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Key Points:

 Partial melting of komatiitic basalt can produce high Mg# trondhjemitic melts.

 Hybridization of melts produced by tholeiitic and komatiitic basalts would generate TTG-
like magma.

 Partial melting of komatiitic basalt cannot generate sanukitoid suites.
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Abstract

Tonalite–trondhjemite–granodiorite (TTG) gneisses are the dominant component of Archaean 
continental crust, with their parent magmas generally thought to have formed due to the 
partial melting of hydrated basalts; however, this process typically produces melts with a 
notably lower Mg# than most natural TTGs. By contrast, ultramafic volcanic rocks commonly 
preserved in Archaean greenstone belts may represent an alternative source of TTG magma 
that has been largely overlooked. Here, we use petrological modelling to investigate anatexis of
komatiites and komatiitic basalts from the Warrawoona Group of the Pilbara craton. In all 
cases, komatiite is refractory and generates no melt within the pressure-temperature range 
considered. Komatiitic basalts, however, could produce 20–25 vol. % of MgO-rich melts during 
greenstone belt sinking and hot subduction. Anatexis of komatiitic basalts generates melt 
fractions too depleted in large ion lithophile elements to represent natural TTGs; however, 
hybridization of melts produced by partial melting of tholeiitic basalts and komatiitic basalts 
during crustal overturn would generate magma that resembles natural TTGs. All calculated 
melts are felsic in composition, and TTGs with high Mg# could have been generated entirely 
within the crust, with no requirement for the assimilation of mantle materials. By contrast, 
Archaean sanukitoids require some assimilation of mantle materials with crustal melts, 
indicating that the oldest sanukitoids preserved in each Archaean craton may record temporary
and localized subduction on the early earth. The ubiquitous occurrence of sanukitoids 
worldwide by c. 2.7 Ga may provide a minimum age for the onset of global plate tectonics.

Plain Language Summary

Tonalite–trondhjemite–granodiorite (TTG) gneisses, the major component of the ancient nuclei 
of continents, have been broadly accepted to be formed by partial melting of hydrated tholeiitic
basalt. However, experimental studies show this process can only produce magma with lower 
magnesium than natural TTGs. As a result, researchers proposed that the assimilation of mantle
materials during subduction is necessary for the generation of high-MgO magma resemble 
natural TTGs. This proposal neglects the contribution of high-MgO rocks in the Archaean 
greenstone belts as an alternative source of TTGs. In this study, we use petrological modelling 
to investigate partial melting of some high-MgO rocks. The results show that partial melting of 
high-MgO basalts can produce some high-MgO melts. Magma mixing of melts produced by 
partial melting of high-MgO basalts and tholeiitic basalts can generate TTG-like magma. Natural 
TTGs with high magnesium contents can be formed totally in the crustal level, and the 
assimilation of mantle materials driven by subduction is not necessary. By contrast, the 
production of high-MgO diorite in the ancient continental crust should involve assimilation of 
mantle materials. The widespread c. 2.7 Ga high-MgO diorite might indicate the onset of global 
plate tectonics.
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1 Introduction

Archaean continental crust is mainly composed of felsic orthogneisses and 
metamorphosed supracrustal rocks dominated by basalt (greenstones) (Condie, 1993). As the 
dominant Archaean lithology, TTGs may occur as intrusions in linear tectonic belts, such as 
those in the Nuvvuagittuq in Québec, Canada and Isua, west Greenland (O’Neil et al., 2012; 
Windley & Garde, 2009), or as circular-to-elliptical domes surrounded by trough-shaped 
greenstone belts (keels). Such dome-and-keel structures, which are particularly well-preserved 
in the Pilbara, Kaapvaal, and Zimbabwe cratons (Fig. 1a; Anhaeusser & Wilson, 1981; Van 
Kranendonk, 2004, 2014), are notably different from linear features, such as arcs and strike-slip 
shear zones that form due to horizontal deformation in a plate tectonic regime, which have 
dominated the rock record since the Neoarchaean (Herzberg et al., 1983; Wells et al., 1980). 
They are typically interpreted to have resulted from relative vertical motions in the crust, with 
magmatic over-accretion causing downward advection (i.e., drip, sagduction, delamination) 
(Van Kranendonk, 2007; Smithies et al., 2021), although some researchers also suggested that 
such dome-and-keel structures could also have formed via plate tectonic processes (Kusky et 
al., 2021; Whitney et al., 2004; Windley et al., 2021).

Most Archaean TTG magmatic rocks have been metamorphosed after emplacement and
occur as grey gneisses dominated by plagioclase, quartz, and biotite, with minor K-feldspar and 
hornblende. They are characterized by low K2O/Na2O (<0.6), with an average Mg# of 43 (Moyen,
2011; Moyen & Martin, 2012). Based on several geochemical proxies (e.g., Sr/Y and LaN/YbN), 
TTGs have historically been classified into high pressure (HP), medium pressure (MP), and low 
pressure (LP) types. Given the geochemical similarities between some HP TTGs and modern 
adakites (Moyen & Martin, 2012; Smithies et al., 2019), hot subduction zones have been 
proposed as possible geodynamic environments for the generation of felsic crust during the 
Archaean (Arndt, 2013). Alternatively, Archaean oceanic crust has been suggested to be much 
thicker and hotter than Phanerozoic oceanic crust (Bickle, 1986; Windley & Davis, 1978). 
Consequently, crustal anatexis at the lower levels of thickened oceanic crust or within crustal 
drips into the underlying mantle have been proposed as magmatic settings for generating 
dome-structured TTGs, especially in the early Archaean (Bédard, 2006; Johnson et al., 2017).

Changing tectonic styles and geodynamic regimes documented throughout the 
Archaean, recorded either by structure, metamorphism, or geochemistry, have been linked to 
secular cooling of the mantle (Brown & Johnson, 2018; Herzberg, 2022; Herzberg et al., 2010; 
Mitchell & Ganne, 2022; Johnson et al., 2019). Inferred high mantle potential temperatures (TP) 
during the middle Archaean (up to ~1,600 °C) caused higher degrees of partial melting of the 
primitive mantle (Herzberg et al., 2010), generating melt fractions up to 30–50% (Arndt et al., 
2003). Higher mantle TP associated with mantle plumes also led to the production of komatiites 
(MgO >18 wt. %), which are common in Archaean greenstone belts, but rare in Proterozoic and 
Phanerozoic terranes (Arndt, 2008). Komatiites usually occur in the lower tectono-stratigraphic 
portions of major greenstone belts, interlayered with basaltic and komatiitic basaltic rocks 
(Furnes et al., 2015) (Fig. 1b).
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Several petrological modelling studies have investigated partial melting of enriched 
tholeiitic basalt from greenstone belts (Ge et al., 2018; Kendrick et al., 2022; Palin et al., 2016), 
including the Coucal basalt from the Warrawoona Group of eastern Pilbara craton (Johnson et 
al., 2017). A common feature of all these previous results is that calculated melt compositions 
have MgO contents and Mg# (molar MgO/(MgO+FeOt)) lower than natural TTGs (Huang et al., 
2020, 2022), consistent with experimental results (e.g. Laurie & Stevens, 2014; Patiño-Douce & 
Beard, 1995; Winther & Newton, 1990). The assimilation of mantle materials into natural TTGs 
during ascent towards Earth’s surface has been proposed to explain this disparity, which is 
expected to have been common in Archaean subduction zone settings (e.g. Smithies & 
Champion, 2000). Nonetheless, the assimilation of mantle materials would also enrich TTGs in 
compatible elements (e.g. Cr and Ni), which is often not the case. Indeed, previous studies have 
shown that modelled melt compositions produced from tholeiitic basalts have lower Mg#, but 
higher Ni contents than natural TTGs (Huang et al., 2022).

The early Archaean rock record indicates that very few terranes record peak 
metamorphic pressures >1.5 GPa at geothermal gradients lower than 500 °C/GPa, suggesting 
that convergent margin processes were relatively rare before c. 3.0 Ga (Brown & Johnson, 
2018). In addition, the intracrustal melting model neglects the potential contribution of MgO-
rich rocks in greenstone belts that may be a possible source of TTG magma. The partial melting 
of interlayered ultramafic volcanic rocks (komatiite or komatiitic basalt), which should have 
experienced the same metamorphic evolution as the mafic components of the Archaean crust, 
potentially has significant implications for understanding TTG generation. Recent modelling of 
komatiite and komatiitic basalts mainly focuses on their dehydration process at subsodius 
conditions (Hartnady et al., 2022; Tamblyn et al., 2022). Here, we performed petrological 
modelling on mafic and ultramafic rocks from the Paleoarchaean Warrawoona Group of the 
eastern Pilbara craton, Western Australia, which is a dome and keel structure-dominated 
greenstone belt that likely formed in an intraplate environment. Modelled melt compositions 
were then compared with natural TTGs, and our results are discussed within the context of the 
role of various Archaean greenstone belt components in generating Earth’s earliest continental 
crust.

2 Pressure–temperature (P–T) paths of vertical motion

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131



manuscript submitted to Journal of Geophysical Research: Solid Earth

Greenstone belts vary in thickness from <2 km (the Taishan greenstone belt of North 
China craton) to >12 km (Warrawoona Group) (Furnes et al., 2015; Polat et al., 2006; Van 
Kranendonk et al., 2007), although the Pilbara Supergroup has been suggested to reach >15 km 
in some areas (Fig. 1b; Van Kranendonk et al., 2007). As most greenstone belts have thicknesses
<10 km (Furnes et al., 2015), sinking of their lower portions through the middle and lower crust 
should promote partial melting (Sizova et al., 2018). Study of the P–T evolution of 
metasedimentary and mafic rocks in the interior of greenstone keels, close to dome margins 
and enclaves in granite domes in the Pilbara craton, suggests that metamorphic rocks in the 
interior of the greenstone belts only experienced up to greenschist facies metamorphism (~500 
°C). Rocks close to the dome margins record a peak pressure of 0.9 GPa at ~600 °C and enclaves
in the domes reached peak metamorphic conditions of ~700 °C (François et al., 2014). Similar 
peak temperatures have been obtained from the Barberton greenstone belt of the Kaapvaal 
craton (Moyen et al., 2006). In the late Archaean (c. 2.5 Ga), supracrustal rocks in the TTG dome
from East Hebei, North China craton are suggested to have reached ultra-high temperature 
(UHT) conditions (Liu et al., 2024).  However, synchronous subduction has also been reported in
this area (Ning et al., 2022). Coexisting greenstone belt sinking and subduction renders it 
difficult to decipher the high Mg# of TTGs. Besides, UHT metamorphism was scarce in the early 
Archaean (Brown & Johnson, 2018; Jiao et al., 2023). Thus, UHT metamorphic P–T evolution will
not be explored in this study.

By using 2-D geodynamic modelling, Sizova et al. (2015) proposed three tectonic 
processes in the absence of plate convergence for generating TTG magma: crustal overturn, 
local thickening of the crust, and lower crustal delamination (Fig. 1c). In the crustal overturn 
model, Sizova et al. (2018) reproduced typical P–T paths for greenstone keels and enclaves in 
felsic domes, with simulated peak temperatures being close to or slightly higher than those 
preserved in Archaean cratons worldwide (Fig. 2a). In this numerical model, metamorphic rocks
in the interior of the greenstone keels recorded heating and compression from the surface to 
500 °C at 0.45 GPa. Rocks close to the dome at 15 km depth recorded compressional heating 
from 550 °C at 0.55 GPa to 700 °C at 1.0 GPa, then experienced a thermal relaxation to 800 °C 
at 0.7 GPa owing to the underplating of dry basaltic melts. Exhumed keel enclaves within 
domes recorded heating during burial from 200 °C near to the surface to 700 °C at 1.0 GPa, and 
subsequently experienced conditions of <900 °C at 0.6 GPa before exhumation to the middle 
crust. 
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In local thickened crust model, partially hydrated to anhydrous lower crust would 
experience heating along high geothermal gradients identical to the crustal overturn model 
(900–1300 °C/GPa) (Sizova et al., 2015). The main difference is that crustal overturn mainly 
experiences melting during heating and decompression but crustal thickening experiences 
melting during heating and compression (Fig. 2). In the lower crustal delamination model, 
partially hydrated to anhydrous lower crust could sink into the mantle and reach depths of 
~100 km before melting along geothermal gradients similar to those of hot subduction (400–
500 °C/GPa) (Hartnady et al., 2022; Martin, 1986; Sizova et al., 2015). Sizova et al. (2010) and 
Perchuk et al. (2019) also produced P–T paths documenting the transition from Precambrian 
hot subduction to modern cold subduction (~250 °C/GPa) and Precambrian intraoceanic 
subduction (<200 °C/GPa) (Fig. 2b). These geothermal gradients are too low to induce 
significant partial melting of the subducted slab, and so are not considered further here.

In the crustal overturn model, P–T paths of sinking greenstone belts show that keels 
close to the dome and enclaves in the granite domes should partially melt (Fig. 2a), with the 
majority of anatexis occurring during decompression. Predicted P–T paths for both lithologies 
are similar during this decompression process, with peak metamorphic conditions of ~700 °C at 
1.0 GPa and thermal relaxation to peak temperatures, although enclaves in the domes are 
expected to reach temperatures ~100 °C higher than keels close to the dome. In such a case, 
melts produced by partial melting of the keels close to the domes and enclaves in the domes 
will be identical for temperatures <800 °C. To fully constrain the partial melting of sinking 
greenstones during crustal overturn, modelling partial melting of the enclaves in the granite 
domes should therefore be sufficient. Here, we used the modelled P–T path of enclaves in 
domes to explore the partial melting behavior of a sinking greenstone belt. For comparison with
local crustal thickening, lower crustal delamination and hot subduction, P–T paths along 900°C/
GPa, 500 °C/GPa (partially hydrated bulk composition) and 500 °C/GPa (fully hydrated bulk 
composition) were also explored (Fig. 2b). Model setup conditions are provided in the 
supplementary materials.

3 P–T conditions of komatiite metamorphism

Most TTGs in the East Pilbara craton were emplaced after 3.47 Ga (Johnson et al., 2019; 
Vandenburg et al., 2023; Hickman, 2021), indicating that their source lithologies are older. Thus,
our petrological modelling considered mafic and ultramafic volcanic rocks from the 
Warrawoona Group, the lowermost sequence of the Pilbara Supergroup that record 
crystallization ages of 3.53–3.43 Ga (Van Kranendonk et al., 2007; Hickman, 2021). Komatiites in
the Warrawoona group have an average SiO2 content of 49.2 wt. % and MgO content of 23.9 
wt.%. The K2O + Na2O contents of komatiites are <2 wt. %, and the TiO2 contents are <1 wt. % 
(Sossi et al., 2016). Compared with basaltic compositions in the Warrawoona Group, the 
komatiites are poor in large ion lithophile elements (LILEs) and high field strength elements 
(HFSEs), but rich in compatible elements (e.g., Cr and Ni; Table S1) (Kato & Nakamura, 2003; 
Johnson et al., 2017).
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Metamorphic phase equilibria are controlled by bulk-rock composition, including H2O 
content, hence individual P–T pseudosections were constructed for Warrawoona komatiite 
with different H2O contents in case of different tectonic environments (Fig. 3a and b). Although 
it is suggested that some Proterozoic TTGs in the Pilbara craton can be produced by fluid-fluxed 
melting in the crust (Pourteau et al., 2020), introducing of aqueous fluid into the lower crust in 
an intraplate setting might be local (Brown, 2013). Besides, adding H2O content into basaltic 
compositions will shrink the stability field to lower pressure, leading to the production of TTG 
melts with high Sr/Y (Pourteau et al., 2020), which is not characteristic of Paleoarchaean TTGs 
in the east Pilbara craton; thus, we used 3.5 wt.% H2O in our modelling as a threshold for 
minimum saturation during crustal thickening and dripping (shows in grey phase diagrams in 
Fig. 3a and b). We used a H2O content of 7.5 wt.% for TTG formation in a subduction zone 
setting to allow for all the calculated melts to be produced from fluid-present melting, since 
fluid is abundant in such an environment and basaltic oceanic crust can be readily hydrated at 
ridge systems and during plate bending prior to the onset of subduction (shown in blue in the 
phase diagram in Fig. 3b). Although the topologies of the phase diagrams are distinct, neither 
wet solidus occurs below <1,000 °C (Fig. 3a and b). Given UHT metamorphism recording 
temperatures >900°C are scarce in the early Archaean until c. 3.0 Ga (Jiao et al., 2023), partial 
melting of komatiite is only expected to make a minor contribution to TTG magma generation. 
The water content of the protolith strongly affects the stabilities of garnet and pyroxene. When 
the protolith is minimally fluid-saturated, garnet is stable at P > 0.6–1.0 GPa and clinopyroxene 
is stable at P–T conditions of >0.8–0.9 GPa and >800 °C. Orthopyroxene is stable throughout the
considered P–T range (Fig. 3a). Under fluid-saturated conditions, the stability of garnet and 
clinopyroxene reduces up-pressure, while orthopyroxene stability field reduces at temperatures
>700 °C (Fig. 3b); instead, talc and quartz would form below 650 °C in such lithologies.

4 Partial melting of komatiitic basalts and basalts

4.1. Partial melting of komatiitic basalts

Komatiitic basalts from the Warrawoona Group, Pilbara craton have an average SiO2 
content of 51.4 wt.% and MgO content of 12.5 wt.% (Kato & Nakamura, 2003). They are very 
low in K2O (0.06 wt.%), prohibiting the stabilization of K-bearing minerals like biotite. Partial 
melting of the komatiitic basaltic compositions is expected to occur at a minimum temperature 
of 700 °C at 1.1–1.2 GPa. Olivine is unstable in the studied P–T range. At suprasolidus condition,
garnet is stable at P > 1.0 GPa, plagioclase is stable at pressure < 1.0 GPa, and rutile is expected 
to occur at P > 1.3 GPa for all considered protolith H2O contents (Fig. 3c and d). 
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During crustal overturn, nearly 20 vol.% melt is expected to be produced per unit 
volume of protolith up to 900°C (Fig. 3c), with this melt having a trondhjemitic composition (cf. 
Ab–An–Or diagram, Fig. 4a). These melts have very low K2O/Na2O (Fig. 5a), although their Mg# 
and MgO content can be as high as 39 and 1.7 wt.%, respectively (Fig. 5b). Calculated trace 
elements of the melts are depleted in LILEs and HFSEs, with positive Sr and Zr anomalies, but 
distinct from those of natural TTGs (Fig. 6a and b). The lack of K2O and other LILEs in melts 
produced by komatiitic basalt anatexis is consistent with experimental work by Hastie et al. 
(2016 & 2023). The Sr/Y and (La/Yb)N are relatively lower than those of natural TTGs (Fig. 5c and
d). 

During crustal thickening, 18 vol.% melt is produced up to 900°C (Fig. 3d). Identical to 
those produced during crustal overturn, all the melts have low K2O/Na2O, and plot in the 
trondhjemite field (Fig. 4b and 5e), although the melt composition tends to be tonalitic at 
temperature >900 °C (c.f. Hastie et al., 2016). The MgO contents of the calculated melts are 
always lower than 1.0 wt.%, despite that the Mg# can be as high as 35 (Fig. 5f). Trace elements 
of the melts are similar with those produced during crustal overturn (i.e., depleted in LILEs and 
HFSEs, low Sr/Y and (La/Yb)N; Fig. 6c; 5g and h). 

During lower crustal delamination, 20 vol.% melt would be generated up to 900 °C (Fig. 
3c). All the melts are also trondhjemitic (Fig. 4c), and are depleted in K2O (Fig. 7a). The Mg# of 
the calculated melts can be as high as 42, but MgO contents are always lower than 0.7 wt.% 
(Fig. 7b). The trace elements of the calculated melts are characterized by higher Sr/Y and 
(La/Yb)N than those produced at crustal overturn and crustal thickening (Fig. 7c and d), although
the HREEs, LILEs and HFSEs of the calculated melts are depleted (Figs. 6e and 7c).

Given fluids are expected to have been abundant in hot subduction systems, a higher 
proportion of melt (25 vol.%) would have been produced than for fluid-absent melting at a 
similar thermal gradient (Fig. 3d), although all melt compositions are still trondhjemitic (Fig. 4d),
with low K2O/Na2O (Fig. 7e). The Mg# and MgO contents of calculated melts can be up to 41 and
1.5 wt.%, respectively (Fig. 7f). The calculated melts produced at hot subduction zone also have 
high Sr/Y and (La/Yb)N, but the HREEs, LILEs and HFSEs of the calculated melts are still depleted 
(Figs. 6g and 7g).

4.2. Partial melting of tholeiitic basalts

In the Warrawoona Group, tholeiitic basalts from different formations show a wide 
range of MgO contents, from 2.6 wt. % in the Coucal Formation to 12.5 wt. % in the Apex 
Formation (Johnson et al., 2017; Kato & Nakamura, 2003). We modelled the evolution of pillow 
structured Apex tholeiitic basalts and averaged low-MgO Coucal basalts. 

4.2.1. Apex tholeiitic basalts

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270



manuscript submitted to Journal of Geophysical Research: Solid Earth

In the P–T diagram of the Apex tholeiitic basalts, garnet stability is both temperature 
and pressure dependent, and it is expected to be consumed at pressures <0.9 GPa (Fig. 3e and 
f). The rutile–ilmenite transition is expected to occur at pressures >1.0 GPa above the solidus, 
although the addition of fluid will shrink the stability of rutile to higher pressure (>1.2–1.7 GPa; 
Fig. 3e and f). When fluid is limited in the protolith, the plagioclase stability field is both 
temperature and pressure dependent, which is unstable >0.8 GPa at the solidus condition 
(~750°C) and >1.8 GPa at 900°C (Fig. 3e). However, plagioclase is always unstable at pressures 
>1.2 GPa when fluid is sufficient (Fig. 3f). Partial melting is expected to occur at 700 °C above 
1.0 GPa, but should occur at higher temperature (up to 800°C) when pressure is <1.0 GPa (Fig. 
3e and f).

Partial melting during crustal overturn could produce 30 vol.% of melts (Fig. 3e). In the 
Ab–An–Or diagram, the melt compositions evolve from granodioritic to tonalitic, with slightly 
higher K2O/Na2O up to 0.7 (Figs. 4a and 5a). The calculated melts have a lower Mg# and MgO 
contents than those produced by komatiitic basalt (Fig. 5b). The (La/Yb)N and Sr/Y of the 
calculated melts are slightly lower than those of natural TTGs (Figs. 5c and d). Compared with 
melts produced through the partial melting of komatiitic basalts, melts produced by tholeiitic 
basalts are richer in LILEs (Fig. 6a).

Crustal thickening could induce 12 vol.% of melt production (Fig. 3f). The melt 
compositions evolve from granodioritic to tonalitic (Fig. 4b), with K2O/Na2O always in TTG range
(Fig. 5e). The Mg# and MgO contents of the calculated melts are always lower than 30 and 1 wt.
%, respectively (Fig. 5f). Compared with melts produced for crustal overturn, the (La/Yb)N and 
Sr/Y of the melts produced for crustal thickening occur in a similar but more narrow range (Figs.
5g and 5h). LILEs are also enriched in melts produced by crustal thickening (Fig. 6c).

During lower crustal delamination, 19 vol.% melt could be produced up to 900°C (Fig. 
3e), all of which plot in the trondhjemite field (Fig. 4c). The K2O/Na2O is always lower than 0.6 
(Fig. 7a). The MgO contents of the calculated melts are extremely low (<0.24 wt.%), although 
the Mg# are identical to natural TTGs (Fig. 7b). The (La/Yb)N and Sr/Y of the melts are obviously 
higher than those produced at high geothermal gradients (Figs. 7c and 7d). LILEs are still 
enriched in melts produced by lower crustal delamination (Fig. 6e).

The melts volume proportion produced in a hot subduction setting could be as high as 
51 vol.% (Fig. 3f), with compositions evolving from trondhjemitic to tonalitic (Fig. 4d). The K2O/
Na2O of the melts are always in the TTG range (Fig. 7e). The Mg# are similar with natural TTGs, 
whereas the MgO contents are still <1 wt.% (Fig. 7f). The (La/Yb)N and Sr/Y of the melts are 
similar with natural TTGs, but the HREE are obviously depleted (Figs. 7g and 7h). LILEs are also 
enriched in the melts, essentially identical to natural TTGs (Fig. 6g).

4.2.2. Coucal low-MgO tholeiitic basalts
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The P–T diagram and partial melting of averaged Coucal basalts has been described in 
several studies (Huang et al., 2020; Johnson et al., 2017), thus is not described in detail here 
again, but is provided in Figures 4–7 and S1. Given that the K2O contents of the Coucal basalts 
(avg. 0.5 wt.%) are relatively higher than other possible aforementioned sources, the stability 
field of biotite extends to the suprasolidus condition (Fig. S1a), leading to an increase of 
K2O/Na2O of calculated melts during biotite dehydration melting, which could be found in 
intraplate settings (Figs. 5a, 5e and 7a). Thus, the melts initially produced are usually granitic 
(Fig. 4a and b). After biotite is completely consumed, incongruent melting of hornblende will 
generate TTG-like melts. The Mg# of the calculated melts are always <30, no matter the 
geological setting (Figs 5b, 5f, 7b and 7f). Higher geothermal gradients would produce melts 
containing higher MgO contents (>1 wt.%; Fig. 5b and f). All the calculated melts are rich in 
LILEs and HFSEs (Fig. 6), although Nb and Ta negative anomalies are obvious in the melts 
produced at low thermal gradients (Fig. 6e and g). Melts produced at low geothermal gradients 
(i.e., lower crustal delamination and hot subduction) have low HREEs, distinct from natural TTGs
(Fig. 7c and g). Melts produced for crustal overturn and crustal thickening are usually 
characterized by lower (La/Yb)N, Sr/Y, and Nb/Ta (Figs. 5c, 5d, 5g, 5h and 6), whereas melts 
produced at lower crustal delamination and hot subduction settings have lower (La/Yb)N, Sr/Y, 
and Nb/Ta (Figs. 6, 7c, 7d, 7g and 7h).

5 Magma mixing

As described, melts generated from enriched tholeiitic basalts have lower Mg# and 
higher K2O/Na2O than natural TTGs, but their trace elements are enriched in LILEs and HFSEs 
that are broadly consistent with natural TTGs. Melts produced from komatiitic basalts are poor 
in K2O and LILEs and HFSEs, but their Mg# match natural TTGs. Since the melts produced by the 
partial melting of basalts and komatiitic basalts are complementary, natural TTGs might be 
generated by mixing melts produced from different protoliths. For simplicity, we assume both 
that komatiitic basalts and tholeiitic basalts are evenly distributed in the greenstone belts 
considered, and that the Apex tholeiitic basalts and the Coucal low-MgO tholeiitic basalts have 
the same proportion during partial melting. Given a specific protolith composition, the volume 
of melt produced during anatexis is a strong function of temperature (Fig. 3). Thus, we used a 
temperature interval of 25 °C to explore the magma mixing results.
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Since the Coucal low-MgO basalts were the most fertile protolith we investigated, mixed
melts produced by initial anatexis of the Coucal low-MgO basalts, Apex tholeiitic basalts, and 
komatiitic basalts will be identical to the melts generated by low-MgO tholeiitic basalts. At 
higher temperatures, the melts produced by the Apex tholeiitic basalts and komatiitic basalts 
start to make a greater contribution to the mixed magma. During crustal overturn, the mixed 
melts evolve from the trondhjemite field to the tonalite field rising above 900 °C (Fig. 4a), while 
all the mixed melts produced during other tectonic processes plot in the trondhjemite field, 
distinct from natural TTGs, of which nearly half are tonalitic. In a K2O/Na2O vs. SiO2 diagram, the
natural TTGs in the Pilbara craton can be divided into two groups, with one group plotting along
the melts evolution produced from low-MgO basalts and the other along the mixed melts 
evolution produced at high geothermal gradient (i.e., crustal overturn and crustal thickening) 
(Fig. 5a and e). Mixed melts produced at low geothermal gradient would have SiO2 contents too
high (>70 wt.%) to match natural TTGs (Fig. 7a and e). During crustal overturn, the Mg# and 
MgO contents of mixed melts can as high as 31 and 1.37 wt.%, respectively (Fig. 5b). Mixed 
melts produced during crustal thickening would have slightly lower Mg#  up to 29 (Fig. 5f). The 
Mg# of calculated melts produced at low thermal gradients would have higher Mg#, but the 
MgO contents are <1 wt.% for lower crustal delamination (Fig. 7b and f). The trace elements of 
mixed melts produced at higher thermal gradients are identical to natural TTGs (Fig. 6b and d). 
In contrast, the HREEs and Nb/Ta of mixed melts produced at low thermal gradients are too low
to match natural TTGs in the east Pilbara (Fig. 6f and h).

6 Discussion

6.1. Partial melting of komatiite and high-MgO basalt
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Partial melting experiments investigating Archaean TTG formation performed on 
komatiite were first attempted by Foley et al. (2003), followed by similar partial melting 
experiments performed on high-MgO basaltic compositions (Adam et al.,2012; Ziaja et al., 
2014; Hastie et al. 2016, 2023). All of these experiments focused on UHT partial melting >900 
°C, whereas low-temperature anatexis has not been explored experimentally. Nonetheless, 
metamorphic conditions recording temperatures <900 °C dominate Archaean greenstone belts. 
Exploring partial melting at amphibolite to granulite facies metamorphism is thus necessary for 
potentially emulating the generation of most TTG magmas. In many of these previous works, 
the water contents in the starting compositions were quite low for water saturation (e.g., Foley 
et al., 2003; Ziaja et al., 2014). The water contents in the source rock play an important role on 
the solidus temperature. Based on recent thermodynamic modelling, hydrous minerals, 
especially chlorite and serpentine, are relatively abundant in high-MgO source rock (Hartnady 
et al., 2022), consistent with natural rocks that could be found in greenstone belts, such as 
Belingwe, Zimbabwe (Bohar, 2003) and Isua, West Greenland (Furnes et al., 2009). Komatiite 
could preserve as much as twice the amount of crystal-bound H2O (6 wt. %) than low-MgO 
basalts at subsolidus conditions (Hartnady et al., 2022; Tamblyn et al., 2023). Aqueous fluids 
released by dehydration of these nearby komatiites during greenbelt sinking would then 
introduce to the komatiitic basalt and basalt, and promote partial melting (Hartnady et al., 
2022; ; Smithies et al., 2021; Tamblyn et al., 2023). If water contents in the protolith were 
adjusted so that minimal free H2O occurred at the intersection of the solidus and the P–T path, 
then the fertility of mafic-ultramafic rocks would be primarily controlled by the MgO and SiO2 
contents in their protoliths (Fig. 3). 

Figure S2 shows T–X pseudosections constructed at 1.1, 0.9, and 0.7 GPa for bulk 
compositions ranging from average Archaean basalt (SiO2 = 51 wt.% and MgO = 7 wt.%, Ge et 
al., 2018) to Archaean high-MgO basaltic composition (SiO2 = 49 wt.% and MgO = 16 wt.%, 
sample 02MB256 from Kato & Nakamura (2003)). Comparatively, the average Archaean basaltic
composition would have higher SiO2, Al2O3, Na2O, and TiO2 contents, but lower MgO and CaO 
contents than high-MgO basalt (picrite). For the H2O contents in protolith compositions that 
ensure fluid-present melting at the solidus, the wet solidus would shift from about 650 °C to 
about 800 °C with starting compositions evolved from basaltic to picritic (increasing MgO, but 
decreasing SiO2). Even so, such a temperature difference (ΔT up to 150 °C) would be sufficient 
to ensure partial melting of high-MgO basalt during dripping of an Archaean greenstone belt. 
The melt compositions generated through partial melting of basalt at <900 °C evolve from 
granodiorite to tonalite at <1.0 GPa, and from trondhjemite to tonalite at 1.1 GPa. Those 
produced by partial melting of high-MgO basalt evolve from trondhjemite to tonalite. In a Mg# 
vs. MgO diagram, MgO contents in the melts are a function of temperature and residual bulk 
composition (Fig. S2). All melts produced below 800 °C will have MgO contents <0.5 wt. %, but 
will be higher at 900 °C, especially those produced from komatiitic basalts (>1.5 wt. %). By 
contrast, the Mg# of melts mostly depend on the bulk compositions, with komatiitic basalts 
producing higher- Mg# melts (up to 37) but basalts produce lower Mg# (<30) melts. When 
compared with natural TTGs of the Pilbara craton, the high Mg# of the modelled TTGs indicate 
that komatiitic basalts must make a measurable contribution to the generation of TTG magmas.
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6.2. Comparison between magma mixing and natural TTGs

During tectonic processes that may have been prevalent in the early Archaean—crustal 
overturn and lower crustal delamination—interlayered volcanic rocks in the lowermost parts of 
greenstone belts would experience a similar P–T path, although their peak temperature would 
vary depending on the maximum depth reached (Sizova et al., 2018). As described, melts 
produced during the metamorphism of basalts and komatiitic basalts are complementary; the 
generation of melt fractions that resemble those of natural TTGs requires either the mixing of 
melts produced from different protoliths, or assimilation-fractional crystallization processes. 

In the Pilbara craton, natural TTGs are mostly tonalitic and trondhjemitic, with minor 
granodiorite bodies. Mixed melts produced during crustal overturn are both trondhjemitic and 
tonalitic, while those produced through other tectonic processes at temperature <900 °C are 
always Na2O rich (i.e., trondhjemitic). Previous studies suggest that partial melts of high-MgO 
basalts are tonalitic (Hastie et al., 2016, 2023), with such melts produced at UHT conditions. As 
described above, however, metamorphism recording temperatures >900°C was likely scarce 
before 3.0 Ga (Brown & Johnson, 2018). The addition of cumulus hornblende could be used to 
explain how magma compositions could evolve from being trondhjemitic to tonalitic (Rollinson, 
2021); however, hornblende is rare in natural TTGs of the Pilbara (Smithies et al., 2021), 
rendering hornblende accumulation less likely. 

Mixed melts produced at low thermal gradients usually have low MgO contents, 
although their Mg# are higher than those produced at high thermal gradients. Even those 
produced during crustal thickening also have lower MgO contents than those produced during 
crustal overturn, indicating that decompression heating is necessary to produce high MgO 
melts identical to natural TTGs. Trace elements of the melts are broadly controlled by the 
thermal gradient. Mixed melts produced at high geothermal gradient have lower Sr/Y, (La/Yb)N 
and Nb/Ta and higher HREEs, identical to natural TTGs in the east Pilbara. However, tectonic 
processes yielding low geothermal gradients (e.g., lower crustal delamination and hot 
subduction) could only produce low-HREE melts, no matter the protolith, thus the mixed melts 
could not match the natural TTGs. 

6.3. Implications of generating TTGs through partial melting of sinking greenstone belts

The genesis of Archaean TTG gneiss has been studied for over half a century (Jahn et al., 
1981). The most popular models for TTG generation are fractional crystallization of basaltic 
magma (e.g., Arth, 1979; Barker, 1979) and a two-stage melting model (e.g., Arth & Hanson, 
1975; Baker, 1979). The fractional crystallization model requires removal of hornblende from a 
crystallizing basaltic magma to generate felsic magma. The degree of fractional crystallization 
would be >75%, and thus should produce a significant amount of cumulates (Martin et al., 
2005). Recent studies proposed that up to 27% of hornblende fractional crystallization from 
high-MgO dioritic magma (sanukitoid) could produce TTGs (Liou & Guo, 2019; Smithies et al., 
2019), which means that a large amount of high-MgO parental magma should be produced 
prior to TTG. However, sanukitoids with formation ages older than 3 Ga are too scarce to 
produce large volumes of Archaean continental crust (Heilimo et al., 2010, Laurent et al., 2014).
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By contrast, the two-stage melting model requires partial melting of the mantle to 
generate tholeiitic basalt, then partial melting of basalt to generate TTG. However, melt 
compositions produced by partial melting of tholeiitic basalts usually have too low MgO 
contents and Mg# to match natural TTGs. This feature can be accounted for by the assimilation 
of peridotite during ascent through the mantle, which would be expected if partial melts were 
generated during subduction (Smithies & Champion, 2000). However, thermodynamic 
modelling results indicate that the compatible elements (e.g., Ni) of melt compositions 
produced by partial melting of averaged tholeiitic basalts are higher than natural TTGs, 
indicating limited assimilation of mantle materials (Huang et al., 2022). By process of 
elimination then, the partial melting of komatiitic basalts, which are also ubiquitous in 
greenstone belts, might make a notable contribution to the generation of TTG-like magma. In 
this study, the mixed melts produced by komatiitic basalts and tholeiitic basalts during crustal 
overturn most closely resemble the natural TTGs of the Pilbara craton. We thus suggest that the
partial melting of komatiitic basalts and tholeiitic basalts followed by magma mixing provides 
the most plausible recipe for generating TTG-like magmas. In geodynamic modelling, crustal 
delamination occurs prior to crustal overturn, and produces some TTG magmas (Sizova et al., 
2018). Based on our study, these melts are usually trondhjemitic, and are characterized by high 
Sr/Y and LaN/YbN ratios. However, such melts are rare in the east Pilbara craton, indicating that 
the TTGs produced through crustal delamination might be small in volume or difficult to be 
preserved, although crustal delamination might trigger crustal overturn, which would produce 
significant amount of TTGs.

The partial melting of komatiitic basalts can only generate felsic magma (SiO2 >66 wt. %) 
with K2O/Na2O always <0.5 (Figs. 5a, 5e, 7a and 7e), although Archaean sanukitoids, with SiO2 
<62 wt. % (down to 50 wt. %) and average K2O/Na2O of 0.72, would thus not be expected to be 
generated by the partial melting of komatiitic basalts (Martin et al., 2009). Furthermore, 
sanukitoids are rich in LILEs (Sr and Ba >1,000 ppm), and thus are inconsistent with melts 
generated by the partial melting of komatiitic basalts that are poor in LILEs. In such a case, the 
generation of sanukitoids would still require the partial melting of metasomatised mantle rock. 
Our calculation results further support the proposal that the petrogenesis of sanukitoids 
involves the partial melting of a TTG-melt-metasomatised mantle wedge (Martin et al., 2009; 
Oliveira et al., 2011; Laurent et al., 2014; Moyen and Laurent, 2018). Phase equilibrium 
modelling even suggests that 50/50 vol.% to 70/30 vol.% of TTG melt-mantle mixture is needed 
to produce sanukitoid (Semprich et al., 2015), which would, if true, indicate that sanukitoids are
a proxy for subduction. 
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Given that c. 2.7 Ga sanukitoids are globally widespread, plate tectonics might have 
been nearly globally operational by this age. Some even older sanukitoids occur within some 
older cratons, such as the Pilbara and Amazonia cratons (Heilimo et al., 2010; Laurent et al., 
2014), which is consistent with a recent argument using the Ba contents in TTG as a proxy for 
subduction that the onset of plate tectonics was globally diachronous (Huang et al., 2022). As 
the global propagation of subduction was such a protracted and localized process, a possible 
transition from bottom-up to top-down geodynamics over time as suggested on the basis of 
changing mantle melts (Mitchell et al., 2022) would gain support from our study of TTG genesis 
that demonstrates that uniquely vertical-driven intracrustal melting (i.e., anatexis) of Archaean 
basaltic-to-komatiitic crust is required to melt the proper compositions and necessary volumes 
of observed TTGs.

7 Conclusion

Both experiments and thermodynamic modelling of Archaean basalts has been 
previously unable to produce melts with Mg# identical to natural TTGs. Our petrological 
modelling explores the partial melting of komatiites and high-MgO basalts according to 
different tectonic processes. Our results suggest that SiO2 and MgO contents of the protolith 
would significantly influence the fertility of rocks. Komatiites from the Warrawoona greenstone 
belt of Pilbara craton are refractory and could not produce any melts. Komatiitic basalts would 
produce high Mg# and trondhjemitic melts depleted in LILEs and HFSEs, distinct from natural 
TTGs, no matter the tectonic processes. However, our modelling shows that mixed melts 
produced from tholeiitic basalts and komatiitic basalts during crustal overturn could produce an
appreciable amount of TTG melts, with compositions similar to natural TTGs. We therefore 
suggest that komatiitic basalts as well as tholeiitic basalts should most accurately reflect the 
protoliths of TTG in the early Earth. The assimilation of mantle materials, which mainly occurs in
a subduction setting, is not necessary for the generation of TTG. We further suggest that only 
the partial melting of all the rocks in the greenstone belt could generate felsic magma. The 
generation of the Archaean sanukitoids, with SiO2 down to 50 wt. %, should be produced 
through partial melting of a TTG-melt-metasomatised mantle wedge in a subduction setting. 
The globally distributed c. 2.7 Ga sanukitoids might therefore indicate a minimum constraint on 
the age of widespread subduction, with vertically-dominated tectonics predominating on Earth 
before this.
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The software and datafiles used to phase equilibrium modelling can be downloaded at 
https://hpxeosandthermocalc.org/. Data are available through Mendeley Data at 
https://data.mendeley.com/datasets/c3kng92tmf/1
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Figure 1. (a) Geologic map of east Pilbara craton, showing distribution of granitoids and 
greenstone (Van Kranendonk et al., 2014); (b) Stratigraphic columns of the Pilbara Supergroup, 
east Pilbara craton (Van Kranendonk et al., 2007). (c) Simplified geodynamic sketches showing 
vertical tectonic regimes for generating TTG magma in Pilbara craton (Sizova et al., 2015; 2018).
Figure 2. Summarized P–T paths of different Precambrian tectonic processes. (a) P–T paths 
comparison between modelled results of crustal overturn (Sizova et al., 2018) and P–T 
calculations of metamorphic rocks within greenstone belt from east Pilbara craton (François et 
al., 2014). The bold orange line represents a simplified enclave-type P–T path. The pink polygon 
represents the calculated P–T conditions of natural samples. (b) P–T paths of local crustal 
thickening (bold orange line), lower crustal delamination (bold yellow line) and hot subduction 
(bold yellow line). P–T paths of initial cold subduction and intraoceanic subduction are from 
Sizova et al. (2010) and Perchuk et al. (2018). Metamorphic facies boundaries and abbreviations
follow Brown (2014). Wet solidus of tholeiitic basalt is based on the calculation in this study (Fig.
S1).
Figure 3. Pseudosections of different source rocks. (a) and (b) komatiite from the Warrawoona 
Group. (c) and (d) komatiitic basalts. (e) and (f) tholeiitic basalts. Phase diagrams calculated with
limited fluids are shown in grey and with sufficient fluids are shown in blue.
Figure 4. Ab-An-Or classification diagrams showing the modelled melts composition evolution. 
Dividing lines for different rock types are after O’Connor (1965). (a) melt composition evolution 
of partial melting of different protoliths during crustal overturn in the Pilbara craton. (b) melt 
composition evolution during crustal thickening. (c) melt composition evolution during lower 
crustal delamination. (d) melt composition evolution during hot subduction . Small grey circles 
show natural TTGs in Pilbara craton (Johnson et al., 2017).
Figure 5. Modelled melts compositions, compared to the natural TTGs from Pilbara craton. (a)–
(d) show K2O/Na2O vs SiO2, Mg# vs MgO, (La/Yb)N vs Yb and Sr/Y vs Y during crustal overturn; 
(e)–(h) show K2O/Na2O vs SiO2, Mg# vs MgO, (La/Yb)N vs Yb and Sr/Y vs Y during crustal 
thickening; Small grey circles show natural TTGs. 
Figure 6. Trace element trends of model melt compositions, compared to the natural TTGs. (a) 
model melt compositions during crustal overturn. (b) Mixed melt compositions during crustal 
overturn. (c) model melt compositions during crustal thickening. (d) Mixed melt compositions 
during crustal overturn. (e) model melt compositions during lower crustal delamination. (f) 
Mixed melt compositions during lower crustal delamination. (g) model melt compositions 
during hot subduction. (h) Mixed melt compositions during hot subduction. Grey lines represent
natural TTGs in Pilbara craton (Johnson et al., 2017). Primitive mantle normalizing values from 
Sun and McDonough (1989).
Figure 7. Modelled melts compositions, compared to the natural TTGs from Pilbara craton. (a)–
(d) show K2O/Na2O vs SiO2, Mg# vs MgO, (La/Yb)N vs Yb and Sr/Y vs Y during lower crustal 
delamination;. (e)–(h) show K2O/Na2O vs SiO2, Mg# vs MgO, (La/Yb)N vs Yb and Sr/Y vs Y during 
hot subduction; Small grey circles show natural TTGs. 
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	Archaean continental crust is mainly composed of felsic orthogneisses and metamorphosed supracrustal rocks dominated by basalt (greenstones) (Condie, 1993). As the dominant Archaean lithology, TTGs may occur as intrusions in linear tectonic belts, such as those in the Nuvvuagittuq in Québec, Canada and Isua, west Greenland (O’Neil et al., 2012; Windley & Garde, 2009), or as circular-to-elliptical domes surrounded by trough-shaped greenstone belts (keels). Such dome-and-keel structures, which are particularly well-preserved in the Pilbara, Kaapvaal, and Zimbabwe cratons (Fig. 1a; Anhaeusser & Wilson, 1981; Van Kranendonk, 2004, 2014), are notably different from linear features, such as arcs and strike-slip shear zones that form due to horizontal deformation in a plate tectonic regime, which have dominated the rock record since the Neoarchaean (Herzberg et al., 1983; Wells et al., 1980). They are typically interpreted to have resulted from relative vertical motions in the crust, with magmatic over-accretion causing downward advection (i.e., drip, sagduction, delamination) (Van Kranendonk, 2007; Smithies et al., 2021), although some researchers also suggested that such dome-and-keel structures could also have formed via plate tectonic processes (Kusky et al., 2021; Whitney et al., 2004; Windley et al., 2021).
	Most Archaean TTG magmatic rocks have been metamorphosed after emplacement and occur as grey gneisses dominated by plagioclase, quartz, and biotite, with minor K-feldspar and hornblende. They are characterized by low K2O/Na2O (<0.6), with an average Mg# of 43 (Moyen, 2011; Moyen & Martin, 2012). Based on several geochemical proxies (e.g., Sr/Y and LaN/YbN), TTGs have historically been classified into high pressure (HP), medium pressure (MP), and low pressure (LP) types. Given the geochemical similarities between some HP TTGs and modern adakites (Moyen & Martin, 2012; Smithies et al., 2019), hot subduction zones have been proposed as possible geodynamic environments for the generation of felsic crust during the Archaean (Arndt, 2013). Alternatively, Archaean oceanic crust has been suggested to be much thicker and hotter than Phanerozoic oceanic crust (Bickle, 1986; Windley & Davis, 1978). Consequently, crustal anatexis at the lower levels of thickened oceanic crust or within crustal drips into the underlying mantle have been proposed as magmatic settings for generating dome-structured TTGs, especially in the early Archaean (Bédard, 2006; Johnson et al., 2017).
	Changing tectonic styles and geodynamic regimes documented throughout the Archaean, recorded either by structure, metamorphism, or geochemistry, have been linked to secular cooling of the mantle (Brown & Johnson, 2018; Herzberg, 2022; Herzberg et al., 2010; Mitchell & Ganne, 2022; Johnson et al., 2019). Inferred high mantle potential temperatures (TP) during the middle Archaean (up to ~1,600 °C) caused higher degrees of partial melting of the primitive mantle (Herzberg et al., 2010), generating melt fractions up to 30–50% (Arndt et al., 2003). Higher mantle TP associated with mantle plumes also led to the production of komatiites (MgO >18 wt. %), which are common in Archaean greenstone belts, but rare in Proterozoic and Phanerozoic terranes (Arndt, 2008). Komatiites usually occur in the lower tectono-stratigraphic portions of major greenstone belts, interlayered with basaltic and komatiitic basaltic rocks (Furnes et al., 2015) (Fig. 1b).
	Several petrological modelling studies have investigated partial melting of enriched tholeiitic basalt from greenstone belts (Ge et al., 2018; Kendrick et al., 2022; Palin et al., 2016), including the Coucal basalt from the Warrawoona Group of eastern Pilbara craton (Johnson et al., 2017). A common feature of all these previous results is that calculated melt compositions have MgO contents and Mg# (molar MgO/(MgO+FeOt)) lower than natural TTGs (Huang et al., 2020, 2022), consistent with experimental results (e.g. Laurie & Stevens, 2014; Patiño-Douce & Beard, 1995; Winther & Newton, 1990). The assimilation of mantle materials into natural TTGs during ascent towards Earth’s surface has been proposed to explain this disparity, which is expected to have been common in Archaean subduction zone settings (e.g. Smithies & Champion, 2000). Nonetheless, the assimilation of mantle materials would also enrich TTGs in compatible elements (e.g. Cr and Ni), which is often not the case. Indeed, previous studies have shown that modelled melt compositions produced from tholeiitic basalts have lower Mg#, but higher Ni contents than natural TTGs (Huang et al., 2022).
	The early Archaean rock record indicates that very few terranes record peak metamorphic pressures >1.5 GPa at geothermal gradients lower than 500 °C/GPa, suggesting that convergent margin processes were relatively rare before c. 3.0 Ga (Brown & Johnson, 2018). In addition, the intracrustal melting model neglects the potential contribution of MgO-rich rocks in greenstone belts that may be a possible source of TTG magma. The partial melting of interlayered ultramafic volcanic rocks (komatiite or komatiitic basalt), which should have experienced the same metamorphic evolution as the mafic components of the Archaean crust, potentially has significant implications for understanding TTG generation. Recent modelling of komatiite and komatiitic basalts mainly focuses on their dehydration process at subsodius conditions (Hartnady et al., 2022; Tamblyn et al., 2022). Here, we performed petrological modelling on mafic and ultramafic rocks from the Paleoarchaean Warrawoona Group of the eastern Pilbara craton, Western Australia, which is a dome and keel structure-dominated greenstone belt that likely formed in an intraplate environment. Modelled melt compositions were then compared with natural TTGs, and our results are discussed within the context of the role of various Archaean greenstone belt components in generating Earth’s earliest continental crust.
	2 Pressure–temperature (P–T) paths of vertical motion
	Greenstone belts vary in thickness from <2 km (the Taishan greenstone belt of North China craton) to >12 km (Warrawoona Group) (Furnes et al., 2015; Polat et al., 2006; Van Kranendonk et al., 2007), although the Pilbara Supergroup has been suggested to reach >15 km in some areas (Fig. 1b; Van Kranendonk et al., 2007). As most greenstone belts have thicknesses <10 km (Furnes et al., 2015), sinking of their lower portions through the middle and lower crust should promote partial melting (Sizova et al., 2018). Study of the P–T evolution of metasedimentary and mafic rocks in the interior of greenstone keels, close to dome margins and enclaves in granite domes in the Pilbara craton, suggests that metamorphic rocks in the interior of the greenstone belts only experienced up to greenschist facies metamorphism (~500 °C). Rocks close to the dome margins record a peak pressure of 0.9 GPa at ~600 °C and enclaves in the domes reached peak metamorphic conditions of ~700 °C (François et al., 2014). Similar peak temperatures have been obtained from the Barberton greenstone belt of the Kaapvaal craton (Moyen et al., 2006). In the late Archaean (c. 2.5 Ga), supracrustal rocks in the TTG dome from East Hebei, North China craton are suggested to have reached ultra-high temperature (UHT) conditions (Liu et al., 2024). However, synchronous subduction has also been reported in this area (Ning et al., 2022). Coexisting greenstone belt sinking and subduction renders it difficult to decipher the high Mg# of TTGs. Besides, UHT metamorphism was scarce in the early Archaean (Brown & Johnson, 2018; Jiao et al., 2023). Thus, UHT metamorphic P–T evolution will not be explored in this study.
	By using 2-D geodynamic modelling, Sizova et al. (2015) proposed three tectonic processes in the absence of plate convergence for generating TTG magma: crustal overturn, local thickening of the crust, and lower crustal delamination (Fig. 1c). In the crustal overturn model, Sizova et al. (2018) reproduced typical P–T paths for greenstone keels and enclaves in felsic domes, with simulated peak temperatures being close to or slightly higher than those preserved in Archaean cratons worldwide (Fig. 2a). In this numerical model, metamorphic rocks in the interior of the greenstone keels recorded heating and compression from the surface to 500 °C at 0.45 GPa. Rocks close to the dome at 15 km depth recorded compressional heating from 550 °C at 0.55 GPa to 700 °C at 1.0 GPa, then experienced a thermal relaxation to 800 °C at 0.7 GPa owing to the underplating of dry basaltic melts. Exhumed keel enclaves within domes recorded heating during burial from 200 °C near to the surface to 700 °C at 1.0 GPa, and subsequently experienced conditions of <900 °C at 0.6 GPa before exhumation to the middle crust.
	In local thickened crust model, partially hydrated to anhydrous lower crust would experience heating along high geothermal gradients identical to the crustal overturn model (900–1300 °C/GPa) (Sizova et al., 2015). The main difference is that crustal overturn mainly experiences melting during heating and decompression but crustal thickening experiences melting during heating and compression (Fig. 2). In the lower crustal delamination model, partially hydrated to anhydrous lower crust could sink into the mantle and reach depths of ~100 km before melting along geothermal gradients similar to those of hot subduction (400–500 °C/GPa) (Hartnady et al., 2022; Martin, 1986; Sizova et al., 2015). Sizova et al. (2010) and Perchuk et al. (2019) also produced P–T paths documenting the transition from Precambrian hot subduction to modern cold subduction (~250 °C/GPa) and Precambrian intraoceanic subduction (<200 °C/GPa) (Fig. 2b). These geothermal gradients are too low to induce significant partial melting of the subducted slab, and so are not considered further here.
	In the crustal overturn model, P–T paths of sinking greenstone belts show that keels close to the dome and enclaves in the granite domes should partially melt (Fig. 2a), with the majority of anatexis occurring during decompression. Predicted P–T paths for both lithologies are similar during this decompression process, with peak metamorphic conditions of ~700 °C at 1.0 GPa and thermal relaxation to peak temperatures, although enclaves in the domes are expected to reach temperatures ~100 °C higher than keels close to the dome. In such a case, melts produced by partial melting of the keels close to the domes and enclaves in the domes will be identical for temperatures <800 °C. To fully constrain the partial melting of sinking greenstones during crustal overturn, modelling partial melting of the enclaves in the granite domes should therefore be sufficient. Here, we used the modelled P–T path of enclaves in domes to explore the partial melting behavior of a sinking greenstone belt. For comparison with local crustal thickening, lower crustal delamination and hot subduction, P–T paths along 900°C/GPa, 500 °C/GPa (partially hydrated bulk composition) and 500 °C/GPa (fully hydrated bulk composition) were also explored (Fig. 2b). Model setup conditions are provided in the supplementary materials.
	3 P–T conditions of komatiite metamorphism
	Most TTGs in the East Pilbara craton were emplaced after 3.47 Ga (Johnson et al., 2019; Vandenburg et al., 2023; Hickman, 2021), indicating that their source lithologies are older. Thus, our petrological modelling considered mafic and ultramafic volcanic rocks from the Warrawoona Group, the lowermost sequence of the Pilbara Supergroup that record crystallization ages of 3.53–3.43 Ga (Van Kranendonk et al., 2007; Hickman, 2021). Komatiites in the Warrawoona group have an average SiO2 content of 49.2 wt. % and MgO content of 23.9 wt.%. The K2O + Na2O contents of komatiites are <2 wt. %, and the TiO2 contents are <1 wt. % (Sossi et al., 2016). Compared with basaltic compositions in the Warrawoona Group, the komatiites are poor in large ion lithophile elements (LILEs) and high field strength elements (HFSEs), but rich in compatible elements (e.g., Cr and Ni; Table S1) (Kato & Nakamura, 2003; Johnson et al., 2017).
	Metamorphic phase equilibria are controlled by bulk-rock composition, including H2O content, hence individual P–T pseudosections were constructed for Warrawoona komatiite with different H2O contents in case of different tectonic environments (Fig. 3a and b). Although it is suggested that some Proterozoic TTGs in the Pilbara craton can be produced by fluid-fluxed melting in the crust (Pourteau et al., 2020), introducing of aqueous fluid into the lower crust in an intraplate setting might be local (Brown, 2013). Besides, adding H2O content into basaltic compositions will shrink the stability field to lower pressure, leading to the production of TTG melts with high Sr/Y (Pourteau et al., 2020), which is not characteristic of Paleoarchaean TTGs in the east Pilbara craton; thus, we used 3.5 wt.% H2O in our modelling as a threshold for minimum saturation during crustal thickening and dripping (shows in grey phase diagrams in Fig. 3a and b). We used a H2O content of 7.5 wt.% for TTG formation in a subduction zone setting to allow for all the calculated melts to be produced from fluid-present melting, since fluid is abundant in such an environment and basaltic oceanic crust can be readily hydrated at ridge systems and during plate bending prior to the onset of subduction (shown in blue in the phase diagram in Fig. 3b). Although the topologies of the phase diagrams are distinct, neither wet solidus occurs below <1,000 °C (Fig. 3a and b). Given UHT metamorphism recording temperatures >900°C are scarce in the early Archaean until c. 3.0 Ga (Jiao et al., 2023), partial melting of komatiite is only expected to make a minor contribution to TTG magma generation. The water content of the protolith strongly affects the stabilities of garnet and pyroxene. When the protolith is minimally fluid-saturated, garnet is stable at P > 0.6–1.0 GPa and clinopyroxene is stable at P–T conditions of >0.8–0.9 GPa and >800 °C. Orthopyroxene is stable throughout the considered P–T range (Fig. 3a). Under fluid-saturated conditions, the stability of garnet and clinopyroxene reduces up-pressure, while orthopyroxene stability field reduces at temperatures >700 °C (Fig. 3b); instead, talc and quartz would form below 650 °C in such lithologies.
	4 Partial melting of komatiitic basalts and basalts
	Komatiitic basalts from the Warrawoona Group, Pilbara craton have an average SiO2 content of 51.4 wt.% and MgO content of 12.5 wt.% (Kato & Nakamura, 2003). They are very low in K2O (0.06 wt.%), prohibiting the stabilization of K-bearing minerals like biotite. Partial melting of the komatiitic basaltic compositions is expected to occur at a minimum temperature of 700 °C at 1.1–1.2 GPa. Olivine is unstable in the studied P–T range. At suprasolidus condition, garnet is stable at P > 1.0 GPa, plagioclase is stable at pressure < 1.0 GPa, and rutile is expected to occur at P > 1.3 GPa for all considered protolith H2O contents (Fig. 3c and d).
	During crustal overturn, nearly 20 vol.% melt is expected to be produced per unit volume of protolith up to 900°C (Fig. 3c), with this melt having a trondhjemitic composition (cf. Ab–An–Or diagram, Fig. 4a). These melts have very low K2O/Na2O (Fig. 5a), although their Mg# and MgO content can be as high as 39 and 1.7 wt.%, respectively (Fig. 5b). Calculated trace elements of the melts are depleted in LILEs and HFSEs, with positive Sr and Zr anomalies, but distinct from those of natural TTGs (Fig. 6a and b). The lack of K2O and other LILEs in melts produced by komatiitic basalt anatexis is consistent with experimental work by Hastie et al. (2016 & 2023). The Sr/Y and (La/Yb)N are relatively lower than those of natural TTGs (Fig. 5c and d).
	During crustal thickening, 18 vol.% melt is produced up to 900°C (Fig. 3d). Identical to those produced during crustal overturn, all the melts have low K2O/Na2O, and plot in the trondhjemite field (Fig. 4b and 5e), although the melt composition tends to be tonalitic at temperature >900 °C (c.f. Hastie et al., 2016). The MgO contents of the calculated melts are always lower than 1.0 wt.%, despite that the Mg# can be as high as 35 (Fig. 5f). Trace elements of the melts are similar with those produced during crustal overturn (i.e., depleted in LILEs and HFSEs, low Sr/Y and (La/Yb)N; Fig. 6c; 5g and h).
	During lower crustal delamination, 20 vol.% melt would be generated up to 900 °C (Fig. 3c). All the melts are also trondhjemitic (Fig. 4c), and are depleted in K2O (Fig. 7a). The Mg# of the calculated melts can be as high as 42, but MgO contents are always lower than 0.7 wt.% (Fig. 7b). The trace elements of the calculated melts are characterized by higher Sr/Y and (La/Yb)N than those produced at crustal overturn and crustal thickening (Fig. 7c and d), although the HREEs, LILEs and HFSEs of the calculated melts are depleted (Figs. 6e and 7c).
	Given fluids are expected to have been abundant in hot subduction systems, a higher proportion of melt (25 vol.%) would have been produced than for fluid-absent melting at a similar thermal gradient (Fig. 3d), although all melt compositions are still trondhjemitic (Fig. 4d), with low K2O/Na2O (Fig. 7e). The Mg# and MgO contents of calculated melts can be up to 41 and 1.5 wt.%, respectively (Fig. 7f). The calculated melts produced at hot subduction zone also have high Sr/Y and (La/Yb)N, but the HREEs, LILEs and HFSEs of the calculated melts are still depleted (Figs. 6g and 7g).
	In the Warrawoona Group, tholeiitic basalts from different formations show a wide range of MgO contents, from 2.6 wt. % in the Coucal Formation to 12.5 wt. % in the Apex Formation (Johnson et al., 2017; Kato & Nakamura, 2003). We modelled the evolution of pillow structured Apex tholeiitic basalts and averaged low-MgO Coucal basalts.
	In the P–T diagram of the Apex tholeiitic basalts, garnet stability is both temperature and pressure dependent, and it is expected to be consumed at pressures <0.9 GPa (Fig. 3e and f). The rutile–ilmenite transition is expected to occur at pressures >1.0 GPa above the solidus, although the addition of fluid will shrink the stability of rutile to higher pressure (>1.2–1.7 GPa; Fig. 3e and f). When fluid is limited in the protolith, the plagioclase stability field is both temperature and pressure dependent, which is unstable >0.8 GPa at the solidus condition (~750°C) and >1.8 GPa at 900°C (Fig. 3e). However, plagioclase is always unstable at pressures >1.2 GPa when fluid is sufficient (Fig. 3f). Partial melting is expected to occur at 700 °C above 1.0 GPa, but should occur at higher temperature (up to 800°C) when pressure is <1.0 GPa (Fig. 3e and f).
	Partial melting during crustal overturn could produce 30 vol.% of melts (Fig. 3e). In the Ab–An–Or diagram, the melt compositions evolve from granodioritic to tonalitic, with slightly higher K2O/Na2O up to 0.7 (Figs. 4a and 5a). The calculated melts have a lower Mg# and MgO contents than those produced by komatiitic basalt (Fig. 5b). The (La/Yb)N and Sr/Y of the calculated melts are slightly lower than those of natural TTGs (Figs. 5c and d). Compared with melts produced through the partial melting of komatiitic basalts, melts produced by tholeiitic basalts are richer in LILEs (Fig. 6a).
	Crustal thickening could induce 12 vol.% of melt production (Fig. 3f). The melt compositions evolve from granodioritic to tonalitic (Fig. 4b), with K2O/Na2O always in TTG range (Fig. 5e). The Mg# and MgO contents of the calculated melts are always lower than 30 and 1 wt.%, respectively (Fig. 5f). Compared with melts produced for crustal overturn, the (La/Yb)N and Sr/Y of the melts produced for crustal thickening occur in a similar but more narrow range (Figs. 5g and 5h). LILEs are also enriched in melts produced by crustal thickening (Fig. 6c).
	During lower crustal delamination, 19 vol.% melt could be produced up to 900°C (Fig. 3e), all of which plot in the trondhjemite field (Fig. 4c). The K2O/Na2O is always lower than 0.6 (Fig. 7a). The MgO contents of the calculated melts are extremely low (<0.24 wt.%), although the Mg# are identical to natural TTGs (Fig. 7b). The (La/Yb)N and Sr/Y of the melts are obviously higher than those produced at high geothermal gradients (Figs. 7c and 7d). LILEs are still enriched in melts produced by lower crustal delamination (Fig. 6e).
	The melts volume proportion produced in a hot subduction setting could be as high as 51 vol.% (Fig. 3f), with compositions evolving from trondhjemitic to tonalitic (Fig. 4d). The K2O/Na2O of the melts are always in the TTG range (Fig. 7e). The Mg# are similar with natural TTGs, whereas the MgO contents are still <1 wt.% (Fig. 7f). The (La/Yb)N and Sr/Y of the melts are similar with natural TTGs, but the HREE are obviously depleted (Figs. 7g and 7h). LILEs are also enriched in the melts, essentially identical to natural TTGs (Fig. 6g).
	The P–T diagram and partial melting of averaged Coucal basalts has been described in several studies (Huang et al., 2020; Johnson et al., 2017), thus is not described in detail here again, but is provided in Figures 4–7 and S1. Given that the K2O contents of the Coucal basalts (avg. 0.5 wt.%) are relatively higher than other possible aforementioned sources, the stability field of biotite extends to the suprasolidus condition (Fig. S1a), leading to an increase of K2O/Na2O of calculated melts during biotite dehydration melting, which could be found in intraplate settings (Figs. 5a, 5e and 7a). Thus, the melts initially produced are usually granitic (Fig. 4a and b). After biotite is completely consumed, incongruent melting of hornblende will generate TTG-like melts. The Mg# of the calculated melts are always <30, no matter the geological setting (Figs 5b, 5f, 7b and 7f). Higher geothermal gradients would produce melts containing higher MgO contents (>1 wt.%; Fig. 5b and f). All the calculated melts are rich in LILEs and HFSEs (Fig. 6), although Nb and Ta negative anomalies are obvious in the melts produced at low thermal gradients (Fig. 6e and g). Melts produced at low geothermal gradients (i.e., lower crustal delamination and hot subduction) have low HREEs, distinct from natural TTGs (Fig. 7c and g). Melts produced for crustal overturn and crustal thickening are usually characterized by lower (La/Yb)N, Sr/Y, and Nb/Ta (Figs. 5c, 5d, 5g, 5h and 6), whereas melts produced at lower crustal delamination and hot subduction settings have lower (La/Yb)N, Sr/Y, and Nb/Ta (Figs. 6, 7c, 7d, 7g and 7h).
	5 Magma mixing
	As described, melts generated from enriched tholeiitic basalts have lower Mg# and higher K2O/Na2O than natural TTGs, but their trace elements are enriched in LILEs and HFSEs that are broadly consistent with natural TTGs. Melts produced from komatiitic basalts are poor in K2O and LILEs and HFSEs, but their Mg# match natural TTGs. Since the melts produced by the partial melting of basalts and komatiitic basalts are complementary, natural TTGs might be generated by mixing melts produced from different protoliths. For simplicity, we assume both that komatiitic basalts and tholeiitic basalts are evenly distributed in the greenstone belts considered, and that the Apex tholeiitic basalts and the Coucal low-MgO tholeiitic basalts have the same proportion during partial melting. Given a specific protolith composition, the volume of melt produced during anatexis is a strong function of temperature (Fig. 3). Thus, we used a temperature interval of 25 °C to explore the magma mixing results.
	Since the Coucal low-MgO basalts were the most fertile protolith we investigated, mixed melts produced by initial anatexis of the Coucal low-MgO basalts, Apex tholeiitic basalts, and komatiitic basalts will be identical to the melts generated by low-MgO tholeiitic basalts. At higher temperatures, the melts produced by the Apex tholeiitic basalts and komatiitic basalts start to make a greater contribution to the mixed magma. During crustal overturn, the mixed melts evolve from the trondhjemite field to the tonalite field rising above 900 °C (Fig. 4a), while all the mixed melts produced during other tectonic processes plot in the trondhjemite field, distinct from natural TTGs, of which nearly half are tonalitic. In a K2O/Na2O vs. SiO2 diagram, the natural TTGs in the Pilbara craton can be divided into two groups, with one group plotting along the melts evolution produced from low-MgO basalts and the other along the mixed melts evolution produced at high geothermal gradient (i.e., crustal overturn and crustal thickening) (Fig. 5a and e). Mixed melts produced at low geothermal gradient would have SiO2 contents too high (>70 wt.%) to match natural TTGs (Fig. 7a and e). During crustal overturn, the Mg# and MgO contents of mixed melts can as high as 31 and 1.37 wt.%, respectively (Fig. 5b). Mixed melts produced during crustal thickening would have slightly lower Mg# up to 29 (Fig. 5f). The Mg# of calculated melts produced at low thermal gradients would have higher Mg#, but the MgO contents are <1 wt.% for lower crustal delamination (Fig. 7b and f). The trace elements of mixed melts produced at higher thermal gradients are identical to natural TTGs (Fig. 6b and d). In contrast, the HREEs and Nb/Ta of mixed melts produced at low thermal gradients are too low to match natural TTGs in the east Pilbara (Fig. 6f and h).
	6 Discussion
	Partial melting experiments investigating Archaean TTG formation performed on komatiite were first attempted by Foley et al. (2003), followed by similar partial melting experiments performed on high-MgO basaltic compositions (Adam et al.,2012; Ziaja et al., 2014; Hastie et al. 2016, 2023). All of these experiments focused on UHT partial melting >900 °C, whereas low-temperature anatexis has not been explored experimentally. Nonetheless, metamorphic conditions recording temperatures <900 °C dominate Archaean greenstone belts. Exploring partial melting at amphibolite to granulite facies metamorphism is thus necessary for potentially emulating the generation of most TTG magmas. In many of these previous works, the water contents in the starting compositions were quite low for water saturation (e.g., Foley et al., 2003; Ziaja et al., 2014). The water contents in the source rock play an important role on the solidus temperature. Based on recent thermodynamic modelling, hydrous minerals, especially chlorite and serpentine, are relatively abundant in high-MgO source rock (Hartnady et al., 2022), consistent with natural rocks that could be found in greenstone belts, such as Belingwe, Zimbabwe (Bohar, 2003) and Isua, West Greenland (Furnes et al., 2009). Komatiite could preserve as much as twice the amount of crystal-bound H2O (6 wt. %) than low-MgO basalts at subsolidus conditions (Hartnady et al., 2022; Tamblyn et al., 2023). Aqueous fluids released by dehydration of these nearby komatiites during greenbelt sinking would then introduce to the komatiitic basalt and basalt, and promote partial melting (Hartnady et al., 2022; ; Smithies et al., 2021; Tamblyn et al., 2023). If water contents in the protolith were adjusted so that minimal free H2O occurred at the intersection of the solidus and the P–T path, then the fertility of mafic-ultramafic rocks would be primarily controlled by the MgO and SiO2 contents in their protoliths (Fig. 3).
	Figure S2 shows T–X pseudosections constructed at 1.1, 0.9, and 0.7 GPa for bulk compositions ranging from average Archaean basalt (SiO2 = 51 wt.% and MgO = 7 wt.%, Ge et al., 2018) to Archaean high-MgO basaltic composition (SiO2 = 49 wt.% and MgO = 16 wt.%, sample 02MB256 from Kato & Nakamura (2003)). Comparatively, the average Archaean basaltic composition would have higher SiO2, Al2O3, Na2O, and TiO2 contents, but lower MgO and CaO contents than high-MgO basalt (picrite). For the H2O contents in protolith compositions that ensure fluid-present melting at the solidus, the wet solidus would shift from about 650 °C to about 800 °C with starting compositions evolved from basaltic to picritic (increasing MgO, but decreasing SiO2). Even so, such a temperature difference (ΔT up to 150 °C) would be sufficient to ensure partial melting of high-MgO basalt during dripping of an Archaean greenstone belt. The melt compositions generated through partial melting of basalt at <900 °C evolve from granodiorite to tonalite at <1.0 GPa, and from trondhjemite to tonalite at 1.1 GPa. Those produced by partial melting of high-MgO basalt evolve from trondhjemite to tonalite. In a Mg# vs. MgO diagram, MgO contents in the melts are a function of temperature and residual bulk composition (Fig. S2). All melts produced below 800 °C will have MgO contents <0.5 wt. %, but will be higher at 900 °C, especially those produced from komatiitic basalts (>1.5 wt. %). By contrast, the Mg# of melts mostly depend on the bulk compositions, with komatiitic basalts producing higher- Mg# melts (up to 37) but basalts produce lower Mg# (<30) melts. When compared with natural TTGs of the Pilbara craton, the high Mg# of the modelled TTGs indicate that komatiitic basalts must make a measurable contribution to the generation of TTG magmas.
	During tectonic processes that may have been prevalent in the early Archaean—crustal overturn and lower crustal delamination—interlayered volcanic rocks in the lowermost parts of greenstone belts would experience a similar P–T path, although their peak temperature would vary depending on the maximum depth reached (Sizova et al., 2018). As described, melts produced during the metamorphism of basalts and komatiitic basalts are complementary; the generation of melt fractions that resemble those of natural TTGs requires either the mixing of melts produced from different protoliths, or assimilation-fractional crystallization processes.
	In the Pilbara craton, natural TTGs are mostly tonalitic and trondhjemitic, with minor granodiorite bodies. Mixed melts produced during crustal overturn are both trondhjemitic and tonalitic, while those produced through other tectonic processes at temperature <900 °C are always Na2O rich (i.e., trondhjemitic). Previous studies suggest that partial melts of high-MgO basalts are tonalitic (Hastie et al., 2016, 2023), with such melts produced at UHT conditions. As described above, however, metamorphism recording temperatures >900°C was likely scarce before 3.0 Ga (Brown & Johnson, 2018). The addition of cumulus hornblende could be used to explain how magma compositions could evolve from being trondhjemitic to tonalitic (Rollinson, 2021); however, hornblende is rare in natural TTGs of the Pilbara (Smithies et al., 2021), rendering hornblende accumulation less likely.
	Mixed melts produced at low thermal gradients usually have low MgO contents, although their Mg# are higher than those produced at high thermal gradients. Even those produced during crustal thickening also have lower MgO contents than those produced during crustal overturn, indicating that decompression heating is necessary to produce high MgO melts identical to natural TTGs. Trace elements of the melts are broadly controlled by the thermal gradient. Mixed melts produced at high geothermal gradient have lower Sr/Y, (La/Yb)N and Nb/Ta and higher HREEs, identical to natural TTGs in the east Pilbara. However, tectonic processes yielding low geothermal gradients (e.g., lower crustal delamination and hot subduction) could only produce low-HREE melts, no matter the protolith, thus the mixed melts could not match the natural TTGs.
	The genesis of Archaean TTG gneiss has been studied for over half a century (Jahn et al., 1981). The most popular models for TTG generation are fractional crystallization of basaltic magma (e.g., Arth, 1979; Barker, 1979) and a two-stage melting model (e.g., Arth & Hanson, 1975; Baker, 1979). The fractional crystallization model requires removal of hornblende from a crystallizing basaltic magma to generate felsic magma. The degree of fractional crystallization would be >75%, and thus should produce a significant amount of cumulates (Martin et al., 2005). Recent studies proposed that up to 27% of hornblende fractional crystallization from high-MgO dioritic magma (sanukitoid) could produce TTGs (Liou & Guo, 2019; Smithies et al., 2019), which means that a large amount of high-MgO parental magma should be produced prior to TTG. However, sanukitoids with formation ages older than 3 Ga are too scarce to produce large volumes of Archaean continental crust (Heilimo et al., 2010, Laurent et al., 2014).
	By contrast, the two-stage melting model requires partial melting of the mantle to generate tholeiitic basalt, then partial melting of basalt to generate TTG. However, melt compositions produced by partial melting of tholeiitic basalts usually have too low MgO contents and Mg# to match natural TTGs. This feature can be accounted for by the assimilation of peridotite during ascent through the mantle, which would be expected if partial melts were generated during subduction (Smithies & Champion, 2000). However, thermodynamic modelling results indicate that the compatible elements (e.g., Ni) of melt compositions produced by partial melting of averaged tholeiitic basalts are higher than natural TTGs, indicating limited assimilation of mantle materials (Huang et al., 2022). By process of elimination then, the partial melting of komatiitic basalts, which are also ubiquitous in greenstone belts, might make a notable contribution to the generation of TTG-like magma. In this study, the mixed melts produced by komatiitic basalts and tholeiitic basalts during crustal overturn most closely resemble the natural TTGs of the Pilbara craton. We thus suggest that the partial melting of komatiitic basalts and tholeiitic basalts followed by magma mixing provides the most plausible recipe for generating TTG-like magmas. In geodynamic modelling, crustal delamination occurs prior to crustal overturn, and produces some TTG magmas (Sizova et al., 2018). Based on our study, these melts are usually trondhjemitic, and are characterized by high Sr/Y and LaN/YbN ratios. However, such melts are rare in the east Pilbara craton, indicating that the TTGs produced through crustal delamination might be small in volume or difficult to be preserved, although crustal delamination might trigger crustal overturn, which would produce significant amount of TTGs.
	The partial melting of komatiitic basalts can only generate felsic magma (SiO2 >66 wt. %) with K2O/Na2O always <0.5 (Figs. 5a, 5e, 7a and 7e), although Archaean sanukitoids, with SiO2 <62 wt. % (down to 50 wt. %) and average K2O/Na2O of 0.72, would thus not be expected to be generated by the partial melting of komatiitic basalts (Martin et al., 2009). Furthermore, sanukitoids are rich in LILEs (Sr and Ba >1,000 ppm), and thus are inconsistent with melts generated by the partial melting of komatiitic basalts that are poor in LILEs. In such a case, the generation of sanukitoids would still require the partial melting of metasomatised mantle rock. Our calculation results further support the proposal that the petrogenesis of sanukitoids involves the partial melting of a TTG-melt-metasomatised mantle wedge (Martin et al., 2009; Oliveira et al., 2011; Laurent et al., 2014; Moyen and Laurent, 2018). Phase equilibrium modelling even suggests that 50/50 vol.% to 70/30 vol.% of TTG melt-mantle mixture is needed to produce sanukitoid (Semprich et al., 2015), which would, if true, indicate that sanukitoids are a proxy for subduction.
	Given that c. 2.7 Ga sanukitoids are globally widespread, plate tectonics might have been nearly globally operational by this age. Some even older sanukitoids occur within some older cratons, such as the Pilbara and Amazonia cratons (Heilimo et al., 2010; Laurent et al., 2014), which is consistent with a recent argument using the Ba contents in TTG as a proxy for subduction that the onset of plate tectonics was globally diachronous (Huang et al., 2022). As the global propagation of subduction was such a protracted and localized process, a possible transition from bottom-up to top-down geodynamics over time as suggested on the basis of changing mantle melts (Mitchell et al., 2022) would gain support from our study of TTG genesis that demonstrates that uniquely vertical-driven intracrustal melting (i.e., anatexis) of Archaean basaltic-to-komatiitic crust is required to melt the proper compositions and necessary volumes of observed TTGs.
	7 Conclusion
	Both experiments and thermodynamic modelling of Archaean basalts has been previously unable to produce melts with Mg# identical to natural TTGs. Our petrological modelling explores the partial melting of komatiites and high-MgO basalts according to different tectonic processes. Our results suggest that SiO2 and MgO contents of the protolith would significantly influence the fertility of rocks. Komatiites from the Warrawoona greenstone belt of Pilbara craton are refractory and could not produce any melts. Komatiitic basalts would produce high Mg# and trondhjemitic melts depleted in LILEs and HFSEs, distinct from natural TTGs, no matter the tectonic processes. However, our modelling shows that mixed melts produced from tholeiitic basalts and komatiitic basalts during crustal overturn could produce an appreciable amount of TTG melts, with compositions similar to natural TTGs. We therefore suggest that komatiitic basalts as well as tholeiitic basalts should most accurately reflect the protoliths of TTG in the early Earth. The assimilation of mantle materials, which mainly occurs in a subduction setting, is not necessary for the generation of TTG. We further suggest that only the partial melting of all the rocks in the greenstone belt could generate felsic magma. The generation of the Archaean sanukitoids, with SiO2 down to 50 wt. %, should be produced through partial melting of a TTG-melt-metasomatised mantle wedge in a subduction setting. The globally distributed c. 2.7 Ga sanukitoids might therefore indicate a minimum constraint on the age of widespread subduction, with vertically-dominated tectonics predominating on Earth before this.
	Figure 1. (a) Geologic map of east Pilbara craton, showing distribution of granitoids and greenstone (Van Kranendonk et al., 2014); (b) Stratigraphic columns of the Pilbara Supergroup, east Pilbara craton (Van Kranendonk et al., 2007). (c) Simplified geodynamic sketches showing vertical tectonic regimes for generating TTG magma in Pilbara craton (Sizova et al., 2015; 2018).
	Figure 2. Summarized P–T paths of different Precambrian tectonic processes. (a) P–T paths comparison between modelled results of crustal overturn (Sizova et al., 2018) and P–T calculations of metamorphic rocks within greenstone belt from east Pilbara craton (François et al., 2014). The bold orange line represents a simplified enclave-type P–T path. The pink polygon represents the calculated P–T conditions of natural samples. (b) P–T paths of local crustal thickening (bold orange line), lower crustal delamination (bold yellow line) and hot subduction (bold yellow line). P–T paths of initial cold subduction and intraoceanic subduction are from Sizova et al. (2010) and Perchuk et al. (2018). Metamorphic facies boundaries and abbreviations follow Brown (2014). Wet solidus of tholeiitic basalt is based on the calculation in this study (Fig. S1).
	Figure 3. Pseudosections of different source rocks. (a) and (b) komatiite from the Warrawoona Group. (c) and (d) komatiitic basalts. (e) and (f) tholeiitic basalts. Phase diagrams calculated with limited fluids are shown in grey and with sufficient fluids are shown in blue.
	Figure 4. Ab-An-Or classification diagrams showing the modelled melts composition evolution. Dividing lines for different rock types are after O’Connor (1965). (a) melt composition evolution of partial melting of different protoliths during crustal overturn in the Pilbara craton. (b) melt composition evolution during crustal thickening. (c) melt composition evolution during lower crustal delamination. (d) melt composition evolution during hot subduction . Small grey circles show natural TTGs in Pilbara craton (Johnson et al., 2017).
	Figure 5. Modelled melts compositions, compared to the natural TTGs from Pilbara craton. (a)–(d) show K2O/Na2O vs SiO2, Mg# vs MgO, (La/Yb)N vs Yb and Sr/Y vs Y during crustal overturn; (e)–(h) show K2O/Na2O vs SiO2, Mg# vs MgO, (La/Yb)N vs Yb and Sr/Y vs Y during crustal thickening; Small grey circles show natural TTGs.
	Figure 6. Trace element trends of model melt compositions, compared to the natural TTGs. (a) model melt compositions during crustal overturn. (b) Mixed melt compositions during crustal overturn. (c) model melt compositions during crustal thickening. (d) Mixed melt compositions during crustal overturn. (e) model melt compositions during lower crustal delamination. (f) Mixed melt compositions during lower crustal delamination. (g) model melt compositions during hot subduction. (h) Mixed melt compositions during hot subduction. Grey lines represent natural TTGs in Pilbara craton (Johnson et al., 2017). Primitive mantle normalizing values from Sun and McDonough (1989).
	Figure 7. Modelled melts compositions, compared to the natural TTGs from Pilbara craton. (a)–(d) show K2O/Na2O vs SiO2, Mg# vs MgO, (La/Yb)N vs Yb and Sr/Y vs Y during lower crustal delamination;. (e)–(h) show K2O/Na2O vs SiO2, Mg# vs MgO, (La/Yb)N vs Yb and Sr/Y vs Y during hot subduction; Small grey circles show natural TTGs.

