the magnitude of Ti isotope fractionation
during differentiation of sanukitoids is smaller than that of modern
calc-alkaline magmas.

This difference is best explained by the fact that fractionating min-
eral 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 avail-
able, which contain either no (Agung, Santorini) or “trace” amounts
(Rindjani) of hornblende (Johnson et al., 2023). Up to ~2 wt% TiO3 can
be incorporated in 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 A49Ti(amphibole,melt)
of -0.210%0 at ~775 °C. Mass balance calculations by Greber et al.
(2021) also support amphibole having lower §*°Ti than melt, with
A49Ti(amphibole_melt) of -0.30%o 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;
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 o(slig-melr). Hornblende is
proposed to be an early crystallising phase in the BFG (Smithies et al.,
2018, 2019). The absence of clear correlation between §49Ti and SiO5 or
MgO contents in pre-oxide saturation (SiO2<58 wt, MgO>5.5 wt%)
samples (Figs. 1a and b) further suggests that hornblende fractional
crystallisation did not cause significant Ti isotope fractionation in the
BFG. We therefore propose that the more muted §*°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 §*°Ti starts to increase at higher Mg#
in more water-rich, oxidised arc magmas because these conditions
promote earlier oxide saturation. As discussed earlier, this inflection in
sanukitoid §*°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 8*°Ti starts to increase at high
Mg# (~60-70), suggesting early oxide saturation relative to modern arc
suites (Fig. 3). 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
etal. (2010) and Nascimento et al. (2021, 2023) from mineral chemistry
that sanukitoid parental magmas contained >7wt% H»O and had fO 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



L.M. Spencer et al.

Earth and Planetary Science Letters 648 (2024) 119067

% | |
0612 " % b)} 0.7
' %
| % 0.6
, ¥
— 0.4 - % a = 0.99972£0.00003 L 0.5
L _
= £ fa gy ¥ ]
o . N\ |
0.2 - e oo % 'Y ok I
AR A
OIUCSSE R _ | =
0.0 - xx:fx”‘;":,’?‘ DMIM=0.001+0.015%| 0= 0.99989+0.00001 ¥ 95 30N :'; 0.2
0+ — — =% ..‘él‘;u H e - — —— - -
1 - 1 1 1 1 1 1 1 1 1 0.1

45 50 55 60 65 70
SO, (Wi%)

Pilbara Craton
V¥ Sanukitoid-like rocks (~3421 Ma)
A High-Mg diorite suite sanukitoids (~2950 Ma)

Black Flag Group (BFG), Yilgarn Craton
® High La/Th BFG sanukitoids (~2660 Ma)
O Low La/Th BFG sanukitoids (~2690 Ma)

Modern Magmatic Suites
® Calc-alkaline suites

0.2 0.4 0.6 0.8 1.0
FTimelt

Sao Francisco Craton and Paleocontinent
Alto Maranh&o suite sanukitoids (2130 + 2 Ma)
Southern Mineiro Belt sanukitoids (~2115 Ma)

Scotland High Ba-Sr Granite Suites
B Rogart pluton (425 + 1.5 Ma)
[0 Rogart appinite RA2 affected by crystal accumulation
¢ Strontian pluton (425 + 3 Ma)

Fig. 2. Comparison between Archean and Paleoproterozoic sanukitoid suites and modern calc-alkaline suites. a) 5*°Ti vs SiO,. 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 §°Ti value is from Den g et al. (2023) and the 2 standard error uncertainty
is shown by the grey rectangle. b) §*Ti vs the fraction of Ti remaining in the melt (Fii;) 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 26 uncertainty. Santorini §*°Ti data and ®(soligmelr) are from

Hoare et al. (2020).

saturation, but as the primitive sanukitoids here have low TiO, contents
(<0.9 wt%) this is unlikely to be an important factor. Both early oxide
fractionation and abundant hornblende crystallisation are consistent
with sanukitoid parental magmas being water-rich and as such they
require a HyO-rich mantle source.

4.3. Formation of sanukitoid parental magmas

Sanukitoid and appinite samples with SiO»<58 wt% and MgO>5.5
wt% display near constant, if slightly scattered, Ti isotope compositions.
These samples precede Fe-Ti oxide saturation (Fig. 1) and their Ti
isotope compositions were not affected by amphibole crystallisation.
Their 5*°Ti values have therefore not been affected by fractional crys-
tallisation 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%o to 0.197+0.020%0. No Ti isotope fractionation is
expected during partial melting of typical mantle lithologies (i.e. lher-
zolite, harzburgite) due to the absence of minerals such as Ti-bearing
oxides (Millet et al., 2016), so melts would be expected to have 5%Ti
similar to the DMM (0.001+0.015%o, Klaver et al., 2024) or interme-
diate between the DMM and primordial mantle (0.053+0.005%o, 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. 4). However, primitive sanukitoids display
significantly heavy Ti isotope compositions compared to ambient mantle
and its melting products (Fig. 4). 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 §*°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, we use the Ti isotope data to test
these competing models for sanukitoid formation.

4.3.1. Metabasite-derived aqueous fluids

As previously discussed, sanukitoid parental magmas were water-
rich, requiring a HyO-rich mantle source which may have been
created through metasomatism of peridotite by aqueous fluids or silicate
melts. We first investigate whether addition of metabasite-derived
aqueous fluid alone to ambient mantle can explain the high 5*°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 ex-
pected 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 2950 — 2650 Ma should therefore have §*Ti
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Fig. 3. 8*'Ti 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 §*°Ti minus the weighted mean §*°Ti of pre-oxide saturations
samples (where O(solid-meiy =~ 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).

indistinguishable from the late Archean ambient mantle (Fig. 5, Klaver
et al., 2024), which we estimate from the weighted mean of Neoarchean
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 §*°Ti signature.

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 frac-
tionate Ti isotopes (Rzehak et al., 2021; 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 TTG (Hoare
etal., 2023; 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 5*Ti of primitive
sanukitoids.

We further investigate this hypothesis by modelling partial melting
of eclogite and amphibolite. Specifically, we calculate the Ti isotope
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Fig. 4. Kernel density plots comparing the distribution of primitive (pre-oxide
saturation) sanukitoid *°Ti to other primitive terrestrial magmas — modern N-
MORB, ocean island basalts (OIB) and island arc basalts (IAB), and Neoarchean
komatiites. Primitive terrestrial magma §*°Ti data are from Deng et al. (2018,
2019, 2023), Greber et al. (2017); Hoare et al. (2020), Johnson et al. (2020,
2023), Millet & Dauphas (2014), Millet et al. (2016) and Zhao et al. (2020).
DMM §*°Ti value is from Klaver et al. (2024) and the 2 standard error uncer-
tainty is shown by the grey rectangle.

composition of experimental partial melts (see Fig. 5 for references).
A49Timeh_pmt0mh (= 6 Timer — 649Tipmmmh) was calculated using a mass
balance approach following Klaver et al. (2021, 2024), and melt 5*°Ti
was calculated using the average Neoarchean komatiite 5*°Ti (0.001
£0.003%o0) as the metabasite protolith composition (see supplementary
material for full method). We modelled three different metabasite par-
tial melting scenarios:

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

2. Dehydration melting, where aqueous fluid is formed by the break-
down 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 supplementary dataset
2 and Fig. 5.

Limited Ti isotope fractionation (5*Ti up to 0.051% at the smallest
melt fractions) occurs during anhydrous eclogite melting, inconsistent
with primitive sanukitoid data (Fig. 5). This limited fractionation is due
to two main factors. First, high temperatures 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 (e.g. Gaetani et al., 2008). As a result, rutile rapidly dis-
appears 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 iso-
topes (Leitzke et al., 2018; Wang et al., 2020). This fractionation results
in melts generated in the absence of residual rutile having slightly lower
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§4°Ti values than the metabasite protolith (Fig. 5).

The presence of aqueous fluids lowers metabasite solidus tempera-
tures 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 Patino 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 5*°Ti values up to 0.184
+0.035%o, higher than anhydrous eclogite melts, and generates melts
with comparable 5%Ti to the primitive sanukitoids (Fig. 5). 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 5*°Ti up to 0.163+0.023%o. The §*°Ti of eclogite and
amphibolite dehydration melts largely overlap (Fig. 5), despite the main
residual minerals (rutile and amphibole respectively) hosting Ti 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 5*°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 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 5*Ti between 0.09940.020%c and 0.367
+0.037%o0, 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 §*°Ti due to the inclusion of
experiments with higher proportions of residual rutile from Laurie &
Stevens (2012). These results show that fluid-fluxed eclogite melting can
readily generate melts with 5**Ti comparable to and higher than prim-
itive sanukitoids (Fig. 5), 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 meta-
basite partial melt in the formation of sanukitoid parental magmas may
be responsible for the heavy Ti isotope composition of primitive sanu-
kitoids. 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.

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 Han-
son, 1984; Smithies and Champion, 2000), but a one-stage process
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where the metabasite melt assimilates peridotite has also been proposed
(Rapp et al., 1999, 2010). 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.g. Gervasoni et al.,
2017; Prouteau et al., 2001; Rapp et al., 1999, 2010; 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 phases (e.g.
oxides) were seen to form during the metabasite melt-peridotite reaction
experiments, meaning that phlogopite and amphibole would be the
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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 (Conceicao 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 (Conceicao and
Green, 2004). Multiple studies have proposed that a small amount of
residual phlogopite during melting is needed to explain the LILE sys-
tematics of some sanukitoids, specifically their depletion in Rb alongside
enrichment in Sr and Ba (Kovalenko et al., 2005; Laurent et al., 2011).
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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 5*°Ti than co-existing silicate melt, consistent
with data on a biotite mineral separate from the Kneeling Nun Tuff,
which yielded A*Tipjggie-mele = -0.2340.060%0 at ~775 °C (Mandl,
2019). While A49Tiphlog0pit3_meh is poorly constrained, this suggests that
Ti isotope fractionation may occur during partial melting of meta-
somatised 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 supplementary material for method and supplementary
dataset 2 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
0.04740.012%o (2sd) heavier than their metasomatised mantle proto-
lith. 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). We
therefore conclude that although small amounts of residual phlogopite
in the sanukitoid mantle source can generate melts with higher 5*°Ti
than their protolith, the magnitude of this fractionation is likely
<0.05%0. Hence, we consider that formation of an isotopically heavy
metabasite melt component in equilibrium with residual rutile +
amphibole is the main driver of high §*°Ti in primitive sanukitoids.

4.3.4. Eclogite melts in the mantle source of sanukitoids

Both amphibolite and eclogite melts can match the Ti isotope frac-
tionation observed in primitive sanukitoids. The §*°Ti values of primi-
tive sanukitoids, however, show strong positive covariation with tracers
of garnet fractionation such as the CI-chondrite normalised REE ratios
(La/Yb)y and (Dy/Yb)y (Fig. 6a and b). O'Neill (2016) demonstrated
that polynomials can be fit to chondrite-normalised REE patterns to
quantitatively describe their shape with shape coefficients (A;). M
quantifies the steepness of REE patterns with higher values indicating a
steeper slope. A is therefore a sensitive tracer of garnet fractionation,
and positive covariation between A; and 5°Ti is also observed (Fig. 6¢).
No such covariation is seen with tracers of amphibole fractionation like
Dy/Dy* (:DyN/(LaﬁI/ 13« ypR(13), Fig. 6d) 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 5*Tiand (La/Y b)n
also have the lowest Yb concentrations (supplementary fig. S2),
demonstrating that this signature is associated with heavy rare earth
element (HREE) depletion and hence most likely caused by retention of
HREE:s in residual garnet. We note that the covariations are only per-
turbed by the single Rogart appinite sample displaying elevated
(La/Yb)y, (Dy/Yb)y and A4. 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 5*°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 8*’Ti signature of the
eclogite melts will hence be diluted by interaction with low 5**Ti mantle
(0.001+0.003%0) and subsequent melting of the metasomatised source.
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It follows that the eclogite melt should have 5*°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 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 5%°Ti significantly higher
than the primitive sanukitoids can account for the data. Our modelling
shows that dehydration melting of eclogite generates melts with 5*°Ti
that overlaps with the sanukitoids, whereas fluid-fluxed eclogite melting
results in melts with 3*°Ti exceeding that of the sanukitoids. We thus
favour mantle peridotite metasomatised by fluid-fluxed eclogite melts as
the likely origin of the heavy Ti isotope signature of primitive
sanukitoids.

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 geo-
dynamic 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.

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). We propose that the sanukitoid mantle source may have
been formed by a similar process. The dynamics, and even the feasi-
bility, 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 (typi-
cally 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 subduc-
tion zones may have become less common. This could explain why oc-
currences 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. Fran-
cois et al., 2014; Sizova et al., 2015). Some models additionally favour a
scenario where drips, triggered through lateral crustal movement and
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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 (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 our 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 we argue that our results are
inconsistent with formation of the sanukitoid mantle source by delam-
ination and then melting of dense lower crustal eclogites (e.g. Bédard,
2006).

Our 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 our 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 lith-
ospheric extension (e.g. Laurent et al., 2014; 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, we 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 us from confidently extending our in-
terpretations further back in the Archean. Nevertheless, our study
clearly indicates that investigation of primitive sanukitoid and related
magmas could prove useful for better understanding the geodynamic
evolution of the Early Earth.

5. Conclusion

We present the Ti stable isotope compositions of late Archean-early
Proterozoic sanukitoids and Paleozoic sanukitoid analogues. We use
the 5*°Ti values of samples formed before and after Fe-Ti oxide satura-
tion 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 5*°Ti increase during
differentiation than currently analysed modern calc-alkaline suites. We
ascribe this to the removal of significant proportions of Ti by horn-
blende, which fractionates Ti isotopes less than Fe-Ti oxides (Greber
et al., 2021; Mandl, 2019). Furthermore, the onset of this §4Ti increase
occurs at high Mg# compared to modern arc suites. This observation
shows there was early oxide saturation in sanukitoid magmas and sug-
gests that sanukitoid parental magmas had water contents and fO, at
least as high as modern arc magmas.

Primitive (pre-Fe-Ti oxide saturation) sanukitoid samples have
higher 54Ti values (0.11-0.20%o) than modern arc basalts, the depleted
mantle and the BSE, which cannot be explained by aqueous fluids alone.
Instead, the high 8*°Ti values of primitive sanukitoids require the
involvement of a hydrous eclogite melt component formed in equilib-
rium with residual rutile. We 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

10

Earth and Planetary Science Letters 648 (2024) 119067

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 pre-
sented here gives further credence to models linking the widespread
appearance of sanukitoids in the geological record to a global geo-
dynamic transition.
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