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Oxygen isotope shifts reveal fluid-fluxed
melting in continental anatexis
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Hugo K. H. Olierook 4, Laure Martin5 & Matthijs A. Smit 6,7

Fluid-flux melting is increasingly recognised as a key mechanism for continental crust growth and
recycling, but the abundance and sources of the external fluids involved in this process are typically
uncertain. Here we use zircon and garnet oxygen isotope data, geochronology, and petrological
analysis of mid- to lower-crustal rocks from the Georgetown Inlier, Australia, to explore the
composition and origin of anatexis-triggering fluids. Tonalite veins and garnetite residues showhigher
zircon δ18O values (~6‰) than their amphibolite source (~2–3‰), whereas sediment-derived granites
show lower values (6‰) than those of typical siliciclastic sources (10–20‰). Mass balance modelling
suggests that these isotopic shifts result from the interaction with mantle-derived fluids.
Asthenospheric mantle upwelling beneath the Georgetown crust during slab rollback or break-off
provided heat and fluids, generating hydrous mafic underplates that exsolved mantle-derived water,
promoting crustal anatexis. This process may have been key in shaping Earth’s early buoyant sodic
continental crust.

The presence of water on Earth is intrinsically linked to the unique char-
acteristics of our planet, including the development of a buoyant felsic
continental crust and the dynamic processes of plate tectonics, phenomena
absent on other planetary bodies. The formation and recycling of con-
tinental crust require a delicate balance between heat andwater availability1.
Substantial heat sources, such as radioactive decay of specific elements
enriched in felsic rocks, magmatic intrusions, and deep mantle upwelling
beneath the continental crust, are well documented2. However, the sources
and pathways of water within the crust are less clearly defined.

Continental crust production and recycling have primarily been
attributed to dehydration melting—the breakdown of hydrous minerals
(amphibole, biotite, muscovite) in high-grade metamorphic rocks at tem-
peratures above 750 °C3. In recent years, fluid-present melting has been
recognised as a viable alternative to explain the low magmatic temperature
estimates observed in felsic rocks globally1,4–6. This process accounts for
significant degrees of partial melting of metamorphic rocks below 800 °C5,7,
and generation of a substantial amount of sodic crust in the early Earth8

along with more evolved, calc-alkaline I-type granites and adakite in the
Proterozoic and Phanerozoic9–12. The critical role of water in continental

crust formation has been explored since the 1950s through petrological
experiments, which demonstrated that the presence of fluids in any rock
type lowers the solidus temperature and increases the melt fraction13.
Consequently, water-fluxed melting can generate higher melt volumes at
lower temperatures than dehydration melting, which typically requires
temperatures above 850 °C and is restricted to fertile rock compositions3.
Several recent studies highlight the importance of fluids in forming large
plutons at relatively low temperatures4,14, and controlling crustal melting
temperatures5, residual mineral assemblages, and melt compositions4,15 not
only within Phanerozoic and Proterozoic convergent settings but also
withinArchaean environments. In youngerorogens such as theCordilleran,
Lachlan or Adelaide Fold Belt, extensive work in the recent years demon-
strated the critical role of water in producing hydrous underplating of arc
basaltic magmas to generate juvenile continental crust, but also that water
availability within different tectonic settings controls the production of
compositionally diverse granitic magmas5,6,9. Other geochemical, petrolo-
gical and thermodynamic modelling studies have documented water-flux
melting in subduction-related settings to produce tonalite, I-type (calc-
alkaline) and adakite magmas through partial melting of hydrous mafic
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crust and during late-collisional stages to produce more evolved potassic
magmas by water-flux melting of mid- to lower-crustal material11,12,16–19.
Crustal-scale shear zones within Proterozoic and Phanerozoic convergent
settings have also been demonstrated to act as efficient pathways for fluid
transfer, facilitating partial melting of different crustal levels4,9,15,20. Within
Mesoproterozoic amphibolites from Gore Mountain, micrometric droplets
of trondhjemitic melt found in garnet megacrysts also support fluid-flux
melting of the hosting mafic gabbro at lower crustal conditions21. The
important role of water as key ingredient to produce sodic felsic crust in the
early Earth has also increasingly gatheredmore evidence, supportingwater-
flux melting as critical process for crustal growth within the first 2.0 billion
years after the formation of our planet22–25. Advances in experimental pet-
rology and phase equilibrium modelling reveal that fluid-fluxed melting
should leave behind hydrous residues that are variably enriched in horn-
blende and/or garnet, based on their initial composition9,26–29. Therefore, in
many terranesworldwide and throughEarth history,water-fluxmelting has
been increasingly identified as an important process for crustal growth.

Outstanding challenges associated with water-fluxed melting include
(i) identifying potential fluid sources and (ii) understanding the flow
mechanisms required to generate the large volumes needed for fluid
saturation in possibly important regions of the continental crust9. However,
identifying the fluid sources is mostly by inference, as much of the research
has predominantly focused on granite compositions—both locally and
globally—linking these granites tomagmas extracted fromoften unexposed
reservoirs.

The composition and possible origin of fluids during crustal melting
can be evaluated using oxygen isotope compositions, which are sensitive to
fluid-rock interaction processes30–32. Unlike whole-rock analyses, resilient
mineral phases like zircon and garnet effectively retain their primary oxygen
isotope signatures due to slow intracrystalline diffusion33,34. The oxygen
isotope compositions of zircon in igneous rocks reflect those of the parental
magma, enabling differentiation between various source candidates or
assessment of geochemical alteration caused by isotopically distinct external
fluids19,24,35–37. Garnet extends this analytical approach to Zr-undersaturated
systems, although some fractional effects may occur, especially at lower
garnet growth temperatures or with higher grossular content in garnet38–41.
Recent studies have used oxygen isotope composition of detrital zircon and
Monte Carlo simulations to distinguish crustal growth pulses in the
Archaean and trace their interaction with fluids to explore the emergence of
the hydrological cycles on the early Earth37. Light δ18O values of zircon were
interpreted as the result of interaction of emerged continents with fresh water
and the start of the hydrological cycle on Earth37. Combined with other
studies using oxygen isotope composition of zircon19,24,42,43, these works
highlight the efficacy of using oxygen isotopes to unravel the interaction of
Precambrian rocks with primitive and/or primordial melt and fluid sources.

In this contribution, we use this isotope geochemistry-based tool to
investigate fluid-fluxed processes in a well-exposed andwell-preserved cross-
section from the Proterozoic orogen in NE Australia, where field relation-
ships between association of source rocks, melt products and restite occur.
We describe a well-constrained mid- to lower crustal section (6–9 kbar)
from the Georgetown Inlier, where fluid-fluxed melting of amphibolites and
paragneisses has been previously suggested as important mechanism to
produce tonalite and granitic melts, respectively, during 1550Ma post-
collisional extension2,4,9,15,20,44. Tonalitic sheets and veins are closely related to
garnetite andminor hornblendite, which are interpreted as residues of in situ
fluid-fluxed lower crustal melting15,27,28. To further test the occurrence of
fluid-flux melting processes as dominant physicochemical mechanism for
crustal growth, oxygen isotope analysis was applied to samples from the
inlier. Only a heterogeneous isotopic signature between the source and the
produced melt would support the hypothesis of ingress of external fluids to
trigger partial melting of the mid and lower crust. If the latter is supported,
the remaining question would be: did the fluids stem from the surrounding
melting metasedimentary rocks or another, more cryptic source? We show
that the oxygen isotope compositions of the granitoids significantly diverge
from those of their respective host rock sources, converging towards a

distinctive mantle isotopic signature akin to that of contemporaneous gar-
netite (Fig. 1). Our fluid–rock interaction models support the interpretation
that water-fluxed melting of amphibolite and paragneiss produced the
Georgetown sodic and potassic melts but also required that the fluids
involved were of mantle origin. This study highlights that, alongside dehy-
dration melting of fertile lithologies, water-fluxed melting is an essential
mechanism in continental growth and differentiation processes. These
findings shed new light on the important role that water-fluxed melting by
mantle-derived fluids may have played in producing most of the sodic felsic
crust that formed the first building blocks of the Archaean cratons.

Geological setting and rock relations
The upper amphibolite- to lower-granulite-facies domain of the eastern
Georgetown Inlier represents the deep-crustal equivalents of a > 1700 to
1620Ma stratigraphic succession of siliciclastic rocks with intercalated
1670–1650Ma low-K, Fe-rich tholeiite lava flows and sills, which is exposed
in the low-metamorphic-grade western domain45,46 (Supplementary
Fig. S1). Following collision-related burial and intermediate temperature/
pressure (T/P) metamorphism at 1600–1590Ma, the Georgetown Inlier
underwent widespread anatexis and felsic magmatism between 1565 and
1540 Ma47–50. During this period, siliciclastic rocks experienced pervasive
partial melting around 750–800 °C in the lower crust, potentially serving as
the source for a voluminous coeval, syn-kinematic granitic complex
emplaced at mid-crustal depths in the central domain. Coeval, felsic vol-
canic and sub-volcanic rocks emplaced at or near the surface in the western
domain represent the upper-crust expression of this magmatic phase. A
subordinate tonalite–trondhjemite–granodiorite (TTG) suite was emplaced
in themiddle crust, derived by partialmelting of amphibolite15,45. Sediment-
derived (S-type) and TTG plutons in the Georgetown Inlier have been
regarded as low-temperature, hydrous igneous mushes derived through
fluid-present melting of the lower-crustal metasedimentary and amphibo-
litic rocks, respectively4,15. Syn-magmatic formation of residual garnetite
associated with tonalite veining was reported in the eastern domain, pro-
viding an opportunity to investigate the nature and timing of fluid infil-
tration andpartialmelting in the lower crust section of the orogen. Fluidflux
during anatexis may have been facilitated by a crustal-scale detachment
zone, juxtaposing the upper-, western crustal domain to the mid-to lower-
crustal domains (SupplementaryFig. S1), andacting asnetworkof pathways
for fluid circulation during the post-collisional extensional stage at ca. 1550
Ma44,51,52. In contrast, drier and hotter granites originated in the lower crust
and raised to upper crustal levels, interacting with domains of limited or
absent flux activity.

In combination to petrological observations of magmatic and meta-
morphic samples (Supplementary Notes 1; Supplementary Data
Tables S1 and S2 and Supplementary Fig. S2), we present geochronological
data (SupplementaryDataTable S3 andSupplementary Figs. S3 andS4) and
in-situ oxygen isotope analyses (Supplementary Data Table S4 and Sup-
plementary Figs. S3, S5 and S6) of zircon and garnet (Supplementary Data
Table S5) from amphibolite gneiss (EIN1607, EIN1611), genetically related
tonalite (ES07, ES31, EIN1702), and garnetite (ES34, ES36). Additionally,
in-situ oxygen isotope compositions of zircon from previously dated c.
1555Ma S-type granites and leucosomes4 are presented (Supplementary
Data Table S4). A complete list of all parameters used for the Monte Carlo
simulations is included in Supplementary Data Table S6. A compilation of
metasomatic and metamorphic garnet mineral chemistry is presented for
the study area (Supplementary Data Table S7 and Supplementary Fig. S7).

Amphibolite and associated tonalite
Amphibolite in the eastern Georgetown Inlier (Fig. 1) consists of horn-
blende-rich, ilmenite-bearing gneiss comprising common clinopyroxene,
occasional garnet (as in EIN1607 and EIN1611) and sparse orthopyroxene.
In the field, compositional layering in mafic gneiss is observed as metre- to
decimetre-scale variation of plagioclase-, garnet- and clinopyroxene- and
hornblende-rich layers, with sparse leucocratic interstices of plagioclase and
quartz. Partial melting of amphibolite has formed a continuum of
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leucocratic domains at all scales: mm-scale films and layers adjacent to
hornblende or garnet crystals connect to isolated cm- to- dm-sized, in-situ
dilatant leucocratic patches and in-source veinlets that are sub-parallel or
highly oblique to the gneissic fabric. These patches coalesce into dm-thick
veins and cross-cutting dykes, up-to-m-thick (Fig. 1A, B). While partial
melting appears incipient in somemafic rocks (in thenortheasterndomain),
others show evidence of extensive partial melting and melt loss (in
the southeastern domain; Fig. 1A, E). Melt fractions of c. 20–30% estimated
by thermodynamic modelling15, combined with widespread migmatitic
textures and the production of leucosomes, support significantwater-fluxed
partial melting at the outcrop-scale. Leucosome pockets and veins
have diffuse contacts with the host rocks and generally lack any spatial
relationships with anhydrous peritecticminerals (Fig. 1A, B). Tonalite veins
are primarily composed of plagioclase and quartz with common horn-
blende, occasional garnet (sample ES31) or biotite (mostly replaced by
epidote and chlorite, as in ES07aV). Hornblende displays euhedral crystal
edges with the leucocratic domains, where quartz is interstitial to sub-
euhedral/automorphic plagioclase. Magma mingling is evident in well-
developed tonalite veins, with pegmatitic, hornblende-bearing domains
(sample ES07aV) derived from the local amphibolite and biotite-bearing
domains (ES07aG). These features collectively support in-situ generation of
significant amount of tonalitic melt in the exposed Georgetown lower-
crustal rocks.

Sediment-derived (S-type) granitic rocks
The 1565–1540Ma sediment-derived intrusions (i.e. S-type granites) in the
central mid-crustal domain of the Georgetown Inlier consist of foliated,

biotite- and/or muscovite-bearing granite plutons and sheets (including
sample RR75 and RR77) that were generated through water-fluxedmelting
at temperatures of ~730 °C4. Contemporaneous sub-volcanic granite
(sample RR71) and comagmatic rhyolite (RR72) from the western domain
are interpreted to have originated from hotter, drier magmas, produced
preferentially through dehydration melting around and above 800 °C4.
Granitic rocks of the upper crust domain were associated with similarly hot
and dry magmas represented by in-source granitic leucocratic veins (ES19)
in the eastern inlier.

Paragneiss layers in the eastern inlier display widespread partial
melting features (Fig. 1C). Migmatite structures include stromatic
metatexite, net-structured metatexite as well as schollen and nebulitic
diatexite, representing variable degrees of melting. Leucocratic veins
within the paragneiss predominantly have sharp contacts with the host
rocks, and the network of leucocratic material displays variable appear-
ances. These characteristics have been previously described as typical of
dehydration-melting processes9. The extensive migmatisation textures
from the eastern domain are estimated to have occurred at temperatures
around 750–800 °C, with sparse peritectic garnet growth in the leuco-
cratic portions indicating a drier or deeper lower crustal component4,48.
In contrast, melt fractions of c. 30% estimated by thermodynamic
modelling for the generation of low temperature (700–750 °C), hydrous
S-type granites in the central domain suggest significant water-flux
partial melting of the metasedimentary rocks at c. 1550 Ma4.This textural
and petrological evidence indicates an alternation between melting of
sedimentary rocks by pulsed influxes of aqueous fluids (central domain)
and by local mica breakdown.

Fig. 1 | Prominent outcrop-scale evidence of the
partial melting features in the lower-crustal east-
ern domain of the Georgetown Inlier. A Field
evidence for in-situ partial melting of the amphi-
bolite in the Einasleigh area generating tonalite
sheets, network of tonalitic veins and isolated melt
pockets. Inset: network of tonalite melt pockets and
veins with diffuse contacts with the host rock. B In-
situ partial melting of amphibolite and the produced
tonalitic melt. Diffuse contacts between the veins
and the host amphibolite. The host rock presents
dilatant melt-rich patches merging into the investi-
gated veins. CHigh degree of in-situ partial melting
of the paragneiss. Inset: granitic leucosomes pro-
duced by in-situ partial melting. D In-situ partially
melted amphibolite and associated tonalitic veins
and dykes and garnet-rich garnetite. E Garnet-
bearing metasomatic rock (garnetite) composed of
garnet, clinopyroxene and subordinate quartz and
plagioclase.
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Results
The occurrence of fluid-fluxed melting as important physicochemical
mechanism for crust formation in the Georgetown Inlier was previously
proposed and is here tested via the application of in-situ oxygen isotope
analysis of zircon and garnet from amphibolite, genetically related tonalite
and restitic garnetite, and sediment-derived granitic rocks from the Geor-
getown Inlier.While the volcanic and subvolcanic rocks, S-type granite and
the paragneiss leucosomes samples were collected from the western, central
and eastern domains of the inlier, representing the upper, mid- and lower-
crustal sections, respectively, samples for the mafic system come from the
eastern, lower-crustal domain. Magmatic and metamorphic samples col-
lected from spatially and temporally related amphibolite and tonalite veins
(Fig. 1A, B) in the northern portion of the eastern domain reflect the inci-
pient process of in-situ partial melting of the amphibolite, whereas the
investigated tonalite sheets and garnetite from the southern part of the same
domain are representative of more extensive melt production and restitic
material (Fig. 1D, E). The eastern domain is a vast and poorly exposed
region,withwidespread but not ubiquitous tonalitic leucosomesproduction
in the amphibolite along with rarely exposed garnet- and hornblende-
bearing restitic portions. For these reasons, the analysed less melted
amphibolite source and the restitic garnetite were found in variably melted
portions of the same lower crustal level15,48,49,53 and represent the best can-
didates to reflect the incipient and more evolved partial melting process,
respectively.

Zircon and garnet O isotopes
Amphibolite and associated tonalite. Zircon from amphibolite yields
207Pb/206Pb weighted mean dates of 1553 ± 7Ma (2 s.d.; n = 12;
MSWD = 0.63) for EIN1607 and 1563 ± 15Ma (2 s.d.; n = 22; MSWD =
0.30) for EIN1611, which are consistent with previously published U–Pb
dates for metamorphic zircon in similar lithologies (1553 ± 3Ma
207Pb/206Pb weighted mean age)46. Zircon from amphibolites EIN1607
and EIN1611 yields median δ18O values of 1.5 ± 0.3‰ (2 s; n = 9) and
2.9 ± 0.6‰ (2 s; n = 7), respectively (Fig. 2A). Garnet from EIN1607 and
EIN1611 has median δ18O values of 1.9 ± 0.5‰ (2 s; n = 24) and
2.2 ± 0.7‰ (2 s; n = 31), respectively. While the studied amphibolites are
metamorphosed basalts or dolerites initially produced through mantle
partialmelting45, our data reveal that their oxygen isotopic composition is
not representative of such a source, with δ18O valuesmore than 2‰ lower
than those of mantle zircon (5.3 ± 0.6‰)54. A light oxygen isotope
composition in mafic rocks is characteristic of high-temperature
hydrothermal alteration by seawater or meteoric water31.

Zircon from tonalite yields 207Pb/206Pb weighted mean ages of
1554 ± 13Ma (2 s.d.; n = 11; MSWD= 0.33) for sample ES07aG,
1558 ± 19Ma (2 s.d.; n = 5; MSWD= 0.5) for ES07aV, and 1567 ± 16Ma
(2 s.d.; n = 7;MSWD= 1.6) for ES31, consistent with the established timing
of anatexis in the eastern inlier. Zircon portions dated at 1565–1550Ma
have homogeneous δ18O values with medians of 6.1 ± 0.2‰ (2 s; n = 5) for
ES07aG, 5.8 ± 0.4‰ (2 s; n = 5) for ES07aV, and 5.8 ± 1.3‰ (2 s; n = 8) for
ES31 (Fig. 2A). These mantle to near-mantle values contrast sharply with
the low δ18O of the amphibolites fromwhich the tonalite veinswere derived.
Thus, the partial melting of amphibolite producing tonalite in the eastern
Georgetown Inlier was accompanied by a critical oxygen isotopic shift from
~1–3‰ to ~6‰ δ18O values (Fig. 2A).

Sediment-derived (S-type) granites. Garnet–biotite-bearing granitic
vein ES19 (eastern inlier) and rhyolite RR72 (western inlier) yield zircon
median δ18O values of 8.2 ± 0.4‰ (2 s; n = 24) and 8.3 ± 0.55‰ (2 s;
n = 23), respectively. A sub-volcanic garnet–biotite granite RR71 (wes-
tern inlier) shows bimodal O signatures with median δ18O values of
8.7 ± 0.6‰ (2 s; n = 27) and 6.2 ± 0.3‰ (2 s; n = 19). Biotite–muscovite
granites RR75 and RR77 (central domain) have zircon median δ18O
values of 6.1 ± 0.7‰ (2 s; n = 23) and 6.1 ± 0.1‰ (2 s; n = 2), respectively
(Fig. 2A). Therefore, sediment-derived magmatic rocks thought to have
been generated through water-flux melting at moderate temperatures (c.

750 °C) have distinctly lighter zircon oxygen isotope compositions
(~6‰) than those derived from closed-system dehydration melting
(8.3‰) at temperatures above 800 °C. The subvolcanic intrusion may
show a hybrid O isotope signature reflecting interaction between the host
metasedimentary source and hydrous magmas during ascent to upper
crustal levels.

Metasomatic rocks. Metasomatic rocks in the eastern domain are
exposed as a ~15-m-long, up-to-2-m-thick lens of garnetite (Fig. 1D)
composed of cm-sized garnet, minor clinopyroxene and interstitial
quartz and epidotised plagioclase (Fig. 1E), along with accessories such as
zircon, titanite and allanite. The garnetite (ES34 and ES36) formed
through partial melting of amphibolites and was brecciated during the
intrusion of fracture-filling tonalite (EIN1702). The garnetite is com-
posed of a garnet–clinopyroxene core (ES34) withmostlymonomineralic
(only garnet or clinopyroxene) or bimineralic (garnet and clinopyroxene)
volumes, whereas the rim (ES36) is characterised by 0.5–4-cm-large
hornblende and hornblenditic portions ± garnet, together with inter-
stitial quartz and epidote (former plagioclase). Quartz and plagioclase
exhibit interstitial textures between garnet and clinopyroxene crystals,
supporting the coexistence of the garnet–clinopyroxene assemblage with
the associated tonalitic melts.

A precise Lu–Hf, garnet–clinopyroxene isochron date of
1542.8 ± 2.2Ma is obtained for garnetite sampleES36,which agreeswith the
1565–1540Ma age of the studied high-grade metamorphic and magmatic
episode in the Georgetown Inlier46,50.

Only a few prismatic zircon grains with concentric zoning, typical of a
magmatic origin, were obtained from the garnetite sample, and these were
generally low in U content (2–18 ppm), preventing precise age determina-
tion. Other grains yielded strongly inherited dates or discordant or reset
isotopic ratios. Only two spots for ES34 yield relatively reliable individual
207Pb/206Pb dates at 1471 ± 24Ma (2 s.d.) and 1507 ± 20Ma (2 s.d.). Sample
ES36 also yield Th/U ratios of <0.05 and a 207Pb/206Pb weighted mean age of
1543 ± 7Ma (2 s.d.; n= 4;MSWD=1.5), consistent with the obtained Lu–Hf
date. Garnetite samples ES36 and ES34 have consistent zircon median δ18O
values of 6.3 ± 0.8‰ (2 s; n= 13) and 5.9 ± 0.5‰ (2 s; n= 4), respectively. In
addition, garnet has median δ18O values of 5.2 ± 0.3‰ (2 s; n= 26) for
garnetite ES34 and 4.9 ± 0.7‰ (2 s; n= 30) for the associated tonalite
EIN1701. The evident deviation between zircon and garnet δ18O values is
more pronounced for ES34 (Δ18O = δ18Ozircon− δ18Ogarnet =+1.0 ± 0.5‰)
than for amphibolite EIN1611 (Δ18O =+0.7 ± 0.7‰). This is consistent with
a higher grossular content in ES34 garnet than in EIN1611 garnet, and with
increasing zircon–garnet oxygen isotope fractionation from almandine to
grossular garnet55.

Discussion
Isotopic shifts during partial melting
Fluid-rock interaction can be traced by evaluating variations in the 18O/16O
ratio of minerals within well spatially and temporally constrained associa-
tion of source and melt products, making oxygen isotope compositions of
resilient minerals such as zircon and garnet a powerful tool to reveal the
magma and fluid source in which they crystallised54,56,57. Seawater typically
has δ18O values around 0‰ (δ18O is the per-mil deviation of the 18O/16O
ratio from the Vienna Standard Mean Ocean Water; VSMOW), whereas
mantle-derived materials, such as mid-ocean ridge basalt, exhibit relatively
homogeneous O isotope compositions (δ18O = 5.3 ± 0.6‰; 2 SD)31,32.
Supra-mantle (heavy) δ18O values (up to 30‰) typically indicate the
incorporation of supracrustal materials that have experienced low-
temperature hydrothermal alteration31. In contrast, sub-mantle (light)
δ18O values are generated by interaction with high-temperature (>300 °C)
hydrothermal fluids that are produced by the interaction with seawater
(δ18O ≈ 0‰) and/ormeteoric water (δ18Ometeoric water <<0‰, possibly down
to −55‰)58,59.

While purely sediment-derived granite commonly records δ18O values
ranging between 10 and 20‰32,60,61, the studied volcanic and granitic rocks
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yield relatively lighter oxygen isotope compositions, with the colder,
hydrous S-type granites exhibiting even lower values than the hotter
anhydrous equivalents (6‰ versus 8‰ median δ18O values, respectively).
This isotopic deviation from the source rock to itsmelting product supports
the previously suggested contribution of extraneous materials (rock or
fluid), with the latter being amantle-derived source thatmixed with heavier
sediment-derived material in greater proportions in low-temperature, wet
granites compared to the higher-temperature magmas62–64. The bimodal
distribution of δ18O values between the low-temperature hydrous and the
higher-temperature anhydrous granites from theGeorgetown Inlier is likely
structurally linked by water-fluxed melting along the crustal-scale detach-
ment zone, juxtaposing the upper crustal domain to the mid-to lower-
crustal domain (Supplementary Fig. S1). The low-temperature hydrous
granites formed atmid-crustal levelswithin a detachment zone,which acted

as a network facilitating the migration of mantle-derived fluids through the
mid-crust, thereby triggering pervasive sediment-derived melting. In con-
trast, hotter, drier magmas ascended from the lower crust in the eastern
domain to upper crustal levels, where their interaction with mantle-derived
fluids was likely limited, resulting in predominantly median δ18O values of
8‰ (Fig. 2A).

Extensive field observations indicate that the tonalites exposed in the
eastern Georgetown Inlier originated from partial melting of local amphi-
bolite (Fig. 1A, B). The significantδ18O shift between the tonalite veins (6‰)
and their source (1–3‰) supports the requirement for an external source
material that caused the variation in δ18O values between the source and the
melt product, which would otherwise have had a homogeneous oxygen
isotope composition record. Thus, previously proposed water-fluxed
melting as dominant mechanism for partial melting of the local

Fig. 2 | O-isotope compositions for the investi-
gated samples andworldwide dataset. AVariations
in oxygen isotope compositions of zircon
(δ18O(zircon)) from amphibolite, tonalite, garnetite
and S-type granites from the Proterozoic George-
town Inlier. B Compilation of δ18O(zircon) versus
U–Pb age (Ma)35,36,48,59,78 compared to the investi-
gated samples and the range of average mantle zir-
con value15.
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amphibolite is here confirmed. Additionally, the consistent δ18O values
(6‰) in the tonalite samples fromboth thenorthern (with incipientmelting
of the amphibolite) and southern (with extensivemelting of the source rock)
areas of the eastern domain suggests that the amphibolite does not contain
regions with highly variable isotopic compositions. Metamorphic tem-
peratures recorded by the amphibolite do not exceed 750–800 °C15, yet
partial melting is widespread in the mafic lower crust (i.e. 9 kbar) of the
inlier48,49, indicatingpervasivefluidflowthrough themafic lower crustmight
be required. Conversely, extensive migmatization in the paragneiss shows
evidence of both fluid-absent and fluid-presentmelting, suggesting that this
metasedimentary package was less exposed to mantle-derived fluids and
that fluid flow was confined to discrete pathways. This confinement likely
resulted in leucosomes with higher δ18O values (8‰) compared to the
amphibolitic lower crust (1–3‰) and the associated tonalitic melt (6‰).

We propose that, like the S-type granites, the δ18O shift from amphi-
bolite to tonalite reflects the substantial influence of external fluid material
that differ isotopically from the source rock. The oxygen isotope data for the
tonalites alignwithpetrographicobservations andprevious thermodynamic
modelling, indicating that amphibolite partial melting occurred at relatively
low temperatures (750–800 °C), driven by fluid flux.

While both paragneiss and amphibolitic partial melting in the Geor-
getown Inlier required external fluid addition, direct evidence for intensive
fluid circulation through the lower crust is provided by the garnetite residue
in the eastern domain. The oxygen isotope composition of the garnetite
matches that of the low-temperature granites and tonalite, suggesting that
the formation of the garnetite, like the partial melting of metasedimentary
rocks and amphibolite, involved isotopically similar fluids, with an overall
median δ18O value of 6‰.

Low δ18O amphibolite
Zircon grains from ~1555Ma amphibolite samples exhibit low δ18O values,
ranging from 1.2 to 3.0‰ (Fig. 2A). This contrasts sharply with most
publishedmagmatic zircon δ18O data for amphibolite, which typically range
from 5 to 15‰65 (Fig. 2B). These higher values generally imply zircon
sourced from mantle-derived melts (i.e. δ18O = 5.3 ± 0.6‰)32 that mixed
with varying amounts of crustal contaminants, such as marine sediments
with δ18O values of 10–3031. In contrast, sub-mantle δ18O values in mafic
rocks have been linked to high-temperature interactions with seawater
(δ18O = 0‰)66 and/or meteoric water (δ18O as low as−55‰)30,31,67,68 during
or shortly after basaltic magma emplacement14.

One interpretation is that the basaltic protolith interacted with high-
temperature hydrothermal fluids shortly after its emplacement around
1665Ma, thereby acquiring a lowwhole-rock δ18O value. This signaturewas
later incorporated into the zircon and garnet during metamorphism and
partial melting at 1555Ma. However, this scenario is complicated by the
amphibolites’ characteristics, such as plagioclase breakdown and high
degrees of melting, despite rather moderate peak temperatures (750 °C).
These features suggest that partialmeltingoccurred throughfluidfluxunder
open-system conditions. Notably, all investigated tonalites, sediment-
derived granites, and the garnetite share a consistent δ18O value of ~6‰,
indicating that the amphibolites were not exposed to fluids of different
composition than those affecting the other rock types. Hence, an alternative
explanation is that the amphibolites’ δ18O values increased due to the influx
ofmantle-derivedfluids (~6‰ δ18O) around 1555Ma, implying the basaltic
protolith may have experienced even lower δ18O values during high-
temperaturehydrothermal alteration.Another possibility is that the residual
garnetite represents a discrete lenswith sharp contactswith the surrounding
paragneiss, where tonalitic veins and dykes often intrude the host migma-
tites. This would explain why the amphibolites have retained their original
δ18O signature, while the garnetite exhibits a mantle-like δ18O value.

Composition and abundance of the fluxed fluid
Using a Monte Carlo simulation approach, we explore various fluid–rock
interaction scenarios that could explain the oxygen isotope signatures
documented in this study.The simulation considers different proportions of

mantle-derived melt, crustal material, and seawater and/or meteoric water
with varying δ18O values (Supplementary Data Table S6).

First, we examine the deviation of the amphibolite samples
(δ18O = 1–3‰) from the expected mantle value (5.3 ± 0.6‰). This sig-
nificant decrease in δ18O indicates high-temperature interactions with
18O-depleted hydrothermal fluids, likely seawater (δ18O ≈ 0‰) or meteoric
water (δ18O =�10þ10

�20 ‰), or both. We calculate water–rock mixing sce-
narios using a published water-to-rock proportion range of 0.01–2, with a
mode of 0.1858. This range aligns with present-day ratios and represents the
threshold at which additional fluid cannot further alter a rock. Although
Precambrianwater–rock interaction processes are not fully understood, this
broad range is unlikely to have dramatically changed since the Archaean,
with secular variations likely affecting only themode.Modelling shows that
the δ18O values of the amphibolite samples (δ18O = 2:0þ1:0

�0:6‰) cannot be
reproduced through interaction with seawater (Fig. 3A), which yields
normally-distributed δ18O values of 4.3 ± 0.9‰ (with 95% confidence
intervals). In contrast, a positively skewed δ18O distribution of 1:9þ2:6

�4:9 ‰,
overlapping with themeasured compositions, is obtained frommixing with
meteoric water (Fig. 3B). The wide range of calculated δ18O values reflects
the diverse compositions of meteoric water considered in the calculation.
The oxygen isotope composition of meteoric water is significantly influ-
enced by latitude and elevation69, which are not well constrained for the
Georgetown Inlier at 1665Ma.Despite uncertainty regarding the amount of
fluid involved, it can be concluded that the studied amphibolites acquired
their low-δ18O signature through alteration of their basaltic protolith by
meteoric water following the emplacement around 1665Ma.

The second fluid–rock interaction scenario involves the formation of
S-type graniticmagmawith δ18O values distinctly lower than those typically
expected for paragneiss and micaschist, which range from 10‰ to 20‰32.
Granite samples show a bimodal distribution of zircon δ18O, with medians
of ~6‰ and~8‰ for the central and eastern domains, respectively (Fig. 3C,
D). Pure crustal granite derived solely from metasedimentary sources is
relatively rare globally; rather, regional and global databases reveal a che-
mical and isotopic continuum between purely sedimentary and purely
mantle-derived sources63,64,70,71. The two isotopically distinct igneous zircon
populations obtained from an individual sample (sub-volcanic granite
RR71) suggest mixing between two chemically distinct sources (i.e., those
represented by the eastern and central domains), rather than assimilation of
lower-δ18O country rock duringmagma ascent. Consequently, wemodelled
the interaction between a sedimentary protolith and a mantle-like fluid to
determine theproportions of crustal contaminants necessary to generate the
sediment-derived granitic magma from the Georgetown Inlier (Fig. 3C, D).
Since the isotopic composition of the sedimentary protolith is unknown, a
theoretical metasedimentary source is proposed with δ18O values ranging
from 10‰ to 30‰ δ18O and a mode at 15‰, consistent with commonly
accepted values for siliciclastic rocks31. We use different distributions of
crustal assimilant-to-parent rock proportions of 0.001–0.15 (mode = 0.1)
and 0.001–0.6 (mode = 0.4) to effectively model the central and eastern
domains, respectively. These crustal assimilant-to-parent rock proportions
yields good fits for both the central and eastern domains, with themodelled
modes within 0.1 ‰ of the measured data (Fig. 3C, D). The modelling
results for the sediment-derivedmelts indicate that the leucosomes from the
eastern domain require about four times more crustal assimilants to reach
δ18O values of 8‰ compared to the granites in the central domain.

Finally, an external fluid was involved during flux melting of amphi-
bolite to produce tonalitic melts. Previous petrological and modelling
constraints4,15 are here confirmed by the large isotopic shift from 1 to 3‰ to
6‰ that occurred during anatexis. Mixing melts derived from the amphi-
bolite (i.e. samples EIN1607 and 1611, 2:0þ1:0

�0:6‰) with typical depleted
mantle (5.3 ± 0.6‰), can generate the tonalitic melt mode (5.0 ± 0.5‰) but
fail to properly capture its negatively skewed distribution of 5:5þ1:5

�0:8‰
(Fig. 3E). Thus, to obtain a negatively skewed δ18O distribution for the
tonalites, a component isotopically heavier than mantle (5.3 ± 0.6‰) is
required, most likely from a sedimentary source (Fig. 3E). We consider
three-component mixing of amphibolite (2:0þ1:0

�0:6‰), mantle-like material
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(5.3 ± 0.6‰) and a theoretical siliciclastic source (15þ15
�5 ‰). A distribution

of (5:5þ1:5
�0:8‰) can be modelled with a negatively skewed distribution

(�5:1þ2:1
�1:1‰) that approximates the measured data. These results indicate

that, in most cases, assimilation of sedimentary material is rare (<1%
assimilant, 0.01:1 ratio of assimilant to melt) to yield δ18O of ~5.5‰, but
occasionally, up to 20% assimilant (0.2:1 ratio of assimilant to melt) is

required to reach δ18O as high as 7.8 ± 0.4‰ observed in the tona-
lite (Fig. 3F).

In summary, statistical modelling shows that sediment- and
amphibolite-derived magmatic rocks in the Georgetown Inlier were gen-
erated through the ingress of abundant external fluids, predominantly
sourced from a mantle-like reservoir. The involvement of sedimentary
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material in the isotopic signatures of amphibolite-derived magmas may be
related to direct assimilation of metasedimentary material or interaction
with fluids derived through dehydration melting of fertile sedimen-
tary rocks.

Source(s) of the melt-triggering fluid
Our study provides evidence for the circulation of mantle-like fluids trig-
geringmelt in the lower crust of a Proterozoic orogenic system.Mantle-like
fluid sourceshave beendiscussed for other regionsworldwide24,25,36,37,42,63,72,73,
generally falling in two categories: (i) hydrated lithospheric mantle and (ii)
hydrous mafic underplates accumulated during active subduction. Sum-
marising the tectonic evolution of the Georgetown Inlier helps identifying
the reservoir involved in this study.

Recent research has clarified the tectonic and metamorphic evolution
of the Georgetown Inlier. These studies indicate that the inlier was part of a
Laurentia-derived continental terrane74 that accreted to theMount-Isa Inlier
—the eastern margin of the North Australian Craton (NAC)—between
1610 and 1590Ma during a ‘soft’ continental collision47,75. The absence of
subduction-related magmatism, combined with extensive deformation
resulting in a regional-scale, asymmetrical bivergent thrustwedge, suggests a
hot continental collision (i.e. with elevated metamorphic thermobaric
ratios),which is characteristic of Proterozoic orogens76. The exact locationof
the concealed 1600Ma suture remains debated44,47,52,77 but contrasting
metamorphic histories at 1610–1590Ma indicate that the Georgetown
Inlier belonged to the lower plate, while theMount-Isa Inlierwas part of the
upper plate44,74.

Following the continental collision around 1600Ma, the Georgetown
Inlier was partially exhumed along a shallow, west-dipping crustal-scale
detachment zone and subsequently experienced heating andmagmatism at
1565–1540Ma, likely in an extensional regime49,51 related to protracted slab
roll-back44,50 or sub-continental lithosphere delamination75 (Fig. 4). Pro-
tracted slab-roll back drove progressive opening of the mantle wedge from
west to east, which triggered partial incorporation of lower-plate crustal
material into the upper plate during repeated extensional-contractional
phases78. Post-collisional igneous activity shows a regional chemical pattern
of west-to-east migration of hydrous felsic magmatism, starting from
1570Ma in the easternmost NAC and reaching the Georgetown Inlier by
1565–1545Ma. Around 1545Ma I-type granites were emplaced between
the Georgetown and the Mount-Isa inliers, whereas between 1540 to
1490Ma, hot anddry (i.e.A-type)granitic intrusionsoccurred in the eastern
NAC. During this extensional stage, felsic magmatism shifted from low-
temperature, hydrous conditions to high-temperature, dehydration-driven
crustal melting, likely due to lithospheric thinning. Upwelling of the asth-
enosphericmantle above a retreating ordelaminating lithospheric slab likely
provided significant heat and fluids to the base of the partially exhumed
Georgetown Inlier, which, in this scenario, became part of the upper plate
material during the development of the extensional detachment zone and

hydrous magma generation. However, this scenario would likely produce
high-Mg andesite to dacitic type of magmas in the above upper plate at
1565–1540Ma, which are not observed in the study area. An alternative
scenario is that water from a down-going slab migrated to the surface,
producing hydrous mafic magmas by partial melting of the metasomatized
mantle during opening of the wedge. During this ascent, mafic magmas
fractionated, cooled and exsolved water, triggering fluxmelting of the lower
crust. Although mafic magmatism from this period is generally absent, Hf
model ages between 1585 and 1545Ma have been found inmodern detrital
grains of Siluro-Devonian igneous zircons in the region, suggesting that
isotopically primitive mafic rocks formed during this time50,79. It is inferred
that this mafic reservoir formed during mantle-crust decoupling, inducing
asthenospheric inflow beneath the Georgetown Inlier, providing a potential
source of mantle-like fluids that triggered fluid-flux partial melting of the
crust. An alternative scenario might involve those regional deep crustal
fluids acquiring a ‘mantle-like’ signature by interacting with local amphi-
bolitic (with light δ18O) and metasedimentary (with heavier δ18O) crustal
rocks, averaging to an oxygen composition of 6‰. However, this inter-
pretation would likely generate heterogeneous fluid compositions across
different lithologies, whereas the consistent 5–6‰ δ18O signatures observed
across the tonalite, garnetite residue, and S-type granites suggest that the
influx of a fluid with a similar composition produced these isotopic sig-
natures at 1555Ma. Furthermore, the tectonic setting and the general
agreement on the presenceofmafic underplating inNEAustralia during the
Mesoproterozoic80,81 support the interpretation that the fluids triggering
partial melting were indeed exsolved from mantle-derived mafic under-
plating (below referred to as mantle-derived fluids). Regardless of the tec-
tonic model for the Proterozoic orogenic system, our findings show
unequivocally low δ18O values in zircon and garnet from an amphibolite
source, as well as mantle-like values in associated tonalite, garnetite and
S-type granites. These results strongly suggest the ingress of external fluids
during anatexis and the significant role ofmantle-derived fluid-fluxmelting
in forming new continental crust within a convergent setting, highlighting
the sources and pathways of water during crust formation processes.

Secular oxygen isotope changes of new and recycled
continental crust
Water-flux melting has been reported within various tectonic, crustal set-
tings and its manifestation can be observed from localised to regional
scales1,6,9,21. The availability of fluids greatly influences the volume of melt
produced, sparking interest in identifying their sources24,32,37. Global com-
pilations show that nearly all zircon δ18O data from Precambrian crustal
rocks fallwithin a 5–8‰ range62,65,72 (Fig. 2B).However, oxygen isotope data
for mafic rocks are scarce. Valley et al.38 first recorded Precambrian zircon
frommafic-ultramafic rocks with the lowest δ18O values—ranging from 3.4
to 4.7‰—compared to mantle zircon (Fig. 2B). These low δ18O signatures
were interpreted as indicative of subduction-related processes, where late

Fig. 4 | Tectonic sketch of the Georgetown Inlier
during post-collisional extension at c. 1550Ma.
Rollback of the Laurentian lower plate drove pro-
gressive opening of the mantle wedge window,
facilitating fluid circulation that partially melted the
metasomatized mantle. Mafic underplating formed
at the base of the lower crust, which exsolved those
mantle-derived fluids carried while crystallising
triggering fluid-fluxed melting of the amphibolite
and generation of TTG magmas and associated
metasomatic restitic rocks (modified after44).
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Archaean oceanic crust exchanged oxygen with heated seawater before
underplating and subsequent metasomatism of the mantle wedge. Others
have interpreted extremely low δ18O values in zircon frommafic granulites
from the Yilgarn Craton as evidence for high-temperature hydrothermal
interactions between the protoliths and shallow crustal materials, as well as
18O-depleted meteoric fluids, resembling conditions in the Yellowstone
caldera42. In the Pilbara Craton, low δ18O values (3.8–4.7‰) relative to
mantle zircon have been attributed to: (i) intense and prolonged hydro-
thermal circulation of fluids through a highly fractured mafic-ultramafic
crust-shell after giant impacts in the early Earth25; (ii) partial melting of a
hydrousmafic sourceenrichedbyprimordialmantle-derivedfluids24; or (iii)
the existence of rock-fluid interactions involvingmeteoricwater dating back
to c.4.0 Ga37.

In this study, statistical mass balance calculations of fluid–rock inter-
actions explain the oxygen isotope shifts during partial melting as triggered
by mantle-like fluids. Hydrous fluids rising from the slab as the mantle
wedge opens produce hydrous basaltic magmas. These hydrous magmas
then underplate the lower crust and exsolve their water as they crystallise.
This water triggers low-temperature partial melting of the overlying crust.
Water-fluxmeltingplays a key role inbuffering the oxygen isotope signature
of the surrounding rocks, provided the influx of mantle fluid is maintained
as successive mafic underplates reach water saturation and release a fluid
phase1. Localised high-fluid activity can promote rapid and extensive partial
melting of the mafic lower crust, producing significant amounts of felsic
melt with a mantle-like oxygen isotope signature, contributing to a slightly
heavier δ18O signature in the low δ18O amphibolite source.

By contrast, generation of S-type granites atmid to upper amphibolite-
facies reflects amantle-like oxygen isotope signature that is responsible for a
lighter δ18O signature (6‰) than expected from melted metasedimentary
protoliths. Additionally, compared to the higher δ18O values (8‰) of the
higher-temperature, S-type volcanic and subvolcanic rocks of the upper
crustal, western Georgetown province, the low δ18O values recorded by
S-type granites in the mid-crustal central domain confirm the need for
external water to produce voluminous crustally derived (S-type) magmas4

(Fig. 3C). Our findings highlight the critical role of mantle-derived fluids in
driving crustal anatexis at lower to mid-crustal levels, thereby influencing
geochemical evolution of the continental crust within convergent settings.

Water-flux melting as key ingredient for crustal growth through
Earth history
In the past decades, water availability has been more extensively demon-
strated to play a crucial role in lowering the solidus temperature to produce
partial melting of basaltic rocks and abundant felsic melt together with its
influence on the composition of the restite and the produced melt9,15,26.
Considering that most of the felsic crust was produced by the end of the
Archaean, water must have played, together with heat, a key role in the
formation of the nuclei in the early Earth. Several studies provide evidence
indicating that water is likely a key ingredient in the production of felsic
crust, and different water sources were proposed1,5,6,9,10,16,21,24,25.

Whereas for well-constrained Proterozoic (Fig. 5) and Phanerozoic
convergent settings water-fluxmelting has been commonly related to fluids

deriving from a subducting slab11,12,44 or fromwater-rich crustal material9,16,
the Archaean was most likely dominated by vertical-tectonics82,83 raising
questions such as (i) was water-flux melting an important mechanism for
crust production and if so (ii) what was the source of the fluxing water.
Combined isotope geochemistry22 and analytical modelling23, along with
thermodynamic modelling15,26,29,84, studies have demonstrated that water-
flux melting was an important physicochemical mechanism in the early
Earth, if not the most dominant one. During the first two billion years of
Earth's history, the source of thewater that fluxes the lower crust to generate
sodicmagmas has been attributed to different reservoirs. A few studies used
geochemical and petrological data to demonstrate that a great amount of
water was accommodated as crystal-bound OH− in ferromagnesian
hydrous minerals such as chlorite, serpentine and amphibole of high-MgO
mafic-ultramafic rocks84–87. In this scenario, Archaean komatiites were
demonstrated to be able to carry about four times more water than high-
MgO mafic-ultramafic rocks subsequently released at low temperatures,
700–750 °C87. Thus, high-MgO mafic-ultramafic rocks in the Hadean and
Archaean may have been an important source of water in the deep crust
and/or lithosphericmantle.Other studieshaveusedbulk-rockgeochemistry
and oxygen isotope compositions of zircon to argue that primordial water
was already present in sufficient amounts in the ancientmafic lithosphere to
produce primitive sodic felsic crust24.

Due to poor preservation of the ancient rock record, the source of the
fluids triggering partial melting of the crust is commonly investigated in the
produced sodic melt. Mantle-like or slightly heavier δ18O signatures of
zircon formostArchaeanandHadeanTTGshavebeen interpreted to reflect
the interaction of hydrous basaltic source rocks with supracrustal material
and alteration by low-temperature hydrothermal fluids25. On the other
hand, mantle-like sensu-stricto signatures of zircon grains from MgO-rich
primitiveTTGshavebeenproposed to reflect hydrationof basaltic sourceby
primordial mantle-derived water at lower crustal conditions or in the
lithospheric mantle24. The latter scenario suggests that the early Earth’s
mafic crust was already carrying enough water to produce voluminous
amounts of primitive granitoids to form sodic continental nuclei24,88,89. By
contrast, isotopically light δ18O values of ancient detrital ormagmatic zircon
require the interaction of shallow crustal magmatic systems with meteoric
water, which have led different authors to suggest that the emergence of the
first continents and their interaction with fresh watermarked the beginning
of the hydrological cycle only 500 million years after the formation of the
Earth37,90.

The global ocean, covering the erupting MgO-rich basaltic and
komatiitic lavas in the early Earth, allowed for constant hydration and
alteration of the mafic and ultramafic crust. Tectonic regimes such as sag-
duction (Fig. 5) include a valuableway to bring fluids at deeper crustal levels
and release them at relatively low temperatures of 700–750 °C84. Alter-
natively, or in combinationwith thefirst scenario, hydrousmafic-ultramafic
material building the lithospheric mantle and the lower crust was, at least
locally, continuously water-saturated such that when those temperatures
were locally reached water would be released to form hydrous mafic melts
that would raise and form mafic underplates at the lower crust where they
would start to exsolve water while crystallising. The well-exposed and

Fig. 5 | Synoptic diagrams showing plausible end-
member tectonic scenarios for water-present
melting generating TTG crust during the Pre-
cambrian. AAwarm Precambrian subduction zone
shows the opening of the mantle wedge during slab
breakoff inducing heat, fluid circulation, mantle
metasomatism and fluid flux of themafic lower crust
to produce TTGplutons.BTTGgeneration byfluid-
fluxed melting of mafic crust in an intraplate setting
where water is introduced in the mantle during
vertical sinking of hydrated mafic–ultramafic crust.
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structurally well-constrained case study from the Proterozoic orogen in NE
Queensland should, therefore, may serve as example for the Archaean
community to further investigate ancient terranes where preserved asso-
ciationof rocks includingpotential source rocks, producedmelts and restitic
rocks can be used to trace the origin of water in the early Earth and its
implication in the formation and alteration of ancient cratons.

Methods
Sample preparation
Zircon grains were extracted from each sample via standard procedures,
mounted in epoxy, and polished.

Garnet was separated and prepared in different ways depending on the
samples. For those containing centimetre-large crystals (EIN1702 and
ES34), portions of rock were drilled out, trimmed, mounted in epoxy, and
polished. For other samples, entire garnet grains were extracted using
crushing, fragmenting, hand-panning, and hand-picking (EIN1607,
EIN1611) and then mounted in epoxy, ground down to their approximate
geometric centre, and polished. In addition, an EIN1607 polished thin
section was drilled to extract a garnet grain.

Zircon analytical targets were identified using secondary electron–,
back-scattered electron– and cathodoluminescence imaging using aMIRA3
TESCANscanning electronmicroscope at the JohndeLaeterCentre,Curtin
University, Western Australia. Representative zircon zoning and analytical
spots are shown in Supplementary Fig. S3.

Whole-rock geochemistry
Bulk-rock chemical data for the Georgetown mafic rocks were compiled
from ref. 45 and two metamafic samples from ref. 15. Bulk-rock geo-
chemical data for the Brandy Hot Granodiorite, Sawpit Granodiorite, and
Talbot Creek Tonalite, members of the Forest Home Supersuite, are from
the Geoscience Australia OZCHEM database (https://portal.ga.gov.au/
persona/eftf). In addition, samples of the Forest Home Trondhjemite for-
merly analysedbyGeoscienceAustraliawere re-analysed by ref. 15 to obtain
an expanded set of trace element data. Bulk-rock geochemistry data for the
investigated S-type granites can be found in ref. 4. New sample investigated
in this study include tonalitic leucosomes ES31, ES07aV, ES07aG and the
metasomatic rock ES34. Samples were cast using a 66:34 flux with 4%
lithium nitrate added to form a glass bead, which was then analysed for
major elements via X-ray fluorescence (XRF) on oven dry (105°C) samples
and for trace elements using laser ablation inductively-coupled plasmamass
spectrometry (LA–ICP–MS). Loss-on-ignition values were determined
using a robotic thermogravimetric analysis (TGA) system.Acomplete list of
the bulk-rock chemical data for samples from the literature and this study is
presented in Supplementary Data Table S2.

Zircon U–Pb dating via LA-ICP-MS
Zircon U–Pb measurements were collected from samples EIN1607,
EIN1610, ES07aG, ES07aG, ES31, ES34, and ES36 were analysed for
U–Th–Pb isotopes across two sessions at the GeoHistory Facility, JdLC,
Curtin University. For both sessions, a RESOlution SE 193 nm ArF with a
Lauren Technic S155 cell was used. The beam diameter was 30 µm, on-
sample energy was 3.4–4.0 J cm−2 with a repetition rate of 5 Hz for 25 s of
analysis time and ~45 s of background capture. All analyses were preceded
by two cleaning pulses. The sample cell was flushed by ultrahigh purity He
(0.32 Lmin−1) and N2 (1.2 mLmin−1).

Zircon U-Pb isotope data were collected on an Agilent 8900 triple
quadrupole mass spectrometer for all sessions with high-purity Ar as
the carrier gas (flow rate 0.98 Lmin−1). Analyses of ~20 unknowns
were bracketed by analysis of a standard block containing the primary
zircon reference materials GJ-1 (601.95 ± 0.40Ma)91,92 and OG1
(3465.4 ± 0.6Ma)93, which were used to monitor and correct for mass
fractionation and instrumental drift. The standard block also contained
the Phanerozoic to Archaean reference materials Plešovice
(337.13 ± 0.37Ma)94, 91500 (1063.78 ± 0.65Ma)91,95 and Maniitsoq
(3008.70 ± 0.72Ma96; all uncertainties at 2σ), which were used to monitor

data accuracy and precision. During the analytical sessions, when reduced
against a matrix-matched reference material, Plešovice, 91,500 and Man-
iitsoq yielded statistically-reliable (p > 0.05) weighted mean ages of
338 ± 5Ma to 340.3 ± 4.5Ma, 1058 ± 19Ma to 1060 ± 14, and 3010 ± 16 to
3010 ± 27Ma (all uncertainties at 2 s.d.), respectively, all ofwhich arewithin
the published age (see Supplementary Data Table S3 for full reference
material compilation).

U-Pb isotopic data were reduced in Iolite497. Uncertainties on analyses
of primary reference materials were propagated in quadrature to the
unknowns and secondary zircon reference materials. For the unknowns,
some analyses ablated across inadvertent inclusions; these inclusion-related
signals were cropped from the integrations or, if too large or numerous,
integrations were deleted; whilst the accuracy of the cropped analyses is
maintained, theprecisionof theU-Pbdata is significantly reduceddue to the
shorter integration times. No corrections were applied for common Pb
because common Pb was below detection limits for almost all concordant
analyses (f206). Zircon analyses are considered concordant where the error
ellipses at 2σ generated by the 207Pb/206Pb and 206Pb/238U ratios overlap the
inverseConcordia curve, excludinguncertaintieson thedecay constant.Age
calculations andplotsweremadeusing Isoplot version 6.098. All zircon dates
are >1.5 Ga and are presented as 207Pb/206Pb ages for optimum precision99.
All spot analyses are presented at 2σ, and weighted mean analyses are
presented at 95% confidence. Full isotopic data for the reference materials
and unknowns are given in Supplementary Data Table S3.

Electron microprobe analyser
Quantitative mineral-chemistry points and profiles analysis of major (Na,
Si, Ti, Mn, K, Mg, Al, Fe and Ca) and trace elements (Cr and Y) were
acquired using the Electron Microprobe Analyser (EPMA) JEOL 8200
electron microprobe equipped with five WDS spectrometers located at the
Department of Earth Science, University of Milan. Major element compo-
sitions of garnet, pyroxene, amphibole, and feldspar (Supplementary Data
Table S7) in samples EIN1611, EIN1702, and ES34 were determined using
wavelength-dispersive spectrometry. The operational conditions were
15 kV and 20 nA specimen current. The analytical spot diameter was set at
~1 µm, keeping the same current conditions. Natural and synthetic stan-
dards were used for calibration. On- and off-peak counting times were 15 s
and 20 s, and dead-time corrections were applied to all analyses.

Oxygen isotopes via SIMS (Cameca 1280)
In-situ oxygen isotope compositions (18O/16O) in zircon and garnet were
measured using a SIMS (Cameca IMS-1280) at the Centre for Microscopy,
Characterisation and Analysis (CMCA), University of Western Australia
(UWA). Prior to SIMS analyses, mounts were carefully cleaned in ethanol
and distilled water before coating with a 30 nm Au coating. For both O
isotopes measurement in zircon and garnet, the sample surface was sput-
tered over a 10 × 10 µmareawith a 10 kV, gaussianCs+ beamwith intensity
of 2.5 nA and a total impact energy of 20 keV. An electron gun was used to
ensure charge compensation during the analyses. Secondary ions were
admitted within a 110 µm entrance slit and focused on the centre of a
4000 µm field aperture (×130 magnification). Energy filtering was applied
using a 40 eV band pass with a 5 eV gap toward the high-energy side. 16O
and 18O were collected simultaneously in Faraday cup detectors fitted with
1010Ω (L’2) and 1011Ω (H1) resistors, respectively, and operating at a mass
resolution of ~2430. The magnetic field was regulated using NMR control.
Each analysis includes a pre-sputtering over a 15 × 15 µm area during 40 s,
followed by the automatic centring of the secondary ions in the field aper-
ture, contrast aperture and entrance slit. Each analysis then consists of 24 s
cycles, which give an average internal precision of ~0.20–0.30‰ (2 SE). The
analytical session was monitored in term of stability using at least two
bracketing matrix-matched reference materials (see below) every
5–6 sample analyses. Bracketing of reference materials allowed for instru-
mental mass fractionation (IMF) and drift corrections. Corrected 18O/16O
ratios are reported in δ18O notation, in per mil variations relative
to VSMOW.
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For oxygen isotopes in zircon, instrumental mass fractionation was
corrected using the zircon reference material 91500 (9.9 ± 0.3‰)100, and
accuracy was checked the secondary reference material OGC
(5.88 ± 0.06‰)101, which returned a δ18O value of 5.68 ± 0.23‰. The spot-
to-spot reproducibility on 91500 was ~0.30‰ (2 SD) during the analytical
session. For oxygen isotopes in garnet, thin sections were cut with a preci-
sion saw and mounted in epoxy, together with pre-polished blocks con-
taining a range of referencematerials for O isotopemeasurements in garnet
(as detailed below). The analytical session was monitored in terms of sta-
bility using at least two bracketing standards (UWG-2)102, every 5 to
6 sample analyses. The spot-to-spot reproducibility on UWG-2 was
~0.24–0.30‰ (2 SD)during the analytical session. For garnet, the correction
for instrumental mass fractionation has to account for the bias, or matrix
effect, related to the difference in chemistry between the unknowns and the
reference materials56,103,104. In absence of uvarovite and andradite compo-
nents in garnet samples, the grossular component (XGr) creates the largest
bias onoxygen isotopemeasurementsby SIMS56,103,104. Therefore,five garnet
reference materials, with different XGr, were analysed to model the matrix
effect and correct the measurements of the unknowns. Oxygen isotope
analyses in the samples were acquired next to the spot locations where
EPMA measurements were performed for the matrix correction (Supple-
mentary Data Table S7). The garnet reference materials used in this study
were the same for the 2mounts: 10691, 2B3,GRS-SE andUWG2andALM-
GEM (in-house, XGr = 0.01, d18O = 6.79‰). For both mounts, the rela-
tionship between bias and XGr can be fit with a parabola, with a correlation
coefficient (r2) better than 0.97, returning a regression residual of ~0.3 per
mil, in the range of the external reproducibility observed on UWG-2.

The uncertainty on single spot analyses reflects the residual observed
on the calibration curve, which represent the average difference between the
model and themeasurements for thematrix effect calibration curve and the
external reproducibility onUWG-2. Supplementary Data Table S4 presents
the raw 18O/16O ratios and the corrected δ18O values (quoted with respect to
Vienna Standard Mean Ocean Water or VSMOW in per mil).

Garnet Lu–Hf geochronology
The timing of high-temperature metasomatism in sample ES34 was
determined using Lu–Hf geochronology. Pure garnet and clinopyroxene
were separated using crushing, sieving, hand-panning, and hand-picking.
Garnet Lu–Hf chronology was carried out at the Pacific Center for Isotopic
and Geochemical Research (PCIGR), University of British Columbia,
Vancouver, following methods adopted fromc105. Target garnet aliquot
weight was 50–80mg, depending on the Hf concentration. Samples were
mixed with a 176Lu–180Hf tracer solution (Lu/Hf ≈ 10) and digested through
repeated addition of concentrated HF–HNO3–HClO4 and 6N HCl, with
intermittent evaporation to dryness. Matrix mineral aliquots free of garnet
were mixed with a 176Lu–180Hf tracer solution with low Lu/Hf (~0.2) and
dissolved using the same table-top dissolution technique or by adding
HF:HNO3 and placing the samples in autoclaves at 180 °C for 5 days. Total
procedural blanks were processed with every group of samples and held
10 pg of Hf or less, which enabled sample/blank Hf of 1000+ for garnet.
Lutetium and hafnium were separated from their elemental matrix using
cation-exchange REE–HFSE chromatography following a method adapted
from ref. 106. Lutetium and hafnium isotopes were analysed using a Nu
Instruments Plasma HR MC–ICPMS at PCIGR. For Lu, isobaric inter-
ference of 176Yb on 176Lu was corrected using an exponential correlation of
176Yb/171Yb and 174Yb/171Yb, calibrated through replicate analyses of NIST
Yb solution standards at different concentrations (10–100 ppb)107 and using
Yb isotope abundances108. For Hf, 180Ta and 180W isobaric interferences on
180Hfwere corrected for through analysis ofmass over charge corresponding
to 181Ta and 183W and applying a Hf-based mass bias. Mass bias corrections
were calculated using an exponential law and assuming 179Hf/177Hf = 0.7325
(Hf, Ta, W) and 173Yb/171Yb = 1.1296 (Lu, Yb). External reproducibility of
176Hf/177Hf was estimated by comparing internal and external uncertainty
for replicate analyses of JMC-475 and ATI-475—isotopically identical to
JMC-475 and made from the same metal ingots as the original JMC-475—

done at concentrations that bracketed those of samples (5–50 ppb)109. The
external 176Hf/177Hf reproducibility (2σ) of the replicate standard analyses
was 0.3 εHf during the analytical sessions. Isochronswere constructed using
λ176Lu = 1.867 × 10–11 yr-1110,111. Uncertainties are cited at the 2σ level.
The Lu–Hf data are in Supplementary Data Table S5.

Monte Carlo simulations
Two- to three-variablemixtures ofmantle-derivedmagma,water (seawater,
meteoric water), crustal assimilants, basaltic protolith and externally-
derivedmeltweremodelledusingMonteCarlo simulations to compare each
model to observed garnet and zircon δ18O ranges.

We use the following as end-members, all of which are derived from
published reservoirs or our new data. All the parameters and equations are
summarised in Supplementary Data Table S6.
1. Mantle-derived δ18O is 5.3 ± 0.6 ‰ (Gaussian distribution), which is

shown tobehighly homogeneous through time and space owing to this
primordial reservoir being the predominant oxygen component on
Earth32.

2. Seawater δ18O is modelled as 0þ3
�1 ‰ (triangular distribution), which

assumes that seawater oxygen isotopic compositions have stayed
essentially invariant since the Archaean58,59. Until recently, this has
been controversial, with suggestions that Archaean and Proterozoic
seawater had significantly lower δ18O (by 10‰ormore) based on low-
δ18O marine cherts and carbonates112. However, evidence from 2 Ga
ophiolites113, 3.8 Ga serpentine minerals114, Archaean pillow basalts115

kerogens in Archaean chert116 and triple O isotopic data117 have shown
that low-δ18O Precambrian chemical sedimentary rocks are a function
of warmer sea surface temperatures (near the equator) and post-
depositional meteoric alteration.

3. Meteoric water is modelled with a δ18O of �10þ10
�20 ‰ (triangular

distribution). Through time, meteoric water has always been broadly
equal to or more negative than seawater throughout Earth’s history.
However,meteoricwater is geographically highly variable as a function
of climate (temperature and rainfall)118. Our broad range of�10þ10

�20 ‰
encapsulates all but the most arid and polar conditions118, consistent
with paleomagnetic data that indicate proto-Northern Australia was
located between 20 and 60°N latitude between 1800 and 1400Ma.

4. Crustal contaminants have δ18O of 15þ15
�5 ‰ (triangular distribution),

which includes the compositions of present-day to Archaean marine
clastic sediments, pelagic clays and carbonates31. Whilst there is
undoubtedly spatial variability of these isotopic reservoirs in the
Precambrian, as there is with the present-day distribution of these
sediments, this wide but positive δ18O captures the expected spectrum.

Each end-member component has two parameters (Supplementary
Data Table S6): (a) distribution of δ18O, recalculated to absolute 18O/16O and
(b) atomic proportion of O2 within the rock. The probability distributions
for δ18O are either Gaussian (i.e., normal) or triangular (minimum and
maximum, with a mode that controls the skew of the triangle). The ratio
between the two parameters is also important, and these are modelled as
either triangular or gamma (similar to logarithmic but with variable shape
and scale parameters). The values used for the distributions are listed in the
Main text and detailed in Supplementary Data Table S6.

An important variable is the amount of O in the different end-mem-
bers, which depends on the atomic proportions of O2 to other elements for
each of the reacting minerals or phases. Both waters (H2O) are relatively
straightforward at 33%O2, and these are keptfixed.Mantle-derivedmagma
and crustal assimilants could range from 33 % (quartz, SiO2) to 43 %
(olivine, [Mg, Fe]2SiO4), and this range is used for both. Formantle-derived
magma, a mean of 41.5 % O2 was chosen for a typical peridotite that
comprises even proportions of orthopyroxene ([Fe, Mg]2Si2O6, 40% O2)
and olivine (43 % O2). For crustal assimilants, which are most likely sedi-
mentary detritus eroded from more evolved rocks (e.g. TTGs), we use a
mean of 35 % O2 for a typical tonalite that comprises even proportions of
quartz (33% O2) and Ca-rich plagioclase (CaAl2Si2O6, 38% O2).
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TheMonte Carlo simulations were performed using the Excel add-on
programmeQuantumXL, for 10,000 trials in nativemode using aMersenne
Twister pseudo-random number generator based on the user-defined
probability distributions. The following calculations were performed
(detailed in Supplementary Data Table S6):
• Scenario 1: Mantle-derived magma contaminated with seawater or

meteoric water;
• Scenario 2: Mantle-derived magma contaminated with various

proportions of crustal (sedimentary) assimilants;
• Scenario 3: Basaltic protolith melt with external, mantle-derived

(±crustally-contaminated) melt.

After 10,000 trials, histograms of output values are generated, showing
the distribution of computed δ18O, quoted at 95% confidence (similar to 2σ
but allowing for a skewed distribution, Fig. 3). These histograms represent
the probability distribution of the true range of the variables calculatedusing
the Monte Carlo simulations and can be directly compared to the observed
zircon and garnet δ18O record (Fig. 2).

Data availability
Raw data for bulk-rock geochemistry analysis, zircon U–Pb and garnet
Lu–Hf geochronology, EPMA analysis and parameters for theMonte Carlo
simulations are publicly available at the ETH repository: https://doi.org/10.
3929/ethz-b-000725169.
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