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Understanding how Earth’s continental nuclei first formed in the Archean eon
(4.0-2.5 Ga) underpins our notions of early Earth geodynamics. Yet, the nature
of Earth’s early protocrust and the primary mechanism for its transformation
are poorly understood, as very ancient rocks preserving petrological evidence
for these processes are incredibly rare. Here we report the discovery of a
formerly melt-bearing amphibolite from the Sylvania Inlier of the Pilbara
Craton in Western Australia. Radiometric dating of zircon and titanite in these
rocks constrain the time of partial melting to 3565 Ma, providing evidence for a
metamorphic event that predates most exposed rocks in the Pilbara Craton by
~30 million years. Low 80 compositions and modelled melt compositions
comparable to evolved Hadean rocks in the Acasta gneisses indicate Earth’s
oldest continental crust may have sourced rocks of a similar composition.
Thermodynamic modelling suggests partial melting at temperatures of
680-720°C and pressures of 0.8-1.0 GPa, implying a maximum burial depth of
~30 km. These results support models of continental nuclei formation via
shallow partial melting of hydrothermally altered mafic protocrust in high heat
flow environments.

Although there is evidence for the existence of some felsic (silica-rich,
continental) crust on Earth as early as 4.4 billion years (Gyr) ago', data
from rare exposures and very ancient detritus indicate Earth’s con-
tinents were built from pre-existing mafic nuclei (protocrust) and
subordinate precursory continental crust (PCC) formed between the
late Hadean and early Paleoarchean (4.03-3.5 Gyr ago)*”’. However,
the physical processes involved and tectonic setting in which these
ancient continental nuclei formed are debated®.

One prominent occurrence of ancient rocks resembling PCC
are the 4.02 Gyr old Idiwhaa tonalite gneisses within the Acasta
Gneiss Complex (AGC) of the Slave Craton in northwest Canada®’.
These rocks are geochemically distinct from younger Archean
tonalite-trondjemite-granodiorite (TTG) series rocks in having high
total iron (FeO") and correspondingly low Mg# (atomic Mg/(Mg +

Fe?), low Sr/Y and Gd/Yb ratios, and containing primary (magmatic)
zircon with sub-mantle (isotopically light) oxygen isotope compo-
sitions (80 < 4.7%.)**. These geochemical features resemble those
of modern felsic crust produced by shallow (upper crustal; < 15 km)
magmatic fractionation and assimilation in Iceland (so-called Ice-
landites), suggesting Earth’s first continental nuclei may have
formed in a similar manner>’. However, an alternative model for
Icelandite-like rocks involves shallow-level (uppermost few kilo-
metres) partial melting of hydrothermally altered mafic crust’.
Unlike with modern Icelandites, this could have occurred in
response to intense meteorite bombardment on a planet with sur-
face water during the Hadean to early Archean'*".

Felsic rocks containing zircon with isotopically light §'®0 com-
positions have since been documented amongst the oldest preserved
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parts of other Archean cratons, including in the Western Australian
Pilbara and Yilgarn cratons", indicating that the processes that pro-
duced the Idiwhaa tonalite gneisses may have been typical. Key to the
origin of these ancient (c. 4.02 Gyr old) gneisses are their mafic host
rocks, which include Fe-rich garnet-bearing amphibolites that are older
than 4.02 Ga based on cross-cutting relationships, and represent rare
remnants of the Hadean protocrust””. However, the protracted poly-
metamorphic history of the AGC has seemingly destroyed the primary
mineralogical/petrological features of these rocks, obscuring any
genetic link to the ancient felsic rocks*".

Here, we report formerly melt-bearing (migmatitic) Paleoarchean
amphibolites from the Sylvania Inlier of the Pilbara Craton. Integrating
detailed petrological observations with geochemistry, geochronology,
phase equilibrium and geochemical modelling, we show that these
rocks are suitable analogues for Earth’s reworked early (Hadean to
early Archean) mafic protocrust. By constraining the pressure (P), and
temperature (7) conditions these rocks formed under, we probe the
thermal regime in which Earth’s first enduring continental nuclei
originated.

Results & Discussion

Geological setting, petrology and mineral chemistry

The Pilbara Craton of Western Australia preserves well-exposed weakly
deformed and metamorphosed Archean rocks that represent a key
geological repository of the early Earth”. In the dominantly
Paleoarchean (3.6-3.2 Ga) East Pilbara Terrane, metamorphic grades
are low (< or <<500°C) and higher grade (amphibolite to granulite
facies) migmatitic metabasic rocks that might be the residual proto-
liths of the TTG-dominated crust are not exposed. However, in the
Sylvania Inlier, south of the East Pilbara Terrane and at the margin of
the Pilbara Craton (Fig. S1), Proterozoic orogenesis has exhumed such
high-grade rocks", potentially providing a window into Earth’s primi-
tive protocrust.

The northern part of the Sylvania Inlier contains a package of
‘hybrid intermediate rock’ on the western margin of a greenstone belt
(Fig. S1a, b)* from which two samples of metatonalite (samples 216545
& 216594) have been investigated previously”. The rocks comprise
35-40% plagioclase, 35-40% quartz and 2-3% garnet with minor bio-
tite, ilmenite, and titanite. Secondary epidote replaces plagioclase
(5-6%) and chlorite locally replaces garnet (Fig. S2). Zircon from the
metatonalite dated by SHRIMP U-Th-Pb geochronology yield ages of
3565+3Ma and 3566 +5 Ma'. Notably, these grains have low 8%0
oxygen isotopic compositions (3.76-3.95%0)", a feature shared by
some Hadean zircon from the Idiwhaa tonalite gneiss of the AGC*’. The
focus of this study concerns two additional samples from the same
geological unit within the Sylvania Inlier that are considerably more
mafic than those previously reported (Fig. 1a-d). Macroscopically, the
rocks are dominated by a fine-to-medium grained melanocratic matrix
(melanosome) with variable quantities of quartzofeldspathic leuco-
some (Figs. Ic, d, S1 & S2), interpreted to reflect partial melting at the
metamorphic peak.

The melanosome is mostly composed of amphibole + quartz +
plagioclase + ilmenite + titanite with secondary epidote (Fig. 1a-d).
Electron-probe microanalyser (EPMA) analyses classify the calcic
amphibole as hornblende with Al"=0.47-1.84 (Si = 7.53-6.16), Na +
K(A) =0.09-0.53, and Mg/(Mg + Fe) = 0.29-0.57, ranging from ferro-
tchermakite to magnesio-hornblende/actinolite in a plot of Mg# versus
Si content (Fig. S3). The leucosome is dominated by quartz and pla-
gioclase in roughly equal proportions, and contains abundant acces-
sory zircon. Plagioclase is extensively replaced by sericite and epidote,
but where fresh, preserves lamella twinning and is albite to oligoclase
in composition (Xa, (atomic Ca/Ca + Na + K)=0.03-0.31; Fig. S3).
Preserved igneous textures in the leucosome include coarse-grained
idiomorphic plagioclase crystals surrounded by finer-grained inter-
growths of quartz and plagioclase (Fig. 1c), the latter resembling

graphic textures common in pegmatites formed by crystallisation of
volatile-saturated eutectic (minimum) granitic melts'®. We interpret
these quartzofeldspathic domains as the crystallized products of a
hydrous partial melt formed during the prograde-to-peak meta-
morphic history.

Titanite is almost exclusively found as clusters of randomly
oriented granules forming coronae around ilmenite crystals within the
melanosome (Fig. 1d). Detailed backscattered electron (BSE) imaging
of this titanite reveals relic grains of ilmenite, with titanite forming
interconnected fracture networks in the cores of ilmenite where pre-
served (Figs. 1d, 2b). These observations indicate the titanite grew via
the breakdown of ilmenite. In places, entrained fragments of matrix
containing hornblende and titanite-ilmenite within larger leucosome
segregations suggest ilmenite breakdown (and titanite growth) pre-
dated melt crystallisation and may have predated or been coeval with
partial melting.

Geochemistry & Geochronology

Compared to the metatonalite samples, the amphibolites have low to
moderate SiO, (58-63 wt% versus 74-76 wt%), higher FeO" (8-12 wt%
versus 3-4 wt%), MgO (2-3 wt% versus 0.2 wt%), CaO (6-8 wt% versus
2-3 wt%) and TiO, (1-2 wt% versus 0.5 wt%), and similar Al,O5 (-13 wt%)
contents. The most mafic samples (e.g. 255836) have flat to slightly
positively sloping rare earth element (REE) patterns (Fig. 1f), with
chondrite-normalised La/Yb ratios between 0.39 and 0.86. The con-
centrations of heavy REE (HREE) and high field-strength elements
(HFSE; including Zr, Hf, Ti) in the amphibolites are similar to those of
high-TiO, basalts and the Coucal basalts (CF-2 in Fig. 1f) from the lower
Warrawoona Group of the East Pilbara Terrane”’s, However, lower
light REE (LREE) contents in the studied rocks result in strong positive
Zr and Hf anomalies in primitive-mantle normalised distribution dia-
grams (Fig. S3a). This observation suggests that depletion in LREE
might reflect fluid alteration that preferentially removed LREE over
more immobile elements. In more leucocratic (formerly more melt-
rich) samples (e.g. 255834), the depletion in LREE is more pronounced,
resulting in stronger positive Eu anomalies (Eu/Eu* = 1.49-2.38, where
Eu/Eu* is chondrite normalised E£u/+/(Sm x Gd)) relative to more mafic
samples (255836, Eu/Eu*= 1.21-1.31,) (Fig. 1f).

In situ zircon and titanite U-Th-Pb geochronology was under-
taken to determine the age of the studied amphibolites. Detailed
analytical and standardisation procedures are described in the Meth-
ods section, and a table of results are provided as supplementary
materials. In BSE and cathodoluminescence (CL) images, most zircon
grains are strongly altered and exhibit mottled textures, although
some crystals preserve relatively unaltered areas with oscillatory
zoning (Figs. 2a and S4). In sample 255834, a cluster of concordant
analyses from these unaltered domains within zircon yield a date of
3567 +4 Ma, identical to that of zircon grains in the metatonalites
(3565 +3 Ma and 3566 + 5Ma)". After filtering for U-Pb concordance
and secondary water content (measured via *O'H, see Methods and
Supplementary Information for details), in situ *0/*°O isotope mea-
surements on these domains (presented as 80 normalized to Vienna
Standard Mean Ocean Water) give 60 values between 3.40 and 4.26
%o with a median value 3.86 + 0.44%. (2 s.d., n=14), which is identical
to zircon from the metatonlite". A cluster of concordant U-Pb isotope
analysis of the granular titanite overgrowths on ilmenite yield an age of
3565 +10 Ma (Fig. 2b-d). An in-situ Lu-Hf isotope analysis of garnet
from a sample of the metatontalite yields a date of 3550 + 60 Ma
(216594, Fig. 2e, f).

Although it is possible that the zircon in the amphibolites is
igneous in origin and crystallised during the emplacement of the mafic
precursor, we infer an anatectic origin given the clear evidence for
partial melting and similarities with zircon in the metatonalite noted
above. Collectively, these data provide strong evidence that meta-
morphism and partial melting of the amphibolite was coeval with
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formation of the tonalites, implying a genetic link. The scatter in U-Pb
isotope systematics correlates with the presence of mottle-textures
and/or recrystallisation fronts within zircon (Fig. 2a), and minor dis-
turbance in the U-Pb systematics of titanite is likely related to
hydrothermal activity associated with deposition of the Fortescue and
Hamersley basins around 2800-2700 Ma (Fig. 2¢)”. Nevertheless, the

Fig. 1| Petrology and geochemistry of amphibolites and metatonalites from
the Sylvania Inlier. Photomicrographs of amphibolites from the Sylvania Inlier
showing their bulk mineralogy (a), evidence for partial melting including former
melt pockets (b) and crystallised melt with idiomorphic plagioclase crystals and
graphic texture (c), and titanite forming coronae around ilmenite. hbl = horn-
blende, ilm = ilmenite, ttn = titanite, ep =epidote, pl = plagioclase and q = quartz (d).
e. Ternary diagram comparing the major element chemistry of the amphibolites
and ‘metatonalites’ to Hadean-Eoarchean rocks in the Acasta Gneiss complex, mafic
rocks from the Pilbara Craton and a global compilation of Archean TTG series rock
(all normalized to 100% in the NCKFMASTO chemical system after ref. 10).

f Chondrite normalised rare earth element (REE) distribution diagram comparing
rocks from the Sylvania Inlier to a selection of other mafic rocks from the Pilbara
Craton'®?®, The average Apex and CF-2 compositions denote a typical tholeiitic and
enriched basalt respectively (following Smithies et al.?®), which are similar to the
high TiO, and intermediate TiO, groups of the Mt Ada Basalt from Murphy et al.'*.

unaltered zircon, titanite and garnet ages coincide with a distinct age
mode of detrital and inherited zircon crystals from the East Pilbara
Terrane (Fig. 2g)***, indicating that partial melting of the Sylvania
amphibolite occurred during a major (tectono)thermal event that may
have driven the earliest phase of felsic crust production within the
Pilbara Craton. As such, these rocks offer a rare glimpse into the mafic
source regions for the first felsic crust that formed in the Pilbara
Craton.

Phase equilibrium modelling & thermobarometry

To determine the P-T conditions at which partial melting occurred, and
hence estimate the depth of felsic crust production, phase equilibria
were modelled using the software THErmocaLc™. Calculations were per-
formed in the Na,0O-CaO-K,0-FeO-MgO-Al,05-SiO,-H,0-TiO,-O
(NCKFMASHTO) chemical system using the measured (XRF) bulk com-
positions of samples 255836 and 255834 assuming an Fe*'/2Fe ratio
of 0.2, and measured loss on ignition as a proxy for HO contents of
1.15wt% and 0.82 wt% respectively.

A simplified P-T phase diagram calculated in the range
0.2-1.2 GPa and 600-800°C (Fig. 3a) shows the inferred peak stability
fields for both rocks, along with phase boundaries denoting the
appearance and disappearance of major phases. In the most mafic
sample (255836), the inferred peak metamorphic assemblage of
hornblende + plagioclase + quartz + titanite + melt implies tempera-
tures of 650-720°C and pressures of 0.7-0.8 GPa (Figs. 3a & S8a). The
upper pressure limit is defined by the garnet-in phase boundary,
whereas the lower pressure limit is constrained by the biotite-out
phase boundary to lower temperatures and ilmenite-in phase bound-
ary to high temperatures. A minimum temperature of 650°C is
demarcated by the appearance of melt (solidus), and an upper tem-
perature limit by the appearance of ilmenite.

At the inferred peak metamorphic conditions, the models pre-
dict 2-5 mol% melt, consistent with the observed proportion of leu-
cosome in hand specimen (Fig. Sic). The phase diagram for sample
255834 is broadly similar, although the inferred peak stability field
spans a larger pressure range as the stability of garnet is restricted to
higher pressures (Fig. 3a, Fig. S8b). The model for sample 255834 has
no clinopyroxene-free assemblages in the P-T window of interest,
with minor clinopyroxene (<5mol%) predicted to be present. This
could reflect limitations in the current activity-composition models
for metabasic rocks, which have been shown to underestimate the
amount of hornblende and over estimate that of clinopyroxene,
particularly in rocks with high modal abundances of the former®.
Nevertheless, within the inferred peak stability field for sample
255834, the predicted titanite Zr concentrations (10-110 ppm, see
Methods) are in excellent agreement with measured values (19-151
ppm, n=128), providing an independent average temperature con-
straint of 693 +35°C using the temperature-concentration relations
of ref. 24. (Fig. 3a).
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Fig. 2 | Geochronology of the Sylvania amphibolites and tonalites. a High-
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corresponding common-Pb corrected 2’Pb/?%Pb dates, and white ellipses denote
SIMS oxygen isotope analyses spots and §'°0 (VSMOW) composition. b BSE image
of titanite-ilmenite corona showing granular titanite texture and relic inclusions of
ilmenite in titanite. c, d Stacked Tera-Wasserburg concordia diagram and box
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diagram showing U-Pb isotope composition of titanite(red) and zircon (green) in
the amphibolite, and the weighted average U-Pb dates for each mineral respec-
tively. e. Plane polarised light photomicrograph of garnet in the metatonalite.

f Inverse Lu-Hf isochron diagram for garnet from the metatonalite showing that
garnet in the metatonalite is the same age as zircon and titanite in the amphibolite.
g. Kernel density estimate for a compilation of detrital and inherited zircon in rocks
from the Pilbara Craton showing that partial melting in the rocks from the Sylvania
Inlier occurred during an inferred major period of felsic crust production.

The good agreement between the phase equilibrium models for
the two different samples and Zr-in-titanite thermometry suggests that
the inferred peak P-T conditions are robust. These data translate into
an apparent geotherm (or thermobaric ratio, 7/P) between 700 and

1000°C.GPa™. From the topology of both diagrams the formation of
the observed ilmenite-titanite reaction textures can be explained by
near isobaric cooling from temperatures greater than 740-780°C. If
so, the absence of any garnet in the metamorphic assemblage indicates
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Fig. 3 | Phase equilibrium, diffusion and geochemical modelling. a Simplified
pressure-temperature phase diagram (P-T pseudosection) showing fields for the
inferred peak metamorphic assemblages, phases boundaries for important minerals
and melt, and results of Zr-in-titanite thermometry. b Diagram of apparent Zr-in-
titanite temperature against cooling rate, depicting the effect of post-crystallisation
Zr diffusion in titanite for different grain sizes and starting temperatures during

cooling. ¢ Simplified ternary diagram showing melt evolving to compositions
approaching metatonalites and Idiwhaa Gneisses as temperature increase along
geotherms ranging from 700-1000°C.GPa”. Note these melts are more Fe-rich than
most Archean TTG. d Comparison of modelled trace element distributions for melts
along a geotherm of 1000°C.GPa® showing good agreement in HREE with some
naturally observed Fe-rich tonalites from the AGC and Pilbara Craton**.

these rocks may have been buried along a geotherm warmer than
1000°C.GPa’, so as not to intersect the garnet stability field during
their prograde P-T evolution. Using finite-difference models for Zr
diffusion in titanite*® we show that, for grains with radii of 5-30 um,
the predicted apparent Zr-in-titanite temperatures match the
naturally observed distribution over a large range of cooling rates
(1-100°C.Myr™, Fig. 3b).

The replacement of ilmenite by titanite has also been documented
in mafic granulites hydrated during their retrograde evolution®*?. In
these cases, titanite growth is generally associated with the conversion
of anhydrous minerals like clinopyroxene and orthopyroxene into
(OH-bearing) amphibole. Although there is no evidence for any pre-
existing pyroxene in these rocks, the titanite grains do exhibit lower F
contents relative to Al and Fe than predicted by (Al + Fe*)+F=Ti+ O
substitution reactions” (Fig. S3d). The titanite chemistry implies
additional OH™ within the titanite lattice to maintain the charge bal-
ance, consistent with a fluid phase being present when titanite grew”.

On a temperature-M,>o (mol% H,0) diagram (Fig. S9a) this pathway is
depicted by increasing My, at constant temperature. Importantly, in
this region of the temperature-My,o diagram, the titanite-in, ilmenite-
out and melt-in (solidus) lines all have steep negative slopes and are
sub-perpendicular to the Mo axis. Hence, a fluid-fluxed melting
model can also explain many of the petrological features of these
rocks, including the titanite coronae on ilmenite, and lack of anhy-
drous peritectic minerals. However, given that at low My,o garnet is
also predicted to be part of the subsolidus mineral assemblage, and the
low zircon 60 compositions imply a hydrothermally altered proto-
lith, a model of closed-system (constant My,o) burial, heating and
cooling along a high geotherm is perhaps most likely.

Constraints on the source of early felsic crust

The new geochronological data, petrological observations and ther-
modynamic modelling indicate that the studied amphibolites are sui-
table source rocks for the metatonalites that represent some of the
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earliest felsic crust in the Pilbara Craton (Fig. 3). Accordingly, 15-35%
partial melting of source rocks with a mineralogy similar to the Syl-
vania amphibolites can produce melts with major element and HREE
chemistry matching naturally observed Eoarchean-to-Paleoarchean Fe-
rich tonalites from the Pilbara craton over the observed range of
apparent geotherms (700-1200°C.GPa’, Fig. 3c, d).

However, there are several key differences. The depletion in LREE
relative to HREE is not typically observed in other (known) old mafic
components of the Pilbara Craton”, which generally show flat to
positive sloping chondrite normalised REE patterns'>*, Thus, the
depletion of LREE relative to HREE and other HFSE like Zr, Hf and Ti
may reflect the hydrothermal history of the rocks. Detailed work on
element gains and losses from the 3481 Ma Dresser hydrothermal
system in the East Pilbara Terrane shows that LREE are notably mobile
in high-temperature amphibole-chlorite- dominated alteration
assemblages, which in some places show depletion in LREE relative to
HREE and other immobile elements”. Importantly, the mobility of
LREE is not uniform across the system, even among rocks with similar
alteration assemblages. Assuming the hydrothermal system that
affected the basalts in the Dresser Formation is analogous to that
which affected the Sylvania amphibolites, a spectrum of compositions,
including LREE-enriched and LREE-depleted components might be
expected. The apparent dominance of LREE-enriched compositions
among ancient crustal melts shown in Fig. 3d could reflect the fact that
LREE-depleted rocks like the Sylvania amphibolites are minor com-
ponents of these ancient hydrothermal systems. Such complexity will
not affect metamorphic phase relations, which will be similar for rocks
with similar major element chemistry, irrespective of their trace ele-
ment concentrations.

Despite the fact that, in both cases, the modelled melts are
depleted in LREE relative to the naturally observed rocks, highlighting
important contributions from enriched material, the Sylvania amphi-
bolites are good petrological analogues for the source of the metato-
nalites. The major element composition of the metatonalites from the
Sylvania Inlier also lies close to the melting paths depicted in Fig. 3c.
However, none of the modelled trace element distributions for the
melt match their observed trace element patterns (Fig. 1f), indicating
that the metatonalites are not simply partial melts of the amphibolite.
Rather, the concave up (‘U-shaped’) REE profile of these rocks and
strong positive Eu anomaly suggests they formed via plagioclase
accumulation, with the slight positive sloping HREE attributed to the
presence of garnet, indicating a more complicated petrogenetic
history.

Interestingly, the Sylvania amphibolites also share many geo-
chemical features of the Hadean rocks of the AGC (the Idiwhaa tona-
litic gneiss and garnet amphibolites)>*?, including intermediate SiO,,
low AlLOs, elevated FeO'/MgO, and low FeQ'"/TiO,, the latter on
account of high TiO, contents. Although the absolute FeO' content is
lower than the most Fe-rich components of the AGC (garnet amphi-
bolites), the more Fe-rich samples of the Sylvania amphibolites
(255836) have similar FeO'/MgO and FeO'/TiO, ratios to the AGC
garnet amphibolites (Fig. 1e). Moreover, the presence of low §%0
magmatic zircon in rocks from the AGC and the Sylvania Inlier indicate
that, in both cases, the mafic source rocks experienced high-
temperature isotopic exchange with Archean seawater’’. The major
and trace element modelling also confirms the Sylvania amphibolites
as suitable sources to the Idiwhaa tonalite gneiss, although this would
require heating to temperatures beyond amphibole stability (>825°C)
along very high geothermal gradients exceeding 1200°C.GPa™°.
Therefore, Earth’s first felsic crust may have had similar source rocks.

Implications for early Achean crust-forming processes

The ‘hybrid-intermediate rock unit™ from the Sylvania Inlier repre-
sents the metamorphosed remnants of some of the earliest mafic crust
from the Pilbara Craton. Given that similar chemical characteristics are

shared by the putative Hadean mafic crust in the AGC, we propose a
similar petrogenetic history*’. The elevated FeO" and TiO, content
(relative to MgO) are indicative of anhydrous (H,0 < 0.2 wt%) reduced
mantle-derived magma whose liquid lines of descent are controlled by
low-pressure fractionation crystallisation with delayed Fe-Ti oxide
saturation, similar to those inferred to have produced the mafic rocks
in the AGC**. That the absolute FeO" and TiO, content of the garnet
amphibolites in the ACG are higher than the majority of mafic rocks in
the Pilbara Craton could reflect differences in composition, hydration
state and oxygen fugacity of the parental melts. However, it could also
indicate that the Sylvania amphibolites formed from melts more che-
mically evolved than those that produced the Acasta garnet amphi-
bolites, particularly since Fe-Ti oxide saturation will rapidly deplete
the residual melt in Fe and Ti as differentiation proceeds. We infer that
magmatic differentiation was partly responsible for these differences
as the Sylvania amphibolites have comparable FeO"/MgO and FeO'/
TiO, ratios to the Acasta garnet amphibolites at lower MgO and higher
SiO, contents. Nevertheless, the isotopically light 80 composition
(3.86%o) of zircon grains from the amphibolite indicate the protolith
also experienced high-temperature (>300-400°C) hydrothermal
alteration before partial melting’. Therefore, the original magma must
have erupted onto or intruded the shallow crust where it was hydro-
thermally altered by Archean seawater at high temperature, then
finally transported to depths where it began to melt.

Despite the good correspondence between the major element
composition of the Sylvania metatonalites and the modelled melt
compositions (Fig. 3c), partial melting alone cannot reproduce their
trace element chemistry (Fig. 3d). During low pressure differentiation
of tholeiitic magmas FeO" enrichment is largely driven by the removal
of plagioclase and Mg-rich clinopyroxene, where plagioclase tends to
dominate fractionation assemblages (60-75% cumulatively)®°, such
that the metatonalites could be metamorphosed cumulates formed
during differentiation of the parental magmas. However, the Sylvania
metatonalites generally lack ferro-magnesian phases, excluding minor
garnet and secondary chlorite (Fig. S2), and consequently have lower
MgO and CaO, and higher Na,O and K,O contents than mafic
cumulates®. Since the age and oxygen isotopic composition of zircon
from the metatonalites are identical to the anatectic zircon in the
amphibolite, and there is clear textural evidence that plagioclase was
an early crystallising phase from small volumes of melt trapped within
the amphibolite (e.g. Fig. 1d, e), we interpret the metatonalites to be
plagioclase-rich cumulates formed by fractionation of tonalitic crustal
melts generated deeper in the crust®. Although no garnet is observed
in the exposed amphibolite, the phase equilibrium models predict that
garnet will be present at pressures greater than 0.8 GPa, only mar-
ginally deeper than the crustal level presently exposed. Therefore, this
model can also explain the presence of garnet with an identical age to
the zircon and metamorphic titanite in the metatonalites (Fig. 2),
which is inferred to be of either magmatic or peritectic origin.

It has been argued that the absence of stable garnet under crustal
pressure conditions (<1.4 GPa) in partial melting experiments using
basaltic glasses retrieved from modern ocean plateaux environments
invalidates an intracrustal origin for early Archean felsic crust®. The
results presented here contradict this claim. This discrepancy reflects
the strong control of the proportion of FeO to MgO on garnet
stability**. We illustrate this point using a pressure-composition
(P-Xreo) diagram based on sample 255836B constructed at 700°C
(Fig. S9b), where Xreo =FeO' /(FeO" + MgO) in mol%. The pressure at
which garnet appears in the metamorphic assemblage is highly
dependent on Xgeo. At Fe-contents comparable to the bulk composi-
tion of modern MgO-rich ocean island basalt used in experimental
studies (Xgeo =0.35-0.36) garnet is predicted to be unstable below
1.4-1.5 GPa®. However, at Xr.o > 0.62 garnet stability is significantly
less sensitive to Fe content and is stabilised between 0.72 and 0.85 GPa
(Fig. S9b). Since Xgeo for the more mafic Sylvania amphibolites is
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Fig. 4 | Model of continental nuclei formation by intracrustal melting of mafic
protocrust and subsequent melt differentiation during the late Hadean to
early Archean. The circulation of hydrothermal seawater (blue arrows) through
faults and fractures (black lines) in the ancient protocrust produces rocks with low
880 compositions. Subsequent burial and/or heating of this altered protocrust
produce tonalitic partial melts (magmas) with low 60 compositions (orange and

yellow polygons). Note that spatial variations in bulk crustal composition (e.g.,
Xreo) and geotherm may result in both garnet-absent and garnet-present melting.
Garnet-present melting will form low-pressure to medium-pressure TTG melts and
where geotherms are locally high enough, garnet-absent melting may generate
rocks with Icelandite characteristics.

~0.68-0.72, the absence of garnet as a residual phase in these melt-
bearing metabasic rocks provides a robust maximum pressure (and
thereby depth) constraint on melt generation.

Even so, most felsic rocks in Archean cratons were derived from
sources with lower Xg.o ratios than the mafic rocks described here (e.g.
Fig. 1e), and the presence of trace element signatures related to resi-
dual garnet in more Mg-rich crustal melts clearly has pressure/depth
significance (e.g. Fig. S9). As high Xg.o mafic rocks are rare among
Archean mafic rocks in general, it is intriguing that such rocks appear
to have been involved in the earliest crust formation events in both the
Slave and Pilbara cratons**. Given their antiquity, we interpret these
rare Fe-rich mafic rock to be fragments of the primordial crust that
surfaced the early Earth and was largely reworked to become more
magnesian during the growth and maturation of the continents
(Fig. 4). Considering the two disparate continental nuclei that preserve
these Fe-rich rocks formed nearly 500 million years apart suggests that
whatever processes produced these continental nuclei were also
highly asynchronous.

Our thermodynamic modelling indicates that partial melting of
Sylvania amphibolites occurred at depths of around 30 km, close to
the estimated thickness of primary mafic (mantle-derived) crust pre-
dicted for higher Archean potential temperatures (25-35km)*, and
the average crustal thickness from modern oceanic plateaux like at
Iceland (29 km)* and the Ontong-Java plateau (33 km)¥. Our results
support the notion of continental nuclei formation via intracrustal
partial melting and differentiation in high heat flow environments
(Fig. 4)>*.

Methods

Whole-Rock Geochemistry

New data for samples 255834 and 255836 were obtained for this study,
following the analytical procedures outlined by Smithies et al.*®*’. The
analyses were conducted by Bureau Veritas, Perth, Western Australia.
Sample preparation involved crushing with a plate jaw crusher and
milling in a low-chromium steel mill to produce pulp with a nominal
particle size of 90% passing <75 um. Major and minor elements (Si, Ti,
Al, Cr, Fe, Mn, Mg, Ca, Sr, Ba, Na, K and P) contents were measured
using X-ray fluorescence (XRF) spectrometry on fused glass discs,
while loss on ignition was determined by thermogravimetric analysis.
Trace elements — including Ag, As, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy,

Er, Eu, Ga, Gd, Ge, Hf, Ho, La, Lu, Nb, Nd, Ni, Pb, Pr, Rb, Sc, Sm, Sn, Sr,
Ta, Tb, Th, TI, Tm, U, V, W, Y, Yb, Zn and Zr — were measured by laser
ablation ICP-MS on a fragment of each glass disk earlier used for XRF
analysis. Data quality was monitored by blind insertion of sample
duplicates, internal reference materials, and the certified reference
material OREAS 24b. BV Minerals also included duplicate samples,
certified reference materials (including OREAS 24b), and blanks. Total
uncertainties for major elements are <1.5 %, those for minor elements
are <2.5 % (at concentrations >0.1wt.%) and those for most trace ele-
ments are <10 % (Lu 20 %). Newly acquired (samples 255834 & 255836)
and compiled (samples 216545 & 216594) geochemical data are pro-
vided in Supplementary Data 1. Chondrite- and primitive
mantle-normalized trace element plots use the reference composi-
tions of Sun & McDonough*’.

SIMS Analytical Methods

Zircon separated from the leucosome-rich sample 255834 was ana-
lysed via secondary ion mass spectrometry (SIMS) on the SHRIMP Il ion
microprobe at the John de Laeter Centre at Curtin University. Proce-
dures followed those described by Compston et al.*, with modifica-
tions summarized by Williams*2 A 25 um diameter primary beam of O,
ions at 10 keV, purified by means of a Wien filter, was employed to
sputter secondary ions from the surface of each target zircon grain.
The net primary ion current, as measured leaving the sample, was
typically 1.7-1.9 nA. Secondary ions are accelerated to 10 keV, energy-
filtered by passage through a cylindrical 85° electrostatic analyser with
a turning radius of 1.27 m, and mass-filtered using a 72.5° magnet
sector with a turning radius of 1 m. Secondary ions are counted by
switching the magnetic field to direct the secondary ion beam into an
electron multiplier used in pulse-counting mode. During the analytical
session, the secondary ion analyser is set to a mass resolution of >5000
(1% peak-height definition), which is sufficient to resolve lead isotopes
from most potential molecular interferences. During the session ana-
lyses of the 91500 zircon reference indicated an internal spot-to-spot
(reproducibility) uncertainty of <0.63% (lo), and a Z28U/*°Pb*
*=radiogenic) calibration uncertainty of <0.5% (10). Analyses of OGC
zircon treated as an unknown indicated a yield concordia date of
3464 £ 5Ma (n=7, MSWD =1.5) identical to the reported age, indicat-
ing that a *“Pb/?°Pb fractionation correction is unnecessary. As a
secondary check, GSWA sample 142535 yielded a date of 3246 + 7 Ma
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(n=5, MSWD =0.86), within uncertainty of the reported SIMS age
(3236 + 3 Ma). Our date being slightly older reflects minor Pb loss that
was not accounted for in the previously reported data*. Common-Pb
correction used the measured ***Pb and contemporaneous common-
Pb isotopic compositions determined according to the model of Sta-
cey and Kramers*'. All SIMS U-Th-Pb data are provided in Supple-
mentary Data 2. Cathodoluminescence images showing individual spot
locations are provided in Fig. S4a, b. Tera-Wasserburg concordia dia-
grams for secondary reference materials are shown in Fig. Séa, b.

Following U-Th-Pb isotope analysis, the mount was repolished
using a 0.5 um colloidal silica solution to remove the upper 1-2 um of
the sample surface and the U-Th-Pb analysis pits. Before oxygen iso-
tope analysis, the mount was cleaned in ethanol and distilled water
before coating with -60 nm Au. The mounts were loaded in the
vacuum chamber three days prior to analysis to degas. Measurement
of oxygen isotopes (**0, '°0, *0'H) was carried out in the same location
as the U-Th-Pb isotope analyses in July 2023 using a CAMECA IMS 1300-
HR® in the John de Laeter Centre at Curtin University. The **Cs* pri-
mary beam conditions included a+10kV acceleration potential, a
beam diameter of ~15 um, and a beam current of -2 nA.

An individual oxygen isotope analysis lasted approximately
~4 minutes and involved pre-sputtering (rastering) for 60 s over a 10 x
10 um area to approach sputter equilibrium, automated secondary ion
tuning, and 120 s of simultaneous integration of masses °0, *O'H, and
80. A normal incidence electron gun was utilized for charge com-
pensation. The negative secondary ions were extracted from the
sample mount (-10 kV potential) into the transfer section of the sec-
ondary ion column. Secondary ion transfer conditions included a 5 mm
wide field aperture, a 121 um entrance slit, a 202 um exit slit, and a 50 eV
energy window. The mass-separated oxygen isotopes were detected
simultaneously in Faraday cups at the L"2 (**0), FC2 (**0'H) and H1 (®0)
positions in the multi-detector array. Mass resolution (M/AM at 10%
peak height) at L'2 and H1 was nominally 2500, and count rates for 'O
were ~1.5-2.0 x 10° ¢/s.

Instrumental mass fractionation was monitored by duplicate
analyses of 91500 zircon reference before and after every six
unknowns. No significant drift in the IMF was identified during a ses-
sion. The data for unknowns were corrected in blocks of six unknowns
bracketed by two 91500 analyses at the start and end of each block.
Individual spot uncertainties at 95% confidence are typically + 0.26%o
(range: 0.16-0.42%0), and include errors relating to within-spot
counting statistics, internal reproducibility of the 91500 reference
material, and instrumental mass fractionation. The analytical results
for the Plesovice and Mud Tank zircon reference materials, which were
treated as unknowns throughout the session, give an error-weighted
mean for §%0=+7.94+0.08%, (2se, MSWD=119, n=13), and
+4.81+0.07% (MSWD =0.69, n=13) respectively, with no outliers
rejected, and within the uncertainty of the reported values (Fig. S7a).
All oxygen isotope data are provided in Supplementary Data 3, and
individual spot locations on each crystal are denoted on S4a & b.

80 (VSMOW) was calculated as follows:

80y spow = {(180/ 160)sample/ (0/"0)yspow — 1

where 80/"0
reported in %o.

In addition, it has been shown that the presence of water in zircon,
typically as hydroxyl ions (OH), indicates potential secondary
overprint***¢, Elevated *O'H/*O values greater than the crystalline
reference material implies water within the zircon structure possibly
affecting the original 80 value. Therefore, we also calculated raw
160'H/ 0O ratios as a qualitative measure of zircon OH content®.
Measured '®O'H/ 'O ratios in zircon reference materials were relatively
consistent throughout the run, but show a steady decrease with time,
likely related to diminishing outgassing of the epoxy mount with time.

(VSMOW) =0.0020052, and &%0(VSMOW) is

This background 0'H/*0 is accurately modelled using a power law
function shown in Fig. S6b (R?=0.88). The fractional deviation of
unknown samples away from the power law model at the same posi-
tion in the analysis sequence is denoted in Fig. S7b by Xop:

_ 1601H 1601H 1601H 1
Xou=|\"e0 “( o 60 @
unknown model model

Xown provides a relative measure of the addition OH’ present within
the zircon crystal. There is a weak correlation (R? = 0.14-0. 16) between
the IMF corrected 80 values and Xoy (Fig. S7¢). Unknown analyses
with Xop < 0.3 show relatively consistent 80 compositions, within
uncertainty of one another, whereas samples with Xoy > 0.3 trend to
lower 60 values with increasing Xop. We therefore apply a cutoff Xoy
value of 0.3, which roughly corresponds to a 3¢ envelope of the model
for the standard analyses, to separate zircon preserving primary 80
compositions from those that have been affected by secondary pro-
cesses (Fig. S7b and c).

LA-ICP-MS Analysis

Titanite geochronology. U-Pb isotope analysis of titanite was per-
formed in situ on polished thin sections of sample 2555834. Given the
small grain size and low U contents, U-Pb isotopic data were acquired
on a Nu Plasma Il multicollector LA-ICP-MS using ion counter detectors
to allow for maximum spatial resolution and sensitivity. The analyses
were carried out at the GeoHistory Facility in the John de Laeter Centre,
Curtin University. The sample was ablated using a RESOlution 193 nm
ArF excimer laser system with a beam diameter of 16 um. Analyses were
performed at a 10 Hz laser repetition rate with a laser energy of
2.6 J.cm? as measured on the sample surface. Throughout the ablation,
the sample cell was flushed with ultrahigh-purity He (350 ml/min) and
N, (3.8 ml/min).

U-Pb data were processed in lolite*® using the built-in “Geo-
chronology4” data reduction scheme with MKED1 (1517 + 0.32 Ma)*’
as a calibration standard as its radiogenic Pb/common Pb ratio is
fixed. The titanite BLR (1047.1+ 0.4 Ma)*® was employed as a sec-
ondary reference material and treated as an unknown to verify the
procedure. For BLR, a model-1 regression through the U-Pb isotopic
data from common Pb (approximated Stacey-Kramer common Pb
model*) yielded a lower intercept date of 1048 + 3 Ma (MSWD =1.6,
n=16), identical to the recommended value. Titanite U-Pb geo-
chronology data are presented in Supplementary Data S4. All
uncertainties are reported at a 20 level. Representative BSE and
electron back-scatter diffraction image (EBSD) detailing the textural
complexity of the titanite are provided in Fig. S5a, b respectively with
several U-Pb analyses locations highlighted. A histogram showing the
grain-size distribution (measured as the maximum Feret diameter) of
individual titanite crystals is provided in Fig. S5c.

Garnet geochronology. Garnet Lu-Hf geochronology followed
methods outlined by Simpson et al.’! and Ribeiro et al.*. In situ
Lu-Hf geochronology was performed on polished thin sections at
the John de Laeter Centre GeoHistory Facility, Curtin University,
Australia. The instrumentation consisted of a RESOlution 193 nm
ArF excimer laser equipped with a Laurin Technic S155 sample
cell, coupled to an Agilent 8900 triple quadrupole ICP-MS/MS
operating with a NHi/He gas mixture in the reaction cell (20%
NH3 in premixed He). This setup follows the methodology out-
lined by Simpson et al.” or Lu and Hf isotope measurements. The
laser, gas flow, and mass spectrometer setup are summarised in
Supplementary Data 1. A Laurin Technic ‘squid’ aerosol mixing
device was used to smooth aerosol pulses between the laser and
ICP-MS. Garnet samples were ablated using a fluence of ~3.5).cm?,
repetition rate of 10 Hz and a circular laser beam of 90 um. Garnet
reference materials (GWA-1 and GWA-2)** and NIST SRM 610
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were ablated using a circular laser beam of 130 um and 33 um,
respectively. A low flow rate of N, (4 ml.min™) was added to the
carrier gas before the ICP torch to enhance sensitivity*®, passing
through inline Hg traps. To optimise sensitivity, nitrogen (4 ml/
min) was added to the carrier gas stream prior to the ICP torch,
Instrument tuning was first carried out in single quadrupole mode
(no collision gas) using NIST SRM 610 to optimize plasma con-
ditions, suppress oxide interferences, and enhance '7°Lu sensi-
tivity, with a 50 um beam. Upon switching to MS/MS mode, the
ICP-MS was tuned to maximise sensitivity for Hf reaction pro-
ducts using NHs/He. To check for potential systematic errors in
Lu/Hf from pulse/analogue (P/A) conversion in the 8900-detector
system, we performed repeated measurements of the NIST SRM
610 standard using different spot sizes and detector modes for
5Lu (33 and 64 pm), resulting in a P/A factor of -0.18.

Lu-Hf isochron ages were calculated using the inverse isochron
regression in IsoplotR™*® with “*Lu decay constant after Soderlund
et al.>. Inverse isochron ages and analytical uncertainties are stated at
the 2 o level of confidence (95 % confidence). Garnet GWA-1
(1267.0 £3.0)** was employed as reference material to account for
instrumental and matrix effects, and GWA-2 (934.7 +1.4 Ma)** was
employed as a secondary age check. GWA-1 yielded a matrix-
uncorrected inverse isochron age of 1281+24 Ma (N=34, MSWD =
1,2), indicating a positive offset of ~-1.1 % compared to the isotope
dilution Lu-Hf reference age. After applying this correction factor to
76Lu/"Hf ratios (garnet reference materials and unknowns), GWA-2
yielded a matrix corrected inverse isochron age of 944 + 24 Ma (N =31,
MSWD =1.1) in agreement with the reference age. All the garnet Lu-Hf
isotope data are provided in Supplementary Data 5. Inverse isochron
diagrams showing the results for secondary garnet reference materials
are provided in Fig. Séd, e.

Titanite Zr concentrations. Zr concentration (and several other major
and trace elements) were measured in titanite in a separate analytical
session. These measurements were made using the same laser and
instrument settings used for U-Pb isotope analysis and element beam
intensities were measured on a triple quadrupole Agilent 8900 ICP-MS.
The trace element glass standard GSD1 was used as the internal cali-
bration standard with *Ti as the standard element. Glasses BHVO,
NIST SRM 610, NIST SRM 612, and natural titanite MKED1 were run as
unknowns to check the accuracy of the data reduction procedure. The
median measured Zr concentration and standard deviations (20) for
these secondary reference materials are provide in Table S1 below. A
full table of the LA-ICP-MS trace element data are provided in Sup-
plementary Data 6.

Thermodynamic and Trace Elment Modelling

Pseudosections were calculated using thermocalc v3.50% and the
internally consistent dataset ds63 (created on 05.01.2015) of Holland
and Powell”. Pressure--temperature diagrams were constructed in
the 10-component Na,0—CaO—K,0—FeO—MgO—Al,03—SiO,—H,0—
TiO,—0, (NCKFMASHTO) model system. The activity-composition
(a-X) models used in this study are: clinoamphibole (actinolite--
glaucophane--hornblende--cummingtonite), clinopyroxene (augite)
and tonalitic melt of Green et al.’®; epidote of Holland and Powell*’;
ternary plagioclase model (C1) of Holland et al.***%; chlorite, biotite,
muscovite--paragonite, garnet, orthopyroxene of White et al.”’; spi-
nel--magnetite of White et al.®’; ilmenite of White et al.%%; albite,
quartz, rutile, titanite and H,O are pure end-member phases. Bulk
compositions were converted from weight % oxides to molar % oxi-
des by ignoring minor MnO and P,0s and assuming that 20 % of total
Feis present as Fe**. The H,0-content was chosen in order to stabilize
the fluid-present solidus over the explored pressure range. Uncer-
tainties for the assemblage field boundaries are approximately + 1
kbar and + 50°C at a 20 level®. Pressure-temperature (P-T)

pseudosections for each modelled composition are provided in
Fig. S8. Temperature-composition (T-X) and pressure-composition
(P-X) pseudosections for sample 255836 are provided in Fig. S9.
Utilizing the same thermodynamic dataset and a-X models as
outlined above, Gibbs free energy minimization software PerpleX was
used to calculate the composition and abundance of melt and solid
(residual) phases at a given pressure and temperature for sample
255836. The calculated residual stable phase assemblage (X, mass
fraction), corresponding melt proportion (F), and mineral-melt parti-
tion coefficients (Ky) appropriate for partial melting of metabasic
rocks® were used to calculate bulk partition coefficients
[Ds =Z(K4 % X)], and thereby constrain the trace element compositions
of melts produced along different geothermal gradients. For these
calculations, we used the modal batch melting equation®®:

_ G
C’"_F+(1—F)><DS @
where C, and G, are the concentration of elements in the source rock
and melt, respectively.

The Zr contents of titanites can be used as an additional inde-
pendent geothermometer®; however, the Zr-in-titanite (ZiT) tem-
perature calibration is dependent on several other variables, including
the activity of titania (ar;,), activity of silica(ag,) and pressure*. To
account for these variables, we calculate titanite Zr ppm P-T contours
for the thermodynamic model of sample 255834 using the approach of
Yakymchuk et al.®“%, Quartz is predicted to be present across the
entire modelled P-T range therefore ag, is taken to be 1.0. ar;o, at
each P-T point is related to the chemical potential of titania via the
expression:

PT _

Rrio, = W0, *RT - In(azyo,) 3
where /,J’T"igz is the chemical potential of rutile at a given P-T point, y(}ioz
is standard state chemical potential of reference (i.e. rutile), R is the
universal gas constant and T is temperature in Kelvin. As p’;;.gz and y‘}ioz
may be calculated using thermocalc, one can solve for ar,,, at a given

P-T point within the model domain via the expression:

_ (0,200, ) 7 4
aTiOZ =e 0y 2 ( )

The Zr concentration at each P-T point is then calculated by
substituting the relevant values for ag,, arip,, P and T into the
equation from Hayden et al.**. Titanite Zr concentration contours for
sample 255834 calculated via this approach are shown as dashed white
lines in Fig. S8b.

EPMA Analysis

Mineral compositions were determined using a JEOL JXA-8530FPlus
Hyper-Probe electron probe microanalyzer (EMPA) equipped with an
energy-dispersive (ED) and five wavelength-dispersive (WD) spectro-
meters housed at the Institute of Earth Sciences, NAWI Graz Geo-
center, University of Graz, Austria. Measurement conditions were 15 kV
accelerating voltage, 10 nA beam current, and a beam diameter of
1-5 um depending on the analysed mineral. Calibration was carried out
using a range of synthetic and natural mineral reference materials.
Mineral compositions measured using EPMA are provided in Supple-
mentary Data 7. The calculation of structural formulae from measured
weight percent oxide was carried out using the MATLAB programme
MinPlot®’.

Diffusion Modelling
Apparent Zirconium in titanite temperatures are a function of cooling
rate, initial temperature and grain radius, and were calculated using
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ZirTiDiS (Zirconium in Titanite Diffusion Software)” executed in
MATLARB. ZirTiDiS solves the diffusion equation for a spherical geo-
metry using an implicit finite difference scheme and experimentally-
determined diffusion parameters for Zr in titanite’’. The initial Zr
concentration is calculated for specified starting temperature, pres-
sure and activities of TiO, and SiO, using the equation of ref. 24. and
allocated to the entire grain. Cooling rates are kept constant for indi-
vidual runs. During cooling, the boundary condition for equilibrium Zr
concentration at the grain rim is calculated at each time step using the
Hayden equation. The resulting concentration gradients drive Zr dif-
fusion from grain core to rim, resulting in variable effective Zr con-
centrations for each cooling history. The final Zr concentration
remaining at the grain core is then converted to apparent ZiT tem-
perature with the Hayden equation. The diagrams in Fig. 3b are cal-
culated for cooling from variable initial temperatures (coloured lines)
to 600°C at a constant pressure of 8.5 kbar and fixed activities
(aTiO, = 0.8, aSi0, =1). It is pointed out that since these values are kept
constant during each run, the choice of pressure and activities does
not affect the recorded apparent Zr-in-titanite temperature. See
Schorn and Moulas® for details.

Data availability

All data supporting the findings of this study are presented in the
manuscript and Supplementary Information and Data. These data are
available at https://doi.org/10.6084/m9.figshare.28748390.
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