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1. Introduction

The earliest magmatic record is scarce, and the hunt for
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~3.5-2.8 Ga granitoids from the Pilbara Craton in Western Australia are one of the most ancient and best-preserved records of
early processes of continental crust generation. A number of recent studies have focused on the nature of the mantle source
from which Pilbara granitoids derived, yet no consensus has been reached on whether the mantle was chondritic or depleted in
the Eo/Palaeoarchaean. Here we present integrated whole-rock (major and trace elements) and zircon (U-Pb and Lu-Hf
isotopes) data for 10 granitoids sampled across the Mount Edgar Dome, which recorded four main magmatic events between
3.47 and 3.23 Ga. Whole-rock major and trace element analyses suggest that the samples belong to two distinct petrogenetic
groups. The first group is akin to the tonalite-trondhjemite-granodiorite (TTG) suite, representing highly fractionated magmas
initially formed by partial melting of a basaltic crust. The second group, here classified as granites, is best interpreted by the
remelting of a basaltic crust and the addition of more evolved material, and it is striking that TTG-like and granitic magmas
occurred coevally in time and space. Overall, both groups were formed through intense intracrustal differentiation processes
that lead to the loss of significant geochemical information about their original sources. High-precision Lu-Hf analyses in
zircon allow to obtain such information and to trace back the isotopic composition of the Palaeoarchaean mantle. A clear
change from superchondritic to subchondritic Hf isotope compositions is observed between 3.47 and 3.23 Ga. The
superchondritic Hf isotope composition of the 3.47 Ga old granitoids substantiates derivation from a depleted mantle source
that separated from the chondritic mantle prior to 3.8 Ga. The presence of ca. 3.5 Ga old inherited zircons in younger magmas
suggests that crustal remelting processes were involved in their generation. We propose that all granitoids investigated in this
study had their crustal sources originated from a single mantle-crust differentiation event that occurred at 3.50 Ga. This event
resulted in the differentiation, from the same original mantle, of two distinct crustal reservoirs, i.e., a mafic reservoir with a
'76Lu/"77Hf ratio of 0.023, and a reservoir of intermediate/felsic composition (°Lu/!””Hf = 0.013). 3.32-3.31 Ga-old granitoids
were produced by remelting of the mafic reservoir, whereas 3.43 and 3.23 Ga granitoids derived from the intermediate/felsic
reservoir. Overall, our data suggest that protracted intracrustal remelting processes and differentiation have played a key role in
the formation, evolution, and maturation of the building blocks of continents during the Palaeoarchaean.

of the first continents and were involved in lithosphere cra-
tonisation (e.g., [6, 7]). The early evolved (i.e., SiO,-rich)
crust was essentially made of tonalite-trondhjemite-

rocks and minerals that preserve primary geochemical signa-
tures after multiple episodes of crust generation and differ-
entiation provides key information on the first stages of
Earth’s evolution (e.g., [1-5]). Amongst ancient rocks that
are still preserved on Earth’s surface, Archaean granitoids
are of major interest because they record the development

granodiorite (TTG) rocks, ie., silica-sodium-rich magmas
with high Sr/Y and La/YDb ratios [8, 9]. It is widely assumed
that TTGs derived from a mafic precursor and, as such, are
the building blocks of the continental crust and a link to
the earliest mantle-crust differentiation processes [10-13].
It is however unclear how the remnants of ancient
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continents exposed in cratons worldwide were formed, and
which tectonic settings were associated with the production
of large volumes of new continental crust [14-20].

The existence of an early evolved crust implies the pres-
ence of a complementary depleted reservoir within the man-
tle, and there is an ongoing debate over the size and the rate
of depletion of the depleted mantle (DM). Some authors
have suggested that the mantle suffered a progressive deple-
tion in incompatible elements due to crustal extraction from
the Hadean (i.e., >4 Ga) [20-23], while others have proposed
that early continental crust was essentially formed from a
mantle with a broadly chondritic composition, and that
mantle depletion started to be significant only from the
Mesoarchaean [5, 14, 24-27].

The East Pilbara Terrane (EPT) of the Pilbara Craton in
Western Australia constitutes an exceptionally well-
preserved segment ancient continental crust, which has long
remained at the centre of debates on the nature of the early
crust and mantle. The EPT contains several plutonic bodies
that range in age from 3.59 to 2.8 Ga [28-32] and which
have classically been interpreted to derive from an ancient
protocrust (>3.8Ga) that was repeatedly reworked with
limited input of juvenile mantle material [31, 33-35]. In
contrast, recent lines of evidences have suggested that
progressive juvenile additions have played a key role in the
formation and evolution of the EPT crust [26, 27, 32].

In order to better constrain the nature of the mantle res-
ervoir from which Archaean granitoids derived, this study
focuses on the evolution one dome of the EPT, i.e., the
Mount Edgar Granitic Complex (MEGC). The MEGC offers
one of the most complete records of Palaeoarchaean mag-
matic events in the EPT. We present new U-Pb and Lu-Hf iso-
tope analyses in zircon, in combination with whole-rock
geochemistry, for 10 samples from four Supersuites sampled
across the MEGC (Callina, Tambina, Emu Pool, and Cleland)
and with crystallisation ages ranging 3.47-3.23 Ga. We show
that TTG-like and granitic melts occurred coevally in time
and space, and that the geochemical change towards TTG
and more evolved granitic composition was achieved by intra-
crustal differentiation processes. We propose a simple evolu-
tion model in which a major crust generation event from a
depleted mantle source occurred at around 3.50 Ga, most
likely in a vertical tectonics regime, and which generated
two crustal reservoirs that evolved independently from each
other from their extraction until at least 3.23 Ga.

2. Geological Setting

The East Pilbara Terrane (EPT) is part of the Pilbara Craton
in Western Australia. It is exposed for more than
40,000km? and it represents a classical example of an
Archaean granite-greenstone belt [36], with large granitic
domes flanked by supracrustal greenstone belts and together
forming a dome-and-keel architecture [37] (Figure 1).

The granitic domes of the EPT were formed by mag-
matic pulses over several hundred million years. Major mag-
matic events occurred between c. 3.53 Ga and 3.22 Ga [11],
with five distinct pulses associated with the following
“Supersuites”: Mulgundoona (3.53-3.49 Ga) [26, 32, 35],
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Callina (3.48-3.46 Ga), Tambina (3.45-3.42 Ga), Emu Pool
(3.32-3.28 Ga), Cleland (3.27-3.22Ga) [28, 39], and Split
Rock (2.85-2.83 Ga) [31]. The greenstone belts are composed
of intercalated ultramafic, mafic, and minor felsic lithologies,
which are Palaeoarchaean in age and contemporaneous to
granitic intrusions in the EPT [11, 31, 40, 41]. The oldest
group of greenstone belts, Warrawoona (3.53-3.42 Ga), is
dominated by ultramafic-mafic lithologies. The younger
Kelly and Sulphur Springs groups (3.35-3.31 Ga and 3.29-
3.23 Ga, respectively) are formed by ultramafic-mafic-felsic
lithologies in which the proportion of felsic material
increases with time [31, 38].

The Palaeoarchaean to Mesoarchaean tectonic evolution
of the EPT is marked by various episodes of major vertical
uplift and deformation events, which have been related to
diapiric doming and to the subsidence of the greenstone
basins [11, 12, 37, 42, 43]. Doming events occurred between
3.49 to 3.29 Ga and coincide with periods of granitic intru-
sions [11, 40, 43, 44]. The last Archaean tectonic events
recorded in the EPT reflect crustal extension, rifting, and
break-up at c. 3.22Ga. These events were subsequently
followed by Mesoarchaean crustal evolution processes asso-
ciated to horizontal tectonics [36, 40, 45].

This study focuses on the Mount Edgar Dome (MED)
within the EPT. The MED is located at the core of the EPT
and shows a circular exposure of approximatively 50 km in
diameter. It comprises granitic rocks belonging to the Cal-
lina, Tambina, Emu Pool, Cleland, and Split Rock Super-
suites, together forming the Mount Edgar Granitic
Complex (MEGC). The 3.48-3.46 Ga Callina Supersuite is
composed dominantly of granodiorites, with less abundant
biotite-tonalites and trondhjemites. Rocks from the 3.45-
3.42 Ga Tambina Supersuite are predominantly sodic, with
abundant tonalites and granodiorites. Previous studies inter-
preted the TTG magmas of these two Supersuites to derive
either from intracrustal melting of an enriched basaltic crust
[46] or of an older felsic crust [47]. The Emu Pool Supersuite
comprises widespread and voluminous intrusions of monzo-
granite and granodiorite dated between 3.32 and 3.28 Ga.
The full compositional range of this Supersuite extends from
trondhjemite to syenogranite. Several distinct compositional
plutons have been identified in the Corunna Downs, Mount
Edgar, Muccan, Warrawagine, and Yilgalong Domes, and
the intrusions are only moderately to weakly foliated. The
granitic rocks from this Supersuite derived from the partial
melting of either a juvenile mafic source [26, 27] or an older
granitic crust [46, 48-50]. Granitic rocks from the Cleland
Supersuite intruded most domes of the EPT between 3.27
and 3.22 Ga. They are dominantly monzogranitic in compo-
sition, with granodiorites and syenogranites locally present,
and they are believed to derive from the melting of an older
granitic crust [30, 46, 49]. After a 37 million years hiatus in
the magmatic record, the Split Rock Supersuite, which con-
tains highly fractionated, post-tectonic monzogranite to sye-
nogranite plutons, was emplaced between 2.85 and 2.83 Ga
[30]. The outer margin of the MEGC is surrounded by the
3.53-2.95Ga Marble Bar greenstone belt. To the East, the
contacts with the MED are concealed by the 2.78-2.63 Ga
Fortescue Basin.
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F1GURE 1: Geological map of the East Pilbara Terrane in Western Australia, simplified after [38]. Red rectangle highlights the studied area

(see Figure 2).

3. Samples and Analytical Techniques

Nondeformed to weakly foliated granitoids were collected
across the MED during a fieldtrip in 2017. Ten samples were
selected for this study: two samples from the 3.48-3.46 Ga
Callina Supersuite (WA17-35 and WA17-31), one sample
from the 3.45-3.42 Ga Tambina Supersuite (WA17-37), 6
samples from the 3.33-3.32Ga Emu Pool Supersuite
(WA17-30, WA17-32, WAL17-36, WA17-33, WA17-34, and
WA17-27), and one sample from the 3.27-3.22 Ga Cleland
Supersuite (WA17-28). The location of the samples is shown
in Figure 2, a summary of their petrography is given in
Table 1, and detailed petrographic descriptions are available
in Supplementary File 4.

Major and trace element analyses of whole-rock powders
were performed at the SRAM (Service d’Analyse des Roches
et Minéraux, Nancy, France) following the procedure
described in Carignan et al. [51]. Rock preparation and min-
eral separation were done at the Montpellier University. For
mineral separation, about 1kg of each sample was crushed
using a jaw crusher and a disc mill and subsequently sieved
to keep the 50-300 ym size fraction. Zircons were then con-
centrated using magnetic separator and heavy liquids. About
20 grains were hand-picked for each sample, set in 1-inch
epoxy mounts and polished to expose internal structures.
Zircon images were acquired at Montpellier University,
using a FEI Quanta 200 FEG Scanning Electron Microscope
(SEM) equipped with cathodoluminescence (CL) and back-
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FiGure 2: Simplified geological map of the Mount Edgar Dome (East Pilbara Terrane, Western Australia), modified after Gardiner et al.

[33]. Yellow dots indicate sample locations.

scattered electron (BSE) detectors and are provided in
Supplementary File 4.

U-Pb and Hf isotope analyses in zircon were performed
by LA-MC-ICP-MS at the MILESTONE Laboratory (RéGEF
ISOTOP-MTP, Geosciences Montpellier) using a Thermo
Scientific Neptune XT multicollector inductively coupled
plasma mass spectrometer (MC-ICP-MS) equipped with
an optional multiple ion counters (MIC) package for U-Pb
analysis. The MC-ICP-MS was coupled with a Teledyne
Cetac Analyte Excite+ Excimer laser (193nm) equipped
with an optional X-Y Theta dynamic aperture allowing
rectangular-shaped beams of any aspect ratio and orienta-
tion to be generated.

For U-Pb data acquisition, a low mass resolution mode
was used to measure *“’Hg, ***(Pb+Hg), *°°Pb, *”/Pb,
*Th, and **®U. Ton counters were used to measure m/z
207, 202, and 204, whereas Faraday cups were used to mea-
sure m/z 206, 232, and 238. Analyses were carried out using
15s background measurements and a 25 analysis with 400
cycles of 0.062 s each. Laser ablation was performed using a
12 x 12 ym beam, a repetition rate of 4Hz and an energy
density of 4J/cm®. The data were reduced offline using the
U-Pb geochronology data reduction scheme of the Iolite
software [52-54]. A standard bracketing correction was per-
formed, using the 91500 reference material (1065.4 + 0.6 Ma
[55]) as a primary standard. The data reduction included
correction for the gas blank, laser-induced elemental fractio-

nation of Pb and U, and instrumental mass bias. Corrections
were interpolated using a linear spline function. Within-run
20*Pb was small (ca. <200cps) compared to the m/z 204
background measurements (ca. 10-20kcps), and no com-
mon Pb correction was applied. U-Pb ages were calculated
using Isoplot R [56]. Secondary reference materials BB9
(562 +9Ma; [57]), Plesovice (337.13 +0.37 Ma; [58]), and
Kaap Valley (3229 + 5Ma; [59]) were analysed to monitor
the accuracy of the data. The ages obtained with our
approach are (within error) identical to the reference values,
with BB9 =563.6 + 2.0 Ma, Plesovice=337.6+1.3Ma, and
Kaap Valley = 3225.2 + 5.2 Ma. All errors are given at the
20 level. The crystallisation ages of the samples were deter-
mined from the “least disturbed” analyses, i.e., for zircons
with a high degree of concordance (relative difference
between **’Pb/**°Pb and **°Pb/***U ages between 95% and
105%) and for which a thorough inspection of within-run
raw intensities suggests the absence of composite age
domains or microinclusions not identified in SEM images
(Supplementary File 4). The best estimate for the crystallisa-
tion age of each sample is given by the weighted mean aver-
age of *’Pb/**°Pb ages.

Zircon Lu-Hf analyses were carried out using a 25 x 25
pm or 30 x 30 um beam, a laser frequency of 5Hz and an
energy density of 6J/cm® Analyses were done on top of
the U-Pb ablation pits. A typical analysis was 90s, including
a 30 s background measurement and a 60 s ablation period of
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TaBLE 1: A summary of key features for the Mount Edgar Dome granitoids selected for this study.

Sample No. QAPF classification Mineralogy WGS84-south  'WGS84-east Grain size Deformation

Callina Supersuite

WA17-31 Granodiorite Qz, Plg, OZPM};;C& Zem, T, 199319382 120°11'27.78" Medium Nonfoliated

WA17-35 Monzogranite 2 Plff&ﬁ;““;f%’,f 2, 51°10'04.23"  119°45'46.04 Medium Nonfoliated

Tambina Supersuite

WA17-37 Tonalite Qz, Plg, Ozfigfsgghl’ 25 APy 51018'06.11"  119°53'48.94" Fine Nonfoliated

Emu Pool Supersuite

WA17-30 Tonalite Qz, Plg;\}?rﬁ;:ggl’ OZ)IH’ T, 1900'19.25"  120°11'54.35" Coarse Nonfoliated

WAI17-32 Tonalite @ Pl (X;BE;C?)I}’( Zm T, 511610320 120'13'13.24" Coarse Nonfoliated

WA17-34 Tonalite Q %i’ i;’ %&ffg;cgl}’(zm’ 21°11'42.86"  120°05'03.63" Medium to coarse  Nonfoliated

WA17-36  Granodiorite 3% lgASrﬁ:;g;l’ I T 9113809 119'53/0498"  Medium Nonfoliated

WA17-27 Monzogranite Qz, PlipOgrlztEII\)/[s;f}él),XZr, T 21°08'38.77"  119°54'19.89”  Fine to medium  Nonfoliated

WA17-33 Granodiorite Q, Plgk(;rk]i[:g;l,ozxrn, Ttn, 21°12'48.22" 120°15'37.87" Medium to coarse  Nonfoliated

Cleland Supersuite

WA17-28 Monzogranite 2% T18 O BUMS+ChL Zm, ) e 1107 59n 119058728 76" Medium Weakly foliated

Ttn, Ap, All+Ep, Ox

60 cycles of 1s each. 10 to 60 cycles were integrated for each
measurement, depending on the stability of measured raw
intensities. Correction for the interferences and mass bias
was carried out using an in-house Excel spreadsheet. The
correction for the isobaric interference of Yb and Lu on
'7®Hf was made following a method initially set up at the
Bristol Isotope Group (University of Bristol) and detailed
in [60]. For Yb, the interference-free '”'Yb was corrected
for mass bias effects using an exponential law and '*Yb/
171yh = 1.132685 [61]. The mass bias-corrected '7'Yb was
monitored during the run and the magnitude of the
"7°Yb interference on '"°Hf was calculated using 7°Yb/
171yb = 0.901864 [61]. For Lu, the interference-free '"°Lu
was corrected for mass bias effects assuming fLu = fYb and
using an exponential law. The mass bias-corrected '"°Lu was
monitored during the run, and the magnitude of the '"°Lu
interference on '/°Hf was calculated using 7°Lu/!”®
Lu=0.02655 [62]. Interference-corrected '"SHf/'”"Hf was
corrected for mass bias using an exponential law and Hf/
77Hf = 0.7325 [63] and were finally normalised to JMC —
475 =0.282160. The accuracy and long-term reproducibility
of the measurements were gauged by performing repeated
analyses of three zircon reference standards: Mud Tank
(Y7SHf/Y7Hf = 0.282502 + 28, n=48 at 25X 25um beam;
0.282502+18, n=18 at 30x30um beam), Plesovice
(Y7SHf/Y7Hf = 0.282480 + 21, n=45 at 25X 25um beam;
0.282477 + 17, n=15 at 30 x 30 um beam), and Temora-2
(0.282688 +36, n=12 at 25x25um beam; 0.282693 +2
n=6 at 30 x 30 yum beam). Our data are in agreement with

the accepted Y76Hf/'77Hf ratios for Mud Tank (0.282504 + 44;
[64]), Plesovice (0.282482 +13; [58]), and Temora-2
(0.282680 + 31; [65]). All errors are given at 2 s.d. level.
'7°Hf/"”"Hf initial ratios were calculated using the '”°Lu decay
constant quoted in [66]. Only analyses with a precision
better than 150 ppm (2 s.d.) were considered for this study.
eHf ;) values were calculated using '7°Lu/"""Hf =0.0336

and 7°Hf/77Hf = 0.282785 for the CHUR [67].

4. Results

4.1. U-Pb Geochronology. 308 U-Pb analyses of zircons from
10 samples associated to four Supersuites across the Mount
Edgar Dome (Figure 2, yellow dots) are reported in Supplemen-
tary Table 2. Wetherill Concordia diagrams and **’Pb/**°Pb
weighted mean ages for concordant to subconcordant zircons
(ie., analyses with 95 to 105% concordance) are shown in
Figure 3. As a key information in this figure, upper
intercept ages in Wetherill diagrams (Figure 3 (left panels))
and *”Pb/**°Pb weighted mean ages (Figure 3 (right
panels)) are identical within errors. Wetherill Concordia
diagrams for the entire U-Pb data set that includes highly
discordant analyses are provided in Supplementary File 4.
Zircons from the Callina Supersuite provide few concor-
dant to subconcordant U-Pb ages (10 out of 54 analyses).
The **’Pb/**°Pb weighted mean ages for the most concor-
dant data are 3465+ 22Ma and 3468 + 13 Ma for samples
WA17-31 and WA17-35, respectively (Figure 3(a)).
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FIGURE 3: Summary of sub-concordant to concordant U-Pb analyses (by LA-MC-ICP-MS) of zircons from the Mount Edgar Dome. (a)
Tambina and Callina Supersuites, (b) Emu Pool and Cleland Supersuites and (c) Emu Pool Supersuite. A laser ablation beam of only 12
x 12 ym allowed to obtain a high spatial resolution without compromising the precision and the accuracy of the data. For each sample,
upper intercept ages (Wetherill Concordia diagrams on the left panel) and weighted mean **’Pb/***Pb ages (right panel) are identical
within error. All errors are given at the 20 level. Red empty ellipses are for inherited cores analyses.

The Tambina Supersuite zircons (sample WA17-37)
generate a reasonable number of concordant to subconcor-
dant U-Pb ages (12 out of 25 analyses), with a **’Pb/**°Pb
weighted mean age of 3433 + 13 Ma (Figure 3(a)).

Zircons from the Emu Pool Supersuite provide a fair
number of concordant to subconcordant U-Pb ages (103
out of 240 analyses), with **’Pb/**°Pb weighted mean
ages of 3309+ 13Ma (sample WA17-36), 3310+9Ma

(WA17-30), 3316+10Ma (WA17-34), 3319+20Ma
(WA17-33), 3315+10Ma (WA17-27), and 3319+9Ma
(WA17-32). Sample WA17-30 has one zircon that shows
an inherited core surrounded by a magmatic rim struc-
ture. One core analysis is concordant at 3469 + 11 Ma,
and two analyses performed on the rim gave younger concor-
dant ages of 3304 +9Ma and 3315+ 15Ma (Figures 3(b)
and 3(c)).
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The Cleland Supersuite zircons (WA17-28) generate a
small number of concordant to subconcordant U-Pb ages
(5 out of 26 analyses), with a **’Pb/**°Pb weighted mean
age of 3231 + 10 Ma. Two grains with a well-defined core-
and-rim structure could be identified and dated. One grain
has a discordant core (analysis WA17-28-7cl, see Supple-
mentary Table 2) for which the minimum crystallisation
age is given by its **’Pb/**°Pb age of 3480+ 11 Ma and a
concordant rim (WA17-28-7r1) with a 2°’Pb/?°°Pb age of
3257+ 10Ma. Another grain has an inherited core on
which two analyses could be performed: one concordant
analysis with a **’Pb/*°°Pb age of 3469 + 10Ma (WA17-
28-10c2) and one discordant analysis with a **’Pb/**°Pb
age of 3455+7Ma (WAI17-28-10cl). The rim analysis
for this grain (WA17-28-10rl1) is discordant, with a
97pb/*°°Pb age of 3119+ 11 Ma (Figure 3(b)).

Overall, the ages obtained here are in good agreement
with the data published for the Callina, Tambina, Emu Pool,
and Cleland Supersuites [28, 33, 34, 41, 68].

4.2. Major and Trace Elements. The major and trace element
data for the Mount Edgar Dome granitoids are presented in
Supplementary Table 1. The samples from the Callina and
Tambina Supersuites show a narrow range of SiO, contents
(73.0-76.5wt%) and relatively low AL,O, (12.8-14.0 wt%).
They have high Na,O (4.18-5.24 wt%), variable K,O (1.70-
3.80wt%), low K,0/Na,O ratios (0.32-0.78), and variable
Mg# (13-34 (Mg# =100 x mol MgO/[MgO + FeQ,])). They
classify as metaluminous to slightly peraluminous with
A/CNK ratios between 0.98 and 1.02.

Samples from the Emu Pool Supersuite are characterised by
more scattered SiO, contents (66.9-75.2 wt%). They have vari-
able concentrations of AlLO; (13.5-16.0wt%), MgO (0.15-
1.31 wt%), CaO (0.90-3.46 wt%), and FeO, (1.05-4.05 wt%) that
correlate negatively with the SiO, content. The K,O and Na,O
contents show limited variations (1.70-2.76wt% and 4.54-
5.25wt%, respectively), and K,0/Na,O ratios are low (0.26-
0.61), except for one sample that has higher K,O (4.54 wt%),
lower Na,O (3.84wt%), and a K,0/Na,O ratio of 1.18. All
samples classify as metaluminous to slightly peraluminous with
a A/CNK ratio between 0.97 and 1.04, and their Mg# shows a
wide range of variation between 18 and 40.

The sample from the Cleland Supersuite has a high SiO,
content (72.2wt%), although other major elements fall
within the range of values of the Emu Pool Supersuite: Na,
0=3.96wt%, AL,O;=14.2wt%, MgO =0.45wt%, CaO =
1.92 wt%, FeO, = 14.2 wt%, and K, O = 3.77 wt%. It classifies
as slightly peraluminous and has a Mg# of 29.

In the normative Ab-An-Or diagram, the Mount Edgar
Dome granitoids plot in the tonalite, trondhjemite, and
granite fields (Figure 4(a)). In the classification diagram of
Laurent et al. [69] for Archaean granitoids, they plot in the
“TTG” and “biotite and two-mica granites” fields
(Figure 4(b)). The SiO, content ranges from 66 to 75 wt%
(with samples that can be classified as TTGs having lower
SiO,), and a negative correlation with the Mg# is observed
(Figure 4(c)). Samples that plot in the granite fields in
Figures 4(a) and 4(b) have higher K,O and lower Na,O,
CaO, Fe,0;, and ALO, contents than samples that plot in

the TTG fields (Supplementary File 3). The samples classi-
fied as TTGs also have low K,0/Na,O (<0.5), and samples
from both TTG and granite groups straddle between the
metaluminous and peraluminous fields in Figure 4(d).
Finally, samples with a higher aluminjum saturation index
are more enriched in SiO, irrespective of the classification
group (Figures 4(c) and 4(d)).

The trace element data reveal low concentrations in
compatible elements, especially for Cr and Ni (<20 ppm)
and V (<40ppm). For incompatible elements, Ba and Sr
are below 600 and 1000 ppm, respectively. The sample from
the Cleland Supersuite (WA17-28) has a much higher Sr
content (~1300ppm), which appears to be an exception.
All samples show a broad negative slope in a primitive
mantle-normalised trace element diagram, and the granite
group has a distinct negative Sr anomaly that is absent in
the TTG group (Supplementary Figure 2). One sample
from the Emu Pool Supersuite (WA17-27) is remarkably
enriched in Rb (430 ppm), Th (33 ppm), and U (12 ppm).
It has high HREE contents and a negative Eu anomaly,
and the presence of muscovite and aluminosilicates in its
paragenesis makes it similar to crustal melts such as
Himalayan leucogranites [70].

The initial division into two groups, i.e., granites and
TTGs, is substantiated by trace element analyses. Samples
belonging to the granite group show more fractionated trace
element patterns with flat HREE, negative Nb, Ta, Sr, Zn,
and Eu anomalies, and enriched trace elements contents
(Figure 4(f) and Supplementary File 3). The sample from
the Cleland Supersuite (WA17-28) has an intermediate
composition between the granite and TTG groups. It has a
steep HREE pattern with a high (La/Yb)y ratio commonly
observed in TTGs, but it also has a pronounced negative
Eu anomaly and a high K,0/Na,O ratio (>0.9), which is a
typical common feature of granites. It is therefore included
in the granite group here. Overall, the granite group defined
in this study differs from the high-HREE TTG group of
Halla et al. [71], because it presents a 10-times HREE enrich-
ment compared to the chondrites and has a strong negative
Eu anomaly, which are not common features in high-HREE
TTGs.

The samples belonging to the TTG field are less enriched
in trace elements, and they show no Eu and Sr anomalies
and have slightly positive Hf anomalies (Figure 4(f) and
Supplementary File 3). They show higher (La/Yb)y
and Sr/Y ratios than the granite group (Figure 4(e)), they
have enriched LREE relative to HREE and display steep
HREEs in chondrite normalised REE patterns (Figure 4(f)).

4.3. Lu-Hf Isotopes. The initial '"°Hf/'””Hf ratios of zircons
from the Mount Edgar Dome are plotted against >*’Pb/***Pb
ages in Figure 5, and the full Lu-Hf dataset is reported in
Supplementary Table 2. When zircons with both concordant
and discordant U-Pb ages are considered, they define
subhorizontal trends that are typical of lead losses (Figure 5).

To overcome Pb loss issues when interpreting data, ini-
tial '7°Hf/'”7Hf ratios were calculated using the best estimate
for the crystallisation age of each sample, which is given by
the *’Pb/**°Pb weighted mean ages calculated in Figure 3.
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A summary of the mean **’Pb/**°Pb ages and the Lu-Hf iso-
tope composition of the 10 samples selected for this study is
given in Table 2.

Lithosphere

FIGURE 4: Classification diagrams for the Mount Edgar Dome granitoids based on (a) their normative Albite (Ab)-Anorthite
(An)-Orthoclase (Or) composition (after Barker [72]), (b) the classification of Laurent et al. [69] for Archaean granitoids, (c) a plot of
SiO, vs. Mg#, (d) a plot of K,0/Na,O vs A/CNK, (e) plots of La/Yby vs. Yby and Sr/Y vs. Y, and (f) chondrite normalised REE patterns.
Grey data points in (b-e) and grey field in (f) are literature data of [73] for granitoids from the East Pilbara Terrane.

The two samples from the Callina Supersuite have super-
chondritic mean SHf(t) of +1.7+0.7 (WA17-31) and +1.5

+0.5 (WA17-35) (2 s.e.). The sample from the Tambina
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FIGURE 5: Initial Hf isotope composition as a function of the *’Pb/?**Pb age of zircons from the Mount Edgar Dome. Blue and orange
symbols are for the TTG group and the granite group, respectively (see Figure 4). Diamonds: Callina Supersuite; circles: Tambina

Supersuite; squares: Emu Pool Supersuite; triangles: Cleland Supersuite.

Supersuite (WA17-37) shows a mean ¢Hf ;) that is chon-
dritic within error (+0.5+0.7). The six samples from the
Emu Pool Supersuite define a limited range of eHf ;) varia-
tion, from +0.1+0.5 to +0.8 +0.4 (WA17-33: +0.1 +0.5,
WA17-32: +0.3+0.3, WA17-30: +0.4+0.3, WA17-36: +
0.4+0.4, WA17-34: +0.7 + 0.4, and WA17-37: +0.8 +0.4).
In this Supersuite, one zircon with an inherited core dated
at 3467 +7Ma has a slightly superchondritic eHf, of
+1.0£0.9 (Supplementary Table 2). The Sample from
the Cleland Supersuite displays a subchondritic mean eHf )

of -1.9+0.6 (Table 2), and one zircon with a slightly
discordant inherited core dated at 3480+ 11Ma has a
superchondritic eHf ;) of +1.6 £ 1.2.

5. Discussion

5.1. Petrogenesis of Ancient Granitic Rocks. The U-Pb data
suggest that there is no clear temporal correlation between
samples classified as TTGs and granites, and both magma
types were formed coevally in at least two different periods,
~3.47 and ~3.32-3.31 Ga. The potential magmatic sources
for the Mount Edgar Dome granitoids can be inferred from
the ternary plot in Figure 6. It suggests that the TTG group
may originate from a low-K mafic source, while the granite
group plots between a low-K mafic source and a more differ-
entiated tonalitic source.

At the source, given the stability of restite/peritectic min-
erals, magmas become depleted in elements preferentially
retained in the restite. The HREE depletion of evolved
TTG may indicate the presence of garnet as a residual phase

and the absence of Eu anomaly suggests that plagioclase was
not present, and thus that depths of magma generation may
have occurred beyond 12kbar [8]. Although the (La/Yb)y
and Sr/Y ratios have been widely used to infer depths of
magma extraction, they could also be modified by amphibole
fractionation and plagioclase accumulation of the same
parental magma extracted at depth [74]. Thus, garnet as
a residual phase may not be necessary to explain the geo-
chemical signature observed, and magmatic evolution of
the TTG group could have occurred at relatively shallower
levels [74]. In contrast, the granite group originated at
shallow levels due to pronounced Eu and Sr negative
anomalies and higher enrichment in HREE compared to
the TTG group.

Once ascending within the crust, magmas progressively
become more differentiated due to fractional crystallisation
(e.g., [75]). Nonetheless, a direct extraction from a mantle
source followed by intense fractional crystallisation is
unlikely to have produced large volumes of evolved magmas,
because it would require a low degree of partial melting in
the Archaean, when geothermal conditions were higher
[76]. A two-stage formation that involves extraction of a
basaltic source from the mantle and further remelting is
more compatible with both experimental models and the
thermal conditions in the early Earth [76]. Moreover, both
TTG and granite groups in the MED show evidence for
intense crustal reworking, such as very high SiO, contents,
low Mg#, and low contents in compatible elements (e.g.,
Ni, Cr, and V). The geochemistry of the studied rocks sug-
gests that the granitoid magmas did not interact or were in
equilibrium with mantle material directly (e.g., [77]); instead
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TaBLE 2: Summary of the mean crystallisation age and the Lu-Hf isotope composition of zircons from Mount Edgar Dome granitoids.

Sample No.  Rock type 207P]Z;ZGZSISKOH 20 °Lu/'HE  eHf 1 2se VeHf/'7HE  VCHEVHE, 2 se. g?;?}:;;soei
Tonalites and Thronjemites
Callina Supersuite
WA17-31 Trondhjemite 3465 22 0.0017 1.7 0.7 0.280713 0.280588 0.000019 10
Emu Pool Supersuite
WA17-30 Tonalite 3310 0.00084 0.4 0.3 0.280704 0.280654 0.000009 24
WA17-32 Tonalite 3319 9 0.00057 0.3 0.3 0.280681 0.280644 0.000009 21
WA17-34 Trondhjemite 3316 10 0.00072 0.7 0.4 0.280706 0.280659 0.000010 19
WA17-36 Trondhjemite 3309 17 0.00137 0.4 0.4 0.280742 0.280656 0.000012 18
Granites
Callina Supersuite
WA17-35 Granite 3468 13 0.00258 1.5 0.5 0.280745 0.280581 0.000014 5
Tambina Supersuite
WA17-37 Granite 3433 13 0.00183 0.5 0.7 0.280694 0.280574 0.000020 7
Emu Pool Supersuite
WA17-27 Granite 3315 10 0.00093 0.8 0.4 0.280719 0.280663 0.000012 11
WA17-33 Granite 3320 20 0.0011 0.1 0.5 0.280703 0.280640 0.000015 11
Cleland Supersuite
WA17-28 Granite 3231 10 0.00096 -1.9 0.6 0.280689 0.280642 0.000017 9

they would be the product of intracrustal reworking at dif-
ferent levels of the crust with different stages of differentia-
tion and fractional crystallisation (e.g., [78]).

The generation of TTG magmas is inferred to have
occurred via partial melting of altered basalt followed by
fractional crystallisation, whereas granites were generated
from a different process. Samples from the granite group
show relatively more evolved geochemical signatures, which
include a pronounced negative Eu anomaly, an enrichment
in the most incompatible elements, higher SiO, and lower
Mg#, and yet further enrichment in K,O and LILE. Experi-
mental models have demonstrated that an extra component
is needed to explain the enrichment in LILE and K, O, which
can derive from the alteration of a basaltic source or from an
enrichment in continental crust-derived components [46].
Although samples from the granite group may have been
formed close to the granitic minimum, i.e., without frac-
tional crystallisation [79], their generation might have
involved, at least to a small extent, mixing between a product
of remelting of older TTG rocks and a primary TTG melt
from a basaltic source (e.g., [80]). Therefore, we posit that
this group results from a more complex petrogenesis than
fractional crystallisation or partial melting of a TTG end-
member alone (e.g., [77]). One hypothesis is that mafic
source(s), similar to those from which TTG magmas
derived, have melted and combined with partial melting
products of reworked TTGs. The mixture between an origi-
nal TTG melt and a remelting product of an existing TTG
would then form the granite-like compositions [77]. This is
consistent with the presence of inherited zircons in granit-
oids that crystallised at ~2.8 and ~3.3 Ga [33, 34].

The enrichment in REE, LILE, and the negative Eu
anomaly suggests that the granite group is geochemically

similar to post-Archaean occurrences of the BADR
(Basalt-Andesite-Dacite-Rhyolite) magmatic series. This
geochemical signature is not related to post-Archaean sec-
ondary processes; it rather demonstrates that Palaeoarchaean
tectonics were capable of producing highly evolved magmas
akin to younger granites in the absence of modern-style plate
tectonics. The generation of TTG and more evolved granitic
magmas may have occurred in intraplate stagnant lid settings
as well as in hot subduction environments, since both tec-
tonic settings can produce evolved magmas by partial melt-
ing and fractional crystallisation [6].

5.2. Chondritic or Depleted Mantle Source for the Mount
Edgar Dome Granitoids. A number of models for the
Archaean evolution of the Pilbara crust have been pub-
lished, yet no consensus was reached on whether the man-
tle source of Pilbara granitoids was chondritic [26, 27, 32]
or more depleted [33, 34]. Our zircon Hf isotope data has
potential to bring new perspectives to the current debate,
and a summary plot that includes literature data is given
in Figure 7.

Petersson et al. [26, 32] and Salerno et al. [27] argued,
based on isotopic analyses of accessory minerals and
whole-rock compositions, that there is no evidence of a
strongly depleted mantle source, or of mixing between dif-
ferent sources, in the generation of the granites from the
EPT from 3.5 to 3.2 Ga. Petersson et al. [26] interpreted zir-
con Hf isotope signatures as successive juvenile additions to
the crust from a “near-chondritic” reservoir ranging from
-1.9 to +1.9 in the eHf space, and they suggested that the
large range of e¢Hf variation of this reservoir could be
explained by the uncertainty over the measurement of Lu-
Hf isotopes by LA-MC-ICP-MS techniques. In addition,
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Salerno et al. [27] argued that variations beyond chondritic
values are artefacts of postcrystallisation alteration processes
that occurred at the mineral scale.

In contrast, Gardiner et al. [33, 34, 81] offered an alter-
native interpretation where the earliest continental crust in
the Pilbara area was extracted from a depleted mantle reser-
voir between 3.7 and 3.5 Ga. In their model, the Palaeoarch-
aean Supersuites of the Mount Edgar Dome derived partly
from this ancient reservoir through intracrustal remelting
and partly from minor juvenile additions at the time of
magma crystallisation. This is in line with earlier studies
([30], e.g., [46, 82]) that recognized the presence of an older
continental substrate under the domes of the East Pilbara
Terrane, based on REE signatures and Hf-Nd isotope varia-
tions. Remnants of an old sialic crust are also inferred from
3.7 to 3.56 Ga Nd model ages [34, 83] and from the detrital
zircon record in which crystallisation ages ranging 3.8-
3.53 Ga were identified [44, 49, 84].

In Figure 7, three distinct groups of samples with a nar-
row range of Hf isotope compositions can be identified from
our data: (i) a superchondritic group at 3.47 Ga, with a mean

eHf ;) =1.6+0.2 (2 s.e); (ii) a chondritic to slightly super-
chondritic group at 3.43Ga (mean eHf(;)=0.5+0.7) and
3.32-3.31 Ga (mean st(t) =0.45 £ 0.2) and later referred to
as “near-chondritic group”; and (iii) a subchondritic group
at 3.23 Ga (mean eHf ;) = —1.9 + 0.6). The origin and the sig-
nificance of these three groups are discussed below.

The presence of a superchondritic group at 3.47 Ga
advocates for a depleted mantle reservoir in the Pilbara area
at ca. 3.5Ga. This reservoir would have separated from the
chondritic mantle before 3.8 Ga (Figure 7), which is consis-
tent with older (>3.5 Ga) continental material in Pilbara tes-
tified by tonalite and metagabbros dated between 3.65 and
3.58Ga (e.g., [32, 35]), inherited zircons in igneous rocks
and detrital zircons with crystallisation ages ranging between
3.5and 3.7 Ga [20-22, 44, 83, 84], and T ;) model ages cal-
culated from the bulk-rock Sm-Nd and Lu-Hf isotope data
ranging 3.8-3.5Ga [21, 22, 52, 84].

The near-chondritic group contains one granite at
3.43Ga and both TTGs and granites at 3.31-3.32 Ga. The
presence of granitoids in Pilbara with chondritic signatures
may be explained in three different ways: (i) a direct origin
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from a chondritic reservoir, through remelting of a mafic
protolith soon after its extraction from the chondritic man-
tle; (ii) mixing between the superchondritic depleted mantle
and some subchondritic ancient crust, in proportions that
fortuitously resulted in near-chondritic Hf isotope signa-
tures; or (iii) the protracted reworking of a crustal source
with which the 3.47Ga superchondritic group shares a
common origin.

We posit that the absence of any “mixing trend” in our
data, which should be evidenced by the vertical scattering
of our samples between superchondritic and subchondritic
eHf ;) signatures in Figure 7, along with the likely slow man-
tle homogenisation during the Palaeoarchaean [85] reason-
ably exclude the hypothesis of mixed mantle and crustal
reservoirs in the source of the near-chondritic group. The
presence of inherited zircons in the granitoids from this
group ([34]; this study), for which the crystallisation ages
and the Hf isotope compositions are similar to those of the
superchondritic group (e.g., light blue square in Figure 7),
challenges a pure mantle origin for the near-chondritic
group and favours a model involving the protracted remelt-
ing of an ancient crustal source.

The subchondritic group is defined by one granite that
crystallised at 3.32 Ga. Likewise the near-chondritic group,

granitoids contain inherited zircons with crystallisation ages
and Hf isotope compositions similar to those of the super-
chondritic group ([34]; this study). Overall, ubiquitous
inherited zircons with ages ~3.46-3.48Ga in the Mount
Edgar Dome granitoids suggest that the reworking of crustal
source(s) was a major process involved in the evolution of
the Pilbara crust through time.

5.3. Palaeoarchaean Crustal Evolution in Pilbara. In Pilbara,
the presence of a protocratonic crust has been evidenced as
far back as 3.80 Ga [34, 83], and the processes involved in
the formation of this crust remain debated. A shift towards
more juvenile Hf isotope signatures in zircon was recently
evidenced between 3.8Ga and 3.6Ga in a number of cra-
tons worldwide, and it was interpreted by a change in
geodynamic style from vertical to mobile lid tectonics [85,
86]. However, there is little evidence of robust, highly neg-
ative ¢éHf data in the Pilbara Craton for that time period
[32], and the oldest “undisturbed” zircons in Pilbara
(ca. 3.7Ga) have near-chondritic eHf values [83].

One striking feature in Figure 7 is that our samples
define two crustal evolution trends. The first trend, con-
strained by the Callina and Emu Pool granitoids, has a calcu-
lated "7°Lu/"”’HF ratio (slope) of 0.023 that is typical of the
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intermediate/felsic reservoir. (¢) Formation of Emu Pool TTGs
and granites from the mafic reservoir. (d) Formation of Cleland
granites from the intermediate/felsic reservoir. Based on the
model of Wiemer et al. [35].

time-integrated evolution of a mafic source. The second trend,
constrained by the Callina, Tambina, and Cleland granitoids,
has a calculated '°Lu/"””Hf ratio of 0.013 that suggests a
source of intermediate/felsic composition. These two trends
converge at t = 3.50 Ga and eHf ;) = +2, which suggests that

a major crust differentiation event from a depleted mantle
source occurred at ca. 3.50 Ga in the Pilbara area.

Our preferred interpretation for the Palaeoarchaean
evolution of the EPT is summarised in Figure 8. It shows
the stages of partial convective overturn of middle and
upper crust and generation of the dome-and-keel structure
based on Refs. [35, 45]. At ca. 3.50 Ga, two distinct crustal
reservoirs were generated from the melting of a depleted
mantle source (¢Hf (3506, =+2): () a mafic crust with

176Lu/7Hf =0.023 and (ii) an intermediate/felsic crust
with 176Lu/!77Hf = 0.013 (Figure 8(a)). 3.47 Ga marks the
onset of intracrustal reworking of these two reservoirs,
associated with the formation of both TTGs and granites
from the Callina Supersuite. At 3.43 Ga, the intermediate/
felsic reservoir melted to produce granitic magmas from
Tambina Supersuite (Figure 8(b)), with no evidence from
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our samples for a contribution of the mafic reservoir at this
time. At 3.31 Ga the mafic reservoir melted to produce both
TTGs and granites from the Emu Pool Supersuite, with no
evidence for a contribution of the intermediate/felsic reser-
voir during this event (Figure 8(c)). The magmas that formed
interacted with the 3.47 Ga crust of the Callina Supersuite, as
evidenced from the presence of inherited zircons in Emu
Pool granitoids. Finally, the intermediate/felsic crust reser-
voir was reworked at 3.25Ga to produce granitic magmas
from Cleland Supersuite. The presence in Cleland granites
of inherited zircons contemporaneous with the timing of
emplacement of the Callina Supersuite (Figure 8(d)) indi-
cates the contribution of Callina-derived ancient crustal
material in their source.

The absence of any “vertical spread” defined by our sam-
ples in the eHf ;) versus crystallisation age plot (Figure 7)
suggests that after their formation at ca. 3.50 Ga, the mafic
and intermediate/felsic crustal reservoirs remained isotopi-
cally isolated from each other and from the mantle for at
least 200 Ma. One possible implication is that mobile lid tec-
tonics was not a global process during the Eo/Palaeoarch-
aean and that vertical tectonics remained predominant in
the Pilbara area [87]. The tectonic settings of crustal evolu-
tion started to change only after 3.2 Ga, when signs of lateral
movements that lead to the ceasing of the diapiric doming
start to appear in the EPT [36, 88].

6. Conclusions

Based on distinct geochemical characteristics, Palaeoarch-
aean granitoids from the Mount Edgar Dome can be sepa-
rated into two groups. The first group has chondrite-
normalised REE patterns and trace element compositions
akin to TTGs. It represents highly fractionated magmas
formed by partial melting of a basaltic source and extensive
fractional crystallisation. The second group is slightly more
enriched in incompatible elements and shares similar trace
element features to post-Archaean granites. Beyond the dif-
ferentiation of a primary TTG magma from the melting of a
mafic crust, this group requires an extra component in its
formation, such as the incorporation of melts derived from
former TTG rocks. Both groups overlap in time and space
without any clear temporal trend in their chemistry.

New, high-spatial resolution Hf isotope analyses indicate
that for ~3.50 Ga, there was a major mantle—crust differenti-
ation event, which led to the formation of two separate
crustal reservoirs of mafic and intermediate/felsic composi-
tions, respectively. The superchondritic isotope composition
of these two reservoirs at 3.50 Ga (eHf = +2) points towards
the presence of a depleted mantle in Pilbara at 3.5 Ga, which
was separated from a chondritic reservoir prior to 3.8 Ga.
Both crustal reservoirs have remained isolated from any
new crustal or mantle input over at least ~200 Myr since
3.50 Ga. Protracted intracrustal remelting processes and dif-
ferentiation have played a key role in the evolution of the
Pilbara crust in the Palaeoarchaean, and the approach devel-
oped in this study opens new perspectives to better constrain
the formation, evolution, and maturation of the building
blocks of continents.
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