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A B S T R A C T   

This study presents in-situ U–Pb, Lu–Hf, and Sm–Nd isotopic data for detrital zircon and apatite collected from 
ephemeral streams of the East Pilbara Terrane, Western Australia. Given their disparate abundances in felsic 
versus mafic lithologies, a tandem apatite-zircon approach may offer more holistic insights into crust formation. 
Apatite U–Pb data define a single age peak at c. 2.9 Ga, consistent with labile, proximal, and first-cycle detritus 
from the Pilbara Craton. Conversely, zircon, a more refractory and durable mineral, records a more diverse 
geological history with U–Pb ages spanning from 3.6 to 0.2 Ga. The apatite age of c. 2.9 Ga records the timing 
through the Pb closure temperature during regional cooling following prograde metamorphism, while the Lu–Hf 
and Sm–Nd isotopic systems in the same grains yield c. 3.2 Ga isochrons, consistent with magmatic crystallisation 
at that time. Crystallisation age, initial 143Nd/144Nd and trace element geochemistry (Eu/Eu*) imply a chondritic 
or mixed (more radiogenic plus a less radiogenic) source for the apatite grains locally derived from the East 
Pilbara Terrane. Conversely, zircon εHf data reveal a broadly chondritic Paleoarchean proto-crust undergoing 
continual isotopic evolution punctuated by the input of juvenile, more radiogenic material on a quasiperiodic 
basis. Previous workers have invoked a crust-mantle overturn model triggered by stagnant-lid cooling and the 
episodic (re)fertilisation of the upper mantle to account for the periodic nature of crust formation in the East 
Pilbara Terrane. Detrital zircon grains track this process from a c. 3.8 Ga component that may have acted as a 
nucleus for subsequent crust formation. The oldest detrital zircon, on average, encompass less radiogenic (− ve 
εHf) components suggesting that the oldest grains preserve the unroofing of an ancient reworked crustal nucleus. 
Thus, the detrital zircon load arguably provides a more holistic record of the older crust in the region than the 
crystalline domes alone. Specifically, the less radiogenic dome cores are preferentially eroded due to their 
structural position and their mineral cargo lost into the detrital archive. We demonstrate that the apatite-zircon 
approach can be limited by the ability of apatite to be retained through crustal denudation.   

1. Introduction 

The continental crust is arguably the fundamental geochemical 
reservoir that shaped the evolution of Earth’s atmosphere, oceans, 
biosphere, and ore deposits (Hawkesworth et al., 2020). With increasing 
age, the record of crustal evolution becomes increasingly fragmented 
due to an inevitable preservation bias in the rock record (Cawood et al., 
2012, 2013; Hawkesworth et al., 2019). Hence, the detrital mineral 
archive may be an important store of information poorly retained in the 
crystalline rock record (Belousova et al., 2010; Cawood et al., 2012, 
2013; Dhuime et al., 2017; Hawkesworth et al., 2019; Taylor and 

McLennan, 1985). Accordingly, detrital studies of resistive minerals 
have become commonplace in resolving questions regarding crustal 
formation (Cawood et al., 2013), orogenesis (Spencer et al., 2015), and 
source-to-sink relationships (Moecher and Samson, 2006). 

The Lu–Hf signature in U–Pb dated zircon is an established tool to 
constrain crust-mantle differentiation and aids understanding of the 
timing, rate, and duration of continental crust formation and reworking 
(Belousova et al., 2010; Cawood et al., 2013). Although zircon crystals 
provide a wealth of information, they tend to crystallise from relatively 
evolved (SiO2-rich) magmas (Moecher and Samson, 2006). This 
compositional effect has the potentially undesirable consequence of 
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biasing the zircon crustal growth record towards more silica-rich (felsic) 
lithologies (Malusà et al., 2016). Furthermore, each tectonic environ-
ment has a different degree of grain preservation potential, which may 
further bias the detrital zircon record (Barham et al., 2022; Cawood 
et al., 2013; Spencer et al., 2015). Rather than simply representing ep-
isodes of crust formation, peaks in the detrital zircon U–Pb record could 
instead be a function of the preservation potential of different tectonic 
environments (Barham et al., 2022; Cawood et al., 2013). 

Apatite is increasingly used to complement the zircon record as it 
extends the source rock compositional envelope that is tracked and can 
be dated by a range of established [U–Pb; e.g. Chew et al. (2014)] and 
more novel [Lu–Hf; e.g. Simpson et al. (2021) and Glorie et al. (2022), 
Sm–Nd; e.g. Fisher et al. (2020)] isotopic systems. Apatite is more labile 
than zircon during physical and chemical weathering processes and is, 
therefore, more likely to represent first-cycle detritus, potentially 
including from more mafic sources than zircon (Chew and Spikings, 
2021; Chew et al., 2011; Gillespie et al., 2018; Glorie et al., 2022). 
Hence, combinations of detrital zircon and apatite may, in some re-
spects, complement each other, where zircon retains an encompassing 
(multi-cycle) history of felsic crust, whereas apatite provides a more 

restricted (first-cycle) view of crust, including more mafic components. 
However, interpreting apatite ages may not be so straightforward given 
its relatively low U–Pb closure temperature of ~375 to 600 ◦C compared 
to zircon (>900 ◦C) (Chew and Spikings, 2015). Therefore, the apatite 
U–Pb system is more susceptible to disturbance/recrystallisation post- 
magmatic crystallisation than zircon (Chew and Spikings, 2021; Kirk-
land et al., 2018; Schoene and Bowring, 2007). 

This work reports time-constrained isotopic data from detrital zircon 
(U–Pb, Lu–Hf) and apatite (U–Pb, Lu–Hf, Sm–Nd), collected from 
ephemeral streams draining the East Pilbara Terrane. These results from 
detrital grains demonstrate continental-scale sediment dispersal across 
Western Australia and inform on the early construction and recycling of 
the Pilbara Craton. Using these data, we develop a model of dome 
unroofing, incorporating previous isotopic (Gardiner et al., 2017; Kemp 
et al., 2015; Kemp et al., 2023; Petersson et al., 2020; Petersson et al., 
2019a; Salerno et al., 2021) and geological mapping (GSWA, 2023; 
Hickman, 1990; Van Kranendonk et al., 2007a; Wiemer et al., 2018), 
which may be applicable to some other Archean granite-greenstone 
terranes. 

Fig. 1. Simplified geological map of the East Pilbara Terrane showing major drainage systems. To the sides are kernel density estimates of zircon concordia ages 
(filtering for >10 % discordance) and mineral fraction pie charts. Line A-B shows an illustrative topographic profile of the Corunna Downs Dome and surrounding 
greenstone belts; note the vertical exaggeration. The geodetic system used is WGS 84. Geological map of the East Pilbara Terrane adapted after Hickman (2021). 
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2. Geological background 

The Pilbara Craton represents a rare occurrence of extensively 
exposed Paleo to Mesoarchean crust and offers important insights into 
early crustal evolution. Some workers infer that crust production within 
the Pilbara Craton began at c. 3.8 Ga as implied by ages of inherited 
zircon and Pb and Hf isotope systematics of Eoarchean gneisses 
(Gardiner et al., 2017; Hartnady and Kirkland, 2019; Petersson et al., 
2019b). During the protracted (c. 3.8–3.0 Ga) construction of the Pilbara 
Craton, mafic lithologies may have dominated crust production globally 
(Dhuime et al., 2015). 

Some workers have argued that this period encompasses the transi-
tion from an earlier, hotter, and more vertical tectonic regime to the 
more modern style of horizontal plate tectonics (Dhuime et al., 2012; 
Dhuime et al., 2015; Hartnady and Kirkland, 2019; Hawkesworth et al., 
2020; Korenaga, 2013). Conversely, other workers maintain that 
subduction-type settings with mobile lid dynamics was operational from 
the Eoarchean (Nutman et al., 2021; Windley et al., 2021). 

Unconformable Neoarchean and Proterozoic metasedimentary rock 
units overlie much (>80 %) of the Pilbara Craton, and only the northern 
(60,000 km2) portion is exposed as an inlier (Hickman and Van Kra-
nendonk, 2012). The exposed geology is classified into three tectonic 
components, the De Grey Superbasin (3.1–2.9 Ga), the West Pilbara 
Superterrane (3.3–3.1 Ga), and the East Pilbara Terrane (3.8–3.1 Ga) 
(Fig. 1) (Van Kranendonk et al., 2004). 

The East Pilbara Terrane represents the classic example of a dome 
and basin granite-greenstone terrane (Hickman and Van Kranendonk, 
2012; Jahn et al., 1981; Myers, 1993; Van Kranendonk et al., 2007b). 
The granitoid domes of the East Pilbara Terrane are composite in-
trusions formed from several generations of variably metamorphosed 
and deformed felsic igneous rocks (tonalite-trondhjemite-granodiorite 
— TTGs). The domes exhibit a spatial zonation from younger, less 
radiogenic (− ve εHf and εNd) cores to juvenile, more radiogenic (+ve 
εHf and εNd) rims (Gardiner et al., 2017). Greenstone belts bound the 
granitoid domes and exhibit lower amphibolite to greenschist and 
prehnite-pumpellyite facies metamorphism with increasing distance 
from domes (Bickle et al., 1985). Such greenstone successions predom-
inantly comprise weakly metamorphosed ultramafic to mafic extrusive 
volcanic sequences intercalated with sedimentary package (Hickman, 
1990; Myers, 1993; Petersson et al., 2020). The dome and basin terrane 
of the East Pilbara Terrane is interpreted to have formed from episodic 
granitoid intrusion, with associated deformation of the overlying 

greenstone within the mid to lower crust from c. 3.60–3.25 Ga (Hickman 
and Van Kranendonk, 2012; Sandiford et al., 2004; Van Kranendonk 
et al., 2004). 

Ephemeral river systems of unconsolidated clay, silt, sand, gravel, 
and localised calcrete dominate the lowland drainage basins of the Pil-
bara Craton (Hocking et al., 2001). These recent sediments were used as 
the sampling medium in this study (Table 1; Fig. 1). 

3. Methods 

3.1. Location and sampling 

Eleven 1–2 kg sand samples from ephemeral streams were collected 
across the East Pilbara Terrane, broadly centred around the Marble Bar 
town site (Table 1; Fig. 1). Tributaries of the Oakover, Fortescue, Shaw, 
and Nullagine rivers were sampled. For detailed location information, 
see Appendix 1. 

3.2. Sample processing 

The collected sands were concentrated for apatite and zircon via 
conventional heavy mineral processing steps at Curtin University. A 
riffle splitter was used to ensure subsequent concentrates were repre-
sentative. For each sample, initial sieving at <425 μm yielded fractions 
of c. 500 g, which underwent heavy mineral separation via a Jasper 
Canyon Research shaking platform (Dumitru, 2016) and lithium heter-
opolytungstate heavy liquid (2.85 g/cm3). A handheld neodymium 
magnet was first used to remove coarse ferric fragments. Following 
coarse fragment removal, three rounds of Frantz isodynamic magnetic 
separation using a constant side-slope angle of 10◦ but varying amper-
ages (~0.4, 1 and 1.7 A) were implemented to retrieve three separates of 
varying magnetic susceptibility (Strong and Driscoll, 2016). The final 
non-magnetic fraction (>0.5 g) was then bulk-mounted into 25 mm 
diameter epoxy rounds. 

Polishing (to a 1 μm finish) ensured that grains were sufficiently flat 
and exposed. Minerals were mapped using a TESCAN Integrated Mineral 
Analyser (TIMA). Additional imaging, including cathodoluminescence 
and backscatter electron, was undertaken using a Clara FE-SEM. The 
imaging process identified internal textures and crystal morphologies, 
aiding analysis positioning. Target apatite and zircon grains for isotopic 
analysis were chosen based on TIMA phase identification and SEM 
images. 

Table 1 
Summary table of sample localities, analyses performed and underlying geological unit. *Ages reported are zircon U-Pb weighted mean crystallisation dates of the 
crystalline basement (GSWA, 2023).  

Sample 
ID 

Latitude Longitude UTM Analysis Drainage Unit Age* (Ma) 

4  − 21.3504  120.0559 51 K 194,649 
7,636,214 

Zircon U–Pb, Lu–Hf House Creek Kennell Granodiorite 3315 ± 2 

11  − 21.3718  119.8159 50 K 792,017 
7,634,084 

Zircon U–Pb, Lu–Hf Camel & Sandy 
Creeks 

Apex Basalt 3459–3434 

12  − 21.3364  119.7898 50 K 789,372 
7,638,051 

Zircon U–Pb, Lu–Hf Camel Creek Euro Basalt 3350–3335 

17  − 21.0486  119.3918 50 K 748,550 
7,670,608 

Zircon U–Pb, Lu–Hf Shaw River Mount Ada Basalt 3470–3469 

18  − 21.1836  120.0225 51 K 190,824 
7,654,631 

Zircon U–Pb, Lu–Hf. Apatite U–Pb, Sm–Nd, 
Lu–Hf 

Yondicoogina Creek Fig Tree Gneiss 3448–3416 

19  − 21.1931  120.1282 51 K 201,835 
7,653,786 

Zircon U–Pb, Lu–Hf. Apatite U–Pb, Sm–Nd, 
Lu–Hf 

Mount Creek Bishop Creek 
Monzonite 

3246–3223 

20  − 21.2112  120.262 51 K 215,768 
7,652,024 

Zircon U–Pb, Lu–Hf Talga River Bishop Creek 
Monzonite 

3246–3223 

23  − 21.3213  120.8689 51 K 278,957 
7,640,802 

Zircon U–Pb, Lu–Hf Garrigan Creek Carawine Dolomite 2629–2565 

26  − 21.5304  119.3427 50 K 742,651 
7,617,329 

Zircon U–Pb, Lu–Hf. Apatite U–Pb, Sm–Nd, 
Lu–Hf 

Mulgandinnah River Callina Supersuite 3484–3462 

27  − 21.6203  119.1943 50 K 727,132 
7,607,600 

Zircon U–Pb Mulgandinnah River Euro Basalt 3350–3335  
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3.3. Zircon U–Pb and Lu–Hf 

Four split-stream U–Pb/Lu–Hf sessions were undertaken at the 
GeoHistory Facility, JdLC, Curtin University. Zircon U–Pb data was 
collected using an Agilent 8900 ICP-MS, whereas Hf isotopes were 
collected contemporaneously via a Nu Plasma II MC-ICP-MS. Ablations 
used a RESOlution LE193 nm ArF laser and a Lauren Technic S155 cell. 
A relatively small spot of 38 µm was used for split-stream laser analyses, 
necessitated by the zircon grain size and internal complexity. For further 
analytical details, see Appendix 1. 

Zircon downhole fractionation can vary with the zircon crystal state; 
hence, zircons with 207Pb/206Pb ages >2.4 Ga were reduced using OG1 
as the primary reference, whereas <2.4 Ga zircon were reduced using 
GJ1, so the reference material best matched unknown ablation re-
sponses. For all sessions, the following (primary or secondary) reference 
materials were used: Plešovice 337.13 ± 0.37 Ma (Sláma et al., 2008), 
GJ1 601.95 ± 0.40 (Jackson et al., 2004), Maniitsoq 3008.70 ± 0.72 Ma 
(Marsh et al., 2019) and OG1 3465.4 ± 0.6 Ma (Stern et al., 2009). 
Secondary reference material yielded weighted mean ages within 2σ or 
2SD uncertainty of the expected value when reduced using an appro-
priate primary reference material (Table 2) (Appendix 2). 

For zircon Lu–Hf analyses, secondary reference materials included 
Plešovice 176Hf/177Hf 0.282482 ± 0.000013 (Sláma et al., 2008), R33 
0.282764 ± 0.000014 (Fisher et al., 2014a), GJ1 0.282000 ± 0.000025 
(Morel et al., 2008) and FC1 0.282184 ± 0.000016 (Woodhead and 
Hergt, 2005) and OG1 0.280633 ± 0.000034 (Coyner et al., 2004; Kemp 
et al., 2017). Secondary reference 176Hf/177Hf ratios (Table 3) (Appen-
dix 3) and the stable isotope ratio 178Hf/177Hf were within 2σ error of 
reported values (Fisher et al., 2014b; Sláma et al., 2008). Fixed ratios of 
176Yb/173Yb = 0.7962 and 176Lu/175Lu = 0.02655 were used to correct 
for isobaric interferences on 176Hf (Chu et al., 2002; Hartnady et al., 
2019). The contributions of 176Yb and 176Lu were then subtracted from 
the total 176 mass signal to obtain the interference-corrected 
176Hf/177Hf. 

3.4. Apatite U–Pb 

U–Pb analyses of apatite were undertaken using the LA–ICP–MS at 
the JdLC at Curtin University utilising a RESOlution 193 nm excimer 
laser ablation system connected to an Agilent 8900 ICP–MS with a 
RESOlution LE193 nm ArF and a Lauren Technic S155 cell ICP–MS. A 
38 µm spot size, fluence of 2 J/cm2, and a 5 Hz repetition were used. The 
primary reference material used for U–Pb analysis was Madagascar 
(MAD2) apatite (Thomson et al., 2012). Secondary reference materials 
included the Mt. McClure apatite (MMC) 523.51 ± 1.47 (Schoene and 
Bowring, 2006) and Duluth Complex (FC) apatite 1099.1 ± 0.2 Ma 
(Schmitz et al., 2003) (Appendix 2). Ages obtained from the secondary 
reference materials via anchored regressions are within 2σ uncertainty 
of the expected results (e.g. FC1, Duluth Complex 1079 ± 22, 
MSWD = 0.66; n = 19; Mt. McClure 522 ± 11, MSWD = 0.93; n = 14; see 
Appendix 2). 

3.5. Apatite Sm–Nd and Lu–Hf 

Sm–Nd and trace element geochemistry analyses of apatite were 
undertaken using the LA–ICP–MS at the JdLC at Curtin University. A 
RESOlution 193 nm excimer laser ablation system was connected to the 
Agilent 8900 ICP–MS with a RESOlution LE193 nm ArF and a Lauren 
Technic S155 cell ICP–MS. A 50 µm spot size, fluence of 2 J/cm2, and a 
5 Hz repetition were used. Sm–Nd data for apatite was collected during a 
single session. Durango apatite was the matrix-matched primary refer-
ence material for Sm–Nd and trace element analysis. Secondary stan-
dards included the Otter Lake apatite 143Nd/144Ndi = 0.511447 (Yang 
et al., 2014) along with the Durango Apatite 143Nd/144Ndi = 0.512472 
(Yang et al., 2014), reduced against Otter Lake. All analyses fell within 
the 2SD uncertainty of previously reported values (Appendix 4). 
Durango apatite yielded a mean 143Nd/144Nd initial ratio of 
0.512483 ± 0.000094 2SD and Otter Lake 0.511452 ± 0.000043 2SD 
(Appendix 4). 

Table 2 
Summary table of U–Pb zircon secondary reference material. * 207Pb/206Pb ages for zircons OG1 and Maniitsoq whereas 206Pb/238U ages are reported for all other 
reference material.  

Session 1 

Reference Primary Reference Reported Age (Ma) 2σ Age Ma* (Weighted Mean 95 % confidence) 2SD 2σ MSWD p n 

Plešovice GJ1 337.13 (Sláma et al., 2008) 0.37 332 8 4 0.52 0.96 22 
GJ1 Plesovice 601.95 (Jackson et al., 2004) 0.40 596 12 6 0.42 1.00 37 
OG1 Maniitsoq 3465.4 (Stern et al., 2009) 0.60 3465 11 3 1.40 0.07 33 
Maniitsoq OG1 3008.7 (Marsh et al., 2019) 0.72 3005 8 5 0.68 0.76 12  

Session 2 

Reference Primary Reference Reported Age (Ma) 2σ Age Ma* (Weighted Mean 95 % confidence) 2SD 2σ MSWD p n 

Plešovice GJ1 337.13 (Sláma et al., 2008) 0.37 334 3 1 1.20 0.28 8 
GJ1 Plešovice 601.95 (Jackson et al., 2004) 0.40 606 3 3 0.50 0.88 11 
OG1 Maniitsoq 3465.4 (Stern et al., 2009) 0.60 3466 7 3 1.00 0.43 17 
Maniitsoq OG1 3008.7 (Marsh et al., 2019) 0.72 3014 14 6 1.40 0.15 12  

Session 3 

Reference Primary Reference Reported Age (Ma) 2σ Age Ma* (Weighted Mean 95 % confidence) 2SD 2σ MSWD p n 

Plešovice GJ1 337.13 (Sláma et al., 2008) 0.37 341 4 2 1.20 0.26 10 
GJ1 Plešovice 601.95 (Jackson et al., 2004) 0.40 596 4 5 0.19 1.00 14 
OG1 Maniitsoq 3465.4 (Stern et al., 2009) 0.60 3465 5 5 0.40 0.95 11 
Maniitsoq OG1 3008.7 (Marsh et al., 2019) 0.72 3008 6 4 0.50 1.00 16  

Session 4 

Reference Primary Reference Reported Age (Ma) 2σ Age Ma* (Weighted Mean 95 % confidence) 2SD 2σ MSWD p n 

Plešovice GJ1 337.13 (Sláma et al., 2008) 0.37 339 4 2 2.10 0.02 12 
GJ1 Plešovice 601.95 (Jackson et al., 2004) 0.40 599 6 4 0.66 0.84 18 
OG1 Maniitsoq 3465.4 (Stern et al., 2009) 0.60 3467 8 4 0.88 0.57 14 
Maniitsoq OG1 3008.7 (Marsh et al., 2019) 0.72 3004 6 4 1.20 0.29 17  

A.J.I. Clarke et al.                                                                                                                                                                                                                              



Precambrian Research 395 (2023) 107132

5

Analyses of apatite Lu–Hf isotopes were performed at the University 
of Adelaide. Due to the isobaric interference of 176Lu and 176Yb on 176Hf, 
dissolution and chemical separation are conventionally required for 
high Lu–Hf phases prior to mass spectrometry, resulting in the loss of 
spatial context for isotopic information and necessitating time 
consuming wet-chemical separation. However, the Simpson et al. (2021) 
approach allows for in situ Lu–Hf isotopic analysis using laser ablation. 
A RESOlution 193 nm excimer laser ablation system coupled to an 
Agilent 8900 ICP–MS/MS was used with analytical conditions identical 
to those in Glorie et al. (2022). In-house reference apatite Bamble with a 
corrected Lu–Hf age of 1097 ± 5 Ma (Simpson et al., 2021) was moni-
tored as an accuracy check and is consistent with previously published 
data (Glorie et al., 2022). The resulting apatite Lu–Hf ages were calcu-
lated both as inverse isochron (Li and Vermeesch, 2021) intercept ages 
as well as common Hf-corrected weighted mean ages (excluding data 
with 177Hf/176Hf ratios >2). For more details, see Appendix 4. 

4. Results 

4.1. Zircon 

Zircon concordia ages are interpreted as the ages of zircon- 
crystallising rocks within the detrital source region(s) or as the ages of 
detrital components within sediments that have been reworked into 
ephemeral stream sediment (Fig. 2). The samples covered a large 
geographic area (Fig. 1) and, therefore, may represent a variety of Pil-
bara lithologies and potentially distal non-Pilbara sources. 

Some samples yield large percentages of discordant zircon U–Pb 
analyses. For example, of the 116 U–Pb analyses undertaken on Sample 
26, 77 % are >10 % discordant (Appendix 2). However, the basement 
geology underlying the stream sediment samples appears to have little 
control over the degree to which the detrital grains have lost radiogenic 
Pb (Appendix 2). Instead, a combination of factors appear to have acted 
in unison to yield discordant grains; namely, the antiquity of many 
grains means they would have accumulated variable radiation damage, 

Table 3 
Summary table of Hf results for zircon secondary reference material.  

Session 1 

Reference Primary 
Reference 

Expected 176Hf/177Hf 2SD 176Hf/177Hf (Weighted Mean 
95 % confidence) 

2σ MSWD 176Hf/177Hf 
(Arithmetic Mean) 

2SD n 

Plešovice Mudtank 0.282482 (Sláma et al., 
2008) 

0.000013 0.282494 0.000022 1.1 0.282491 0.000078 12 

R33 Mudtank 0.282764 (Fisher et al., 
2014) 

0.000014 0.282770 0.000017 1.2 0.282769 0.000083 20 

GJ1 Mudtank 0.282000 (Morel et al., 
2008) 

0.000025 0.282012 0.000027 1.7 0.282013 0.000116 20 

OG1 Mudtank 0.280633 (Kemp et al., 
2017) 

0.000034 0.280664 0.000018 0.9 0.280665 0.000073 19  

Session 2 

Reference Primary 
Reference 

Expected 176Hf/177Hf 2SD 176Hf/177Hf (Weighted Mean 
95 % confidence) 

2σ MSWD 176Hf/177Hf 
(Arithmetic Mean) 

2SD n 

Plešovice Mudtank 0.282482 (Sláma et al., 
2008) 

0.000013 0.282487 0.00002 0.5 0.282488 0.000045 12 

R33 Mudtank 0.282764 (Fisher et al., 
2014) 

0.000014 0.282761 0.000017 0.7 0.282762 0.000053 15 

GJ1 Mudtank 0.282000 (Morel et al., 
2008) 

0.000025 0.282018 0.000021 1.0 0.280019 0.000082 16 

Maniitsoq Mudtank 0.280862 (Marsh et al., 
2019) 

0.000021 0.280889 0.000018 0.5 0.280887 0.000047 16  

Session 3 

Reference Primary 
Reference 

Expected 176Hf/177Hf 2SD 176Hf/177Hf (Weighted Mean 
95 % confidence) 

2σ MSWD 176Hf/177Hf 
(Arithmetic Mean) 

2SD n 

Plešovice GJ1 0.282482 (Sláma et al., 
2008) 

0.000013 0.282463 0.000022 0.3 0.282463 0.000042 12 

R33 GJ1 0.282764 (Fisher et al., 
2014) 

0.000014 0.282754 0.000016 0.6 0.282752 0.000048 16 

FC1 GJ1 0.282184 (Woodhead and 
Hergt, 2005) 

0.000012 0.282177 0.000022 0.7 0.282180 0.000070 12 

OG1 GJ1 0.280633 (Kemp et al., 
2017) 

0.000034 0.280594 0.000018 0.9 0.280596 0.000071 18  

Session 4 

Reference Primary 
Reference 

Expected 176Hf/177Hf 2SD 176Hf/177Hf (Weighted Mean 
95 % confidence) 

2σ MSWD 176Hf/177Hf 
(Arithmetic Mean) 

2SD n 

Plešovice GJ1 0.282482 (Sláma et al., 
2008) 

0.000013 0.282461 0.000023 1.0 0.282466 0.000077 12 

R33 GJ1 0.282764 (Fisher et al., 
2014) 

0.000014 0.282756 0.000016 0.9 0.282754 0.000060 17 

FC1 GJ1 0.282184 (Woodhead and 
Hergt, 2005) 

0.000012 0.282204 0.000024 1.2 0.282205 0.000080 10 

OG1 GJ1 0.280633 (Kemp et al., 
2017) 

0.000034 0.280637 0.000021 1.0 0.280626 0.000080 17  
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dependent on age, U, and Th content, and access to fluids (Fig. 2) (Ap-
pendix 2). The prolonged subaerial exposure would have facilitated 
access to hydrothermal/meteoric fluids that would have stripped Pb in 
susceptible grains with fluid pathways (Pidgeon et al., 2017). Addi-
tionally, as demonstrated for Archean zircon grains, prolonged exposure 
to low-temperature environments would have inhibited structural re-
covery in any damaged zircon grains (Herrmann et al., 2021; Pidgeon 
et al., 2017). Moreover, we adopted a bulk mounting and random spot- 
picking strategy to minimise zircon selection bias during LA–ICP–MS 
analysis (Dröllner et al., 2021); it could be reasonably expected to 
incorporate more discordant analyses, more representative of actual 
zircon load. Concordia ages provide optimum use of the U–Pb and Pb–Pb 
systems and, importantly, give an objective measure of concordance, 
with data being filtered for greater than ±10 % discordance. A compi-
lation of zircon concordia diagrams for all samples is given in Appendix 
2. The zircon grains separated from the sand samples represent a diverse 
population of crystal morphologies and were therefore categorised 
based on age. The youngest concordant zircon grain is 221 Ma, whilst 
the oldest is 3586 Ma (Fig. 2). 

4.1.1. 2.6–3.6 Ga zircons 
Over 70 % of zircon grains are between 3.6 and 2.6 Ga. Zircon grains 

of this category are generally well-rounded (with aspect ratios of c. 1:1), 
transparent to opaque brown, anhedral, equant and small, with typical 
lengths of only up to 40 μm (Fig. 3). Sector zoning is the dominant 
texture but is often truncated at grain margins. The surface pitting and 
the highly rounded nature of these grains indicate high degrees of me-
chanical abrasion during sedimentary reworking. 3.6–2.6 Ga zircon 
grains largely constitute samples with simple unimodal age populations 
(Fig. 1); such age distributions suggest direct derivation from the un-
derlying crystalline basement. 

4.1.2. 2.6–1.2 Ga zircons 
Twelve per cent of concordant analyses are in this age group. These 

grains are primarily euhedral to sub-euhedral, opaque light brown to 
cloudy transparent, with variable lengths of 50–120 μm (Fig. 3). Most of 

these zircons have simple concentric zoning, often truncated at grain 
margins. Grains of this category show less physical damage than older 
zircons, with larger and better-preserved prismatic crystal shapes with 
aspect ratios generally of 2:1. Rare apatite inclusions form small 
(<10 μm) anhedral grains within the cores of concentrically zoned 
>40 μm zircon crystals. 

4.1.3. <1.2 Ga zircons 
Twenty-five per cent of zircons ages are younger than 1.2 Ga. In this 

age group, zircon grains are predominantly euhedral, showing tabular to 
prismatic crystals with minor abrasion compared to older grains. Sharp 
concentric oscillatory zoning is common, and grain lengths are generally 
over 50 μm (Fig. 3). These zircon grains are generally transparent to 
opaque light brown, with aspect ratios exceeding 3:1. 

4.2. Apatite 

4.2.1. Apatite morphology 
Apatites typically occur as anhedral to sub-euhedral rounded grains 

with crystals generally exceeding 100 μm in length. Apatite is opaque 
pale brown to transparent, usually homogenous with no pronounced 
zoning; however, faint magmatic zoning is apparent in some of the 
largest (>100 μm) grains (Fig. 3). 

4.2.2. Apatite geochronology 
Apatite can host significant concentrations of common lead (Pbc), 

and U–Pb data typically sit along two (or more) Pb mixing lines that 
generally stretch between a time-significant radiogenic and initial Pbc 
component(s). On a Tera-Wasserburg plot, such data generally reveal 
lower intercepts representing the timing of radiogenic Pb accumulation. 
A 207Pb correction (Compston, 1999) can be performed using an initial 
Pbc composition first estimated from the apparent U/Pb age and an 
appropriate Pb model (Stacey and Kramers, 1975). This initial 207Pb 
corrected age can then be used to recalculate an apparent 207Pb/206Pbi, 
and the procedure iterated until no subsequent change in corrected age 
occurs. This method converges towards a mean 207Pb/206Pbi of 1.10 for 
the detrital apatite population. To verify the results of this approach, we 
also calculated internal, individual apatite isochrons, where up to six 
analyses on the same crystal were performed. This technique yielded 
207Pb/206Pbi upper intercepts of 1.10 ± 0.20, consistent with the Stacey 
and Kramers (1975) terrestrial Pb model for c. 3.0 Ga crust. Additional 
information regarding the common Pb correction is provided in Ap-
pendix 2. The detrital apatite U–Pb ages are more temporally restricted 
than the zircon ages, with apatite 207Pb corrected ages implying a near 
unimodal population at c. 2.9 Ga (Fig. 2) (Fig. 4). 

A total of 261 Sm–Nd apatite analyses were undertaken on samples 
18, 19, and 26. All analyses yield a 3157 ± 66 Ma isochron with an 
initial 143Nd/144Nd of 0.508504 ± 0.000084 (MSWD = 2.3) (Fig. 5) 
(Appendix 4). A further 83 apatite Lu–Hf analyses were also undertaken 
on samples 18, 19, and 23, which yielded a 3181 ± 33 Ma isochron, with 
an initial 177Hf/176Hf of 3.566 ± 0.037 (MSWD = 1.2) (Fig. 5) (Appendix 
4). 

5. Discussion 

5.1. Sediment transport 

5.1.1. Pilbara provenance 
The detrital zircon ages offer a broad snapshot of Paleoarchean to 

early Triassic magmatism throughout Western Australia (Fig. 2). The 
oldest zircon age component (3.6–2.6 Ga) comprises 70 % of zircon 
analyses and is predominantly made up of highly rounded, small 
(≤50 μm) grains consistent with a multi-cycle history of reworking from 
the crystalline basement of the Pilbara Craton (Fig. 3). Extensive base-
ment zircon U–Pb geochronology has shown that magmatism in the 
Pilbara Craton occurred in major episodes, each contributing to the 

Fig. 2. Stacked adaptive kernel density estimates for ages obtained from 
detrital apatite and zircon. The light orange KDE represents all 207Pb corrected 
U-Pb apatite ages, whilst the solid orange KDE is filtered for <30 % f207. The 
light blue KDE is unfiltered 207Pb/206Pb zircon ages, and the solid blue KDE 
represents zircon concordia ages within ± 10 % of concordance. Note the scale 
break in the Y-axis. 
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formation of the granitoid domes (Hickman and Van Kranendonk, 2012; 
Nelson, 2005). The Archean detrital zircon reflects the timing of this 
magmatism, with distinct age peaks at 3.45, 3.30, 3.14, and 2.95 Ga 
defined by 38, 80, 136, and 11 grains, respectively. The c. 3.45 Ga zircon 
grains are likely derived from the Callina Supersuite, a voluminous 
intrusion of TTG magmas that partially occurs as a sheeted dyke com-
plex in the North Shaw Suite (Van Kranendonk, 2008). The emplace-
ment of the Callina Supersuite led to localised crustal thickening, which 
commenced the intrusion of granitoid domes (Hickman and Van Kra-
nendonk, 2012). The Cleland and Emu Pool Supersuite have contributed 
to the most significant age peak at c. 3.30 Ga, and both suites predom-
inantly comprise the Mount Edgar dome (GSWA, 2023; Roberts and 
Tikoff, 2021) (Fig. 1). The c. 2.9–2.8 Ga zircon population is consistent 
with a Cutinduna and Split Rock Supersuite source. Both magmatic 
supersuites occur in the west to northwestern portion of the EPT and 

consist of granitoids emplaced during the Mosquito Creek Orogeny 
(Fig. 1) (Hickman and Van Kranendonk, 2012). 

The zircon U–Pb age populations have a pronounced geographical 
influence, with ephemeral stream sediment samples collected atop 
granitoid domes predominantly recording discrete, unimodal age com-
ponents (Fig. 1). The felsic granitoid domes have a higher intrinsic 
zircon load than surrounding greenstones, thus dominating age com-
ponents with their locally derived magmatic zircon. For instance, the Mt. 
Edgar dome was assembled over 3.46–2.83 Ga (Van Kranendonk et al., 
2004) and samples 18, 19, 20 and 4 were collected from streams atop the 
dome (Table 1) (Fig. 1). Of the concordant ages obtained from those 
samples, 89 % fall within the dome-forming period. Conversely, samples 
collected from greenstones show a more heterogenous zircon U–Pb age 
distribution (Fig. 1), reflecting input from sources outside the Pilbara 
Craton, likely compounded by a lack of intrinsic zircon load from the 

Fig. 3. Top rows: Cathodoluminescence images of representative zircon grains showing sample and spot number, laser spot location (38 μm) and concordia age 
(Ma ± 2σ). Only grains ≤ 10 % discordant are shown. Bottom row: A compilation of backscatter electron images of representative apatite. The smaller spot is a 38 μm 
U-Pb ablation, whereas the larger spot is a 50 μm ablation. 
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predominantly mafic (zircon-poor) geology (Hickman, 2021; Myers, 
1993; Van Kranendonk et al., 2007a). 

Another control on the detrital load of contemporaneous sediment is 
the present-day physiography of the East Pilbara Terrane. The flat, low- 
lying granitoid domes are bound by supracrustal greenstone belts and 
sedimentary successions, forming areas of comparatively high topo-
graphic relief (Fig. 1) (Hickman and Van Kranendonk, 2012). Steep, 
unvegetated hills have increased erosion rates and thus, sediment 

release would be elevated from greenstone successions and overlaying 
regolith (Riebe et al., 2015). Coupled with the concept of intrinsic zircon 
load, the erosion of greenstones would rapidly release a diverse cargo of 
zircon grains into stream sediment. Conversely, the stream sediment of 
granitoid domes represents the product of slow, in-situ erosion of 
expansive outcrops of homogenous (unimodal age maxima) granitoid 
(Fig. 1). 

Fig. 4. Stacked Tera-Wasserburg concordia diagrams for apatite U-Pb analyses. Error ellipses and intercept uncertainties are shown at 2σ. A best fit Model-1 
regression from Isoplot R (Vermeesch, 2018). Analyses with 238U/206Pb < 0.7 are not presented graphically but are included in regression calculations. The inset 
plot shows apatite Eu/Eu* anomalies against f207 corrected ages (<30 %). 

Fig. 5. Top: apatite Sm–Nd isochron for all apatite samples using the maximum likelihood model (Vermeesch, 2018). Bottom: Inverse apatite Lu–Hf isochron for 
apatite using the maximum likelihood of fit. All uncertainty ellipses are reported at 2σ. 
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5.1.2. Zircon from outside the Pilbara Craton 
Thirty per cent of concordant zircon grains in this work are younger 

than 2.6 Ga and represent detritus ultimately derived from crystalline 
sources outside the Pilbara Craton. Given the localised catchment areas 
and the ephemeral nature of the streams sampled, they are unlikely to be 
the mechanism by which exotic zircons have been delivered to the Pil-
bara. Kinny et al. (2022) reported zircon U–Pb geochronology from 
ephemeral streams draining the metasediments at Jack Hills and found a 
suite of Neoarchean and younger grains. In both that study and this 
work, the distance to Proterozoic or younger lithologies and the wide-
spread distribution of <2.6 Ga zircon within streams (e.g., samples 23 
and 27 are 170 km apart, overlay Archean geology, yet both contain 
Palaeozoic zircon) are consistent with Mesozoic continental scale sedi-
ment movement systems (Craddock et al., 2019; Morón et al., 2019). 

There is a general paucity of zircon ages between 2.6 and 2.0 Ga, 
consistent with a general lack of large-scale magmatism identified in WA 
during this period (GSWA, 2023). Discerning the provenance of <2.6 Ga 
zircon grains remains somewhat speculative based on age signature 
alone due to several potential sources having overlapping crystallisation 
ages (e.g., Albany-Fraser Orogen (AFO), Musgrave Province, Rudall 
Province, Capricorn Orogen). Zircon Lu–Hf signatures allow the 
refinement of such provenance interpretations. At c. 1.8 Ga, zircon εHf 
data ranges from − 12 to +5 and is broadly sub-chondritic, much like 
signatures from the Capricorn Orogen, Halls Creek Orogen, the Biranup 
Zone or Rudall Province (Fig. 6). These magmatic complexes girdling the 
Yilgarn Craton likely supplied the Paleoproterozoic zircon grains to the 
Pilbara sediments. Additional detrital input was perhaps derived from 
granitoid plutons in the Northern Yilgarn craton and the Capricorn 
Orogen, Ashburton Basin, and Glenburgh Terrane, which are associated 
with c. 1750 Ma magmas and εHf signatures of − 12 to +3.3 (Fig. 6) 
(Jahn et al., 2021). 

The Rudall Province, on the eastern margin of the Pilbara Craton, is 
characterised by several episodes of Paleoproterozoic felsic magmatism 
with sub-chondritic εHf signatures, consistent with the prolonged 
reworking of an Archean Pilbara basement (Gardiner et al., 2018). 
Supracrustal material within the province is intruded by three genera-
tions of granitoid plutons (1. Kalkan Supersuite 1804–1762 Ma, 2. 
Krackatinny Supersuite 1589–1549 Ma and 3. Camel Suite 
1310–1286 Ma) (Gardiner et al., 2018; GSWA, 2023). Some Pilbara 
stream detrital zircon εHf data (see samples 23 and 24) reveal a broadly 
sub-chondritic signature consistent with a Rudall Province source 

(Fig. 6). 
Detrital age components at 1.3 Ga and 1.2 Ga (Fig. 2) may corre-

spond to felsic magmatism during Stages 1 and 2 of the AFO (Fig. 6) 
(Spaggiari et al., 2014). However, εHf values between +2 and +10 are 
more radiogenic than typical AFO magmas and are, therefore, better 
correlated with the juvenile magmas of similar age and closer proximity 
in the Musgrave Province (Fig. 6) (Kirkland et al., 2013b). 

The aforementioned source regions imply an extensive mechanism to 
transport detritus from the south while minimising damage to zircon 
grains (Fig. 3). During the late Palaeozoic, the Pilbara Craton, as part of 
the West Australian Craton, was a component of the Gondwana super-
continent and was situated north of Antarctica (Wopfner and Jin, 2009). 
Prior to the breakup of Gondwana, continental ice sheets flowing from 
the paleo-south pole carried and deposited an extensive covering of 
Permian to Carboniferous sediment (Morón et al., 2019). The ice sheets 
presumably contained a cargo of zircon collected from lithologies en 
route to the Pilbara Craton, which were ultimately deposited in Phan-
erozoic basins bounding the Pilbara Craton (Craddock et al., 2019). 
Within the post-glacial period, continental-scale fluvial systems origi-
nating from the south of East Gondwana continued transporting detritus 
(Morón et al., 2019). The detrital zircons from such fluvial systems 
within the Officer, Canning, Northern Carnarvon, and Roebuck Basin 
have age spectra that show a close similarity to those obtained from the 
East Pilbara Terrane (Fig. 2) (Haines et al., 2013; Morón et al., 2019; 
Zutterkirch et al., 2021). We conclude that the Palaeozoic paleo- 
continental configuration of Gondwana enabled the delivery of well- 
preserved zircon grains into the Pilbara Craton. 

The youngest zircon population at c. 200–300 Ma is enigmatic, post- 
dating the Gondwana sedimentation episode, and likely represents 
exotic material, given that no igneous rocks of this age range crop out in 
the Pilbara Craton or the West Australian Craton more generally. Zircon 
grains within this component have a distinct morphology, being larger 
(≥150 μm), euhedral with high aspect ratios exceeding 3.0, consistent 
with minimal abrasion during their transport (Fig. 3). 

The Lhasa Terrane, an east–west trending tectonic belt in the Tibetan 
Plateau, represents a plausible provenance for young zircons. From the 
early Triassic onwards, southwards subduction beneath the Lhasa 
Terrane formed a backarc basin with felsic magmatism (Zhu et al., 
2011a). During the early Jurassic break up of Gondwana, the Lhasa 
Terrane is believed to have rifted away from northwest Australia and 
collided with the Qiangtang terrane during the Himalayan orogeny (Zhu 

Fig. 6. εHf versus concordia age for Proterozoic and Phanerozoic detrital zircon from this study compared to crystalline basement samples compiled from previous 
work. Dashed areas represent 75 % peak density using fixed KDE bandwidth of εHf = 1.5 and age = 25 Ma. Data compiled from Gardiner et al. (2018); Johnson et al. 
(2017); Kirkland et al. (2013a); Kirkland et al. (2013b); Martin et al. (2017); Tucker et al. (2018). 
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et al., 2011a). Using detrital zircon ages and Hf isotope data, Zhu et al. 
(2011b) invoked a shared paleo-drainage system whereby detritus 
flowed between the sub-aerially exposed Lhasa Terrane and the Western 
Australia Craton. Detrital U–Pb zircon ages of c. 200–300 Ma and posi-
tive εHf signatures of − 5.0 to +16.2 are reported for the Lhasa Terrane, 
tentatively correlating to those recorded in Fig. 6. (Zhu et al., 2011a; Zhu 
et al., 2011b). Furthermore, detrital zircon studies within the North 
West Shelf oil field off the coast of the Pilbara Craton area have reported 
Mesozoic zircon grains (Lewis and Sircombe, 2013; Morón et al., 2019; 
Zutterkirch et al., 2021). 

Surficial deposits of the East Pilbara Terrane consist of isolated 
Cenozoic successions of iron-rich alluvial duricrust and pisolite (Hock-
ing et al., 2001). These diverse but often fragmentary layers occur 
throughout the West Australian Craton (Hocking et al., 2001) and 
represent the remnants of a once extensive northwards-flowing Meso-
zoic fluvial system (Morón et al., 2019). Despite a period of stability and 
restricted sediment input following the breakup of Gondwana, exotic 
detrital zircons are abundant within the ephemeral streams sampled 
(Fig. 1). U–Pb zircon datasets for this unconsolidated cover in Western 
Australia support the widespread distribution of Proterozoic detritus 
atop the Archean basement (Hocking et al., 2001; Kinny et al., 2022; 
Veevers et al., 2005). Salama et al. (2022) reported a well-preserved 
population of c. 1000–2000 Ma zircon grains from regolith in the 
Yamarna Terrane, Eastern Yilgarn. Veevers et al. (2005) also demon-
strated that various contemporaneous sands and regoliths along the 
southern margin of the Yilgarn Craton contain a cargo of zircon 
consistent with sources from the Pinjarra and Albany-Fraser Orogens. 
Large detrital loads of similarly Proterozoic-aged zircon grains are found 
across the northern margin of the Pilbara Craton (Dröllner et al., 2023; 
Zutterkirch et al., 2021). Hence, we posit that the Cenozoic strata of the 
Pilbara holds a reserve of far-transported Proterozoic zircon, which was 
periodically eroded, releasing grains into contemporary sediment. 

5.1.3. Apatite provenance and thermal history 
A diverse range of apatite U–Pb closure temperatures have been re-

ported from laboratory and empirical studies (Chew and Spikings, 2021; 
Cochrane et al., 2014; Kirkland et al., 2018), with natural apatite likely 
closing to Pb diffusion over a temperature range of ~375 to 600 ◦C 
(Chew and Spikings, 2015). Grain size and fast diffusion pathways, such 
as fractures within apatite, highly influence specific closure 

temperatures. In addition, the U–Pb system of apatite is vulnerable to 
thermal disturbance and recrystallisation following initial formation 
(Chew and Spikings, 2021; Chew et al., 2011; Kirkland et al., 2018). 

The closure temperature for Sm–Nd diffusion in apatite has been 
inferred to be as high as c. 950 ◦C (Cherniak, 2000) and the Lu–Hf sys-
tem in apatite has a likely closure temperature of ~675–750 ◦C (Barfod 
et al., 2005; Glorie et al., 2022). Both isotope systems are, therefore, 
seemingly less susceptible to thermal resetting than the U–Pb system 
(Gillespie et al., 2022). The apatite Sm–Nd isochron (n = 261) age of 
3157 ± 66 Ma. The inverse Lu–Hf isochron for apatite (n = 83) yielded 
an age of 3181 ± 33 Ma (MSWD = 1.2) (Fig. 5), which is strikingly 
similar to the Sm–Nd isochron. The matching isochrons for these 
different systems support an interpretation of a c. 3.2 Ga crystallisation 
age for an essentially unimodal apatite primary age component (Fig. 7). 

By surface area, the Bishop Creek Monzonite is the largest constitu-
ent component of the Mt. Edgar Dome and has a crystallisation age of c. 
3.24 Ga (GSWA, 2023). However, the assembly of the Mt. Edgar Dome 
was a protracted process and occurred over c. 3.4–2.8 (GSWA, 2023; 
Roberts and Tikoff, 2021). Further, the constituent supersuites of the Mt. 
Edgar Dome are variable in granitic composition from TTG to mon-
zogranite (Bickle et al., 1985; Gardiner et al., 2017). Given its labile 
nature, apatite is unlikely to survive multiple reworking cycles (O’Sul-
livan et al., 2020) and, on average, can represent a more proximal 
detrital source than zircon. Samples 18 and 19 yielded 76 % of apatite 
U–Pb analyses, and both were collected from stream sediment atop the 
Bishop Creek Monzonite. Accordingly, the supersuites of the Mt. Edgar 
Dome likely represent the predominant source of detrital apatite ana-
lysed, representing the unimodal age signature from a restricted source 
seen in the Sm–Nd and Lu–Hf isochrons (Fig. 2) (Fig. 4). 

There is a difference between the apatite ages obtained by the U–Pb 
and Sm–Nd/Lu–Hf isotopic systems (Fig. 7). Previous work has 
demonstrated that apatite U–Pb ages may record thermotectonic events 
at lower temperatures than magmatic crystallisation, such as cooling at 
mid-to-shallow crustal levels (Chew and Spikings, 2021). Alternatively, 
apatite U–Pb ages can represent prograde metamorphic processes within 
the U–Pb closure temperature range, thus resetting or recrystallising a 
primary age to a metamorphic age (Chew and Spikings, 2021; Kirkland 
et al., 2018). 

The Moolyella monzogranite is part of the Split Rock Supersuite and 
forms a series of irregular stock-like outcrops between the Nullagine and 

Fig. 7. εNd evolution plot versus indicated age. The red overlaid square is derived from detrital apatite Sm/Nd analysis. Whole-rock Nd values (black circles) were 
collected from crystalline basement lithologies of the Pilbara Craton (GSWA, 2023). Magmatic supersuites are labelled. 
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Shaw Rivers (de Laeter and Blockley, 1972) and has been dated via 
zircon U–Pb to c. 2.83 Ga, thus representing some of the youngest 
magmatism in the East Pilbara Terrane (GSWA, 2023). The Moolyella 
monzogranite intrudes the Bishop Creek monzonite, while the related 
2.83 Ga Cooglegong monzogranite intrudes the Shaw granitic complex 
(from where sample 26, which gave 21 % of apatite U–Pb analyses, was 
collected) (de Laeter and Blockley, 1972). We conclude that the 207Pb- 
corrected age probability maximum at c. 2912 Ma likely records the 
thermal overprinting of various apatite populations, resetting their Pb 
isotopic system during the discontinuous c. 2.89 to 2.83 (Hickman, 
2021) emplacement of the Split Rock Supersuite. Such thermal distur-
bance of apatite is reflected in the U–Pb regression lines calculated for 
each sample (Fig. 4). MSWD values of >1 imply that a single age pop-
ulation does not define the calculated U–Pb mean age. The older lower 
intercept age obtained from sample 19 of 3087 ± 38, along with its more 
heterogenous Eu* signature, is distinct compared to samples 18 and 26 
(Fig. 4). The latter two samples (18 and 26) share similar lower intercept 
ages of 2898 ± 28 Ma and 2834 ± 20 Ma, respectively, with similar Eu* 
values despite being over 80 km apart and located on distinct underlying 
lithologies (Fig. 4; Table 1). Based on Lu–Hf and Sm–Nd ratios that imply 
crystallisation ages which match the underlying crystalline basement, 
we interpret the detrital apatite to represent material derived out of 
proximal granitoids (Fig. 5). Consequently, the various isotopic signa-
tures retained within the detrital apatite should reflect the thermal 
history of its source rock, consistent with the variable degrees of U–Pb 
resetting in these grains. Samples 18 and 26 are ~1.6 and 2.2 km from 
the Split Rock Supersuite plutons, whereas sample 19 is over 12 km from 
the nearest outcrop. Hence, we posit that the younger U–Pb lower 
intercept ages and more homogeneous Eu*signatures in samples 18 and 
26 reflect higher degrees of thermal overprinting and recrystallisation 
(Berger et al., 2022; Kirkland et al., 2018). 

Trace element geochemistry undertaken during Sm–Nd analysis can 
help enhance provenance interpretations (Fig. 7). Apatites from more 
felsic magmas typically have larger Eu anomalies, reflecting co- 
crystallisation with plagioclase (Mao et al., 2016). The mean Eu 
anomaly (Eu/Eu* = EuCN/(SmCN * GdCN)-0.5) of the detrital apatite 
population is 0.73 (Fig. 4), a weakly negative signature, consistent with 
an intermediate melt source where the Eu2+ budget was not significantly 
depleted during prolonged plagioclase fractionation (Belousova et al., 
2002; Buzenchi et al., 2022). The constituent lithologies of the Mt. Edgar 
Dome all demonstrate a negative Eu anomaly (Buzenchi et al., 2022). 
We interpret the Eu anomalies obtained for each sample (Fig. 4) to 
reflect the composition of the underlying granitoids variably modified 
by thermal/fluid overprinting during Split Rock granitoid emplacement 
(Fig. 4). Further, apatite εNd values define a normal distribution (Sha-
piro-Wilk = 0.85 and Anderson-Darling = 9.57 normality tests) about a 
CHUR-like composition with a mean of − 0.6. This mean apatite Nd 
isotopic composition is similar to the average for granitoids within the 
EPT, which during the Mesoarchean have whole rock εNdi values that 
range between to − 8 to +3 (Fig. 7) (GSWA, 2023). 

5.2. Archean crust 

5.2.1. The detrital record of crustal evolution 
The detrital Hf pattern is generally very similar to that seen in the 

crystalline igneous record (Fig. 8C). εHf signatures for dominant detrital 
pulses at 3.45 and 3.30 Ga appear to reflect, on average, a greater degree 
of mixing with a radiogenic component than the earlier 3.60 Ga event, as 
preserved by zircon xenocrysts (Kemp et al., 2015; Petersson et al., 
2019b). Such a mixing process could occur during pulses of magmatism 
associated with granitoid dome emplacement and greenstone subsi-
dence (Fig. 8C; Fig. 9) (Roberts and Tikoff, 2021). The isotopic pattern 
for the Archean detrital grains is consistent with an autochthonous 
source, given that all data seem to originate from a common isotopic 
precursor compositionally indistinguishable from CHUR (based on Hf 
and Nd) at ≤ 3.8 Ga, consistent with the known crystalline igneous 

record (Gardiner et al., 2017; Petersson et al., 2019b) (Fig. 8C). 
The crustal evolution of the Pilbara Craton is marked by magmatic 

events at c. 3.50, c. 3.43, 3.31, and 3.20 Ga, associated with the volu-
minous emplacement of granitoid domes (GSWA, 2023; Kemp et al., 
2023; Petersson et al., 2020). One scenario to account for the quasipe-
riodic nature of crust formation, with an approximate rejuvenation 
period of 100 Ma, seen in the East Pilbara Terrane, is that of early- 
Archean crust formation being controlled by a series of gravitationally 
driven crustal overturns (François et al., 2014; Wiemer et al., 2018). In 
this model, high geothermal gradients in the Archean encouraged ver-
tical material flow whereby denser mafic volcanics and lighter felsic 
crust could overturn on a quasiperiodic basis (Wiemer et al., 2018). Such 
vertical tectonic process is reflected in the architecture of the East Pil-
bara Terrane, where buoyant granitoid domes are bounded by denser 
keels of coeval komatiite successions in the greenstone belts (Petersson 
et al., 2020). Alternative tectonomagmatic scenarios are, however, 
proposed (Van Kranendonk et al., 2004), including initial crust forma-
tion in the East Pilbara Terrane as early as the Hadean (Tessalina et al., 
2010), although this appears inconsistent with recent isotopic studies 
(Hartnady et al., 2022; Kemp et al., 2015; Kemp et al., 2023; Petersson 
et al., 2020). 

A c. 100 Ma interval for rejuvenation events has been observed in the 
geology of other Archean terranes, such as the Kaapvaal Craton (Bédard, 
2018) and the North Atlantic Craton, as expressed in West Greenland 
(Kirkland et al., 2021) (Fig. 8D). We propose that this cyclicity could 
appear as a characteristic feature of continental crust formation within 
the East Pilbara Terrane during the early Archean and may typify proto- 
crust development prior to modern-style plate tectonics (Wiemer et al., 
2018). The c. 100 Ma interval may represent the time required for heat 
and volatiles to accumulate beneath stagnant lids to trigger voluminous 
magmatism associated with overturns events (Bédard, 2018). 

Hence, our detrital zircon εHf data appears to reflect the quasiperi-
odic nature of crust formation on an approximate 100 Ma frequency 
(Fig. 8D). Whilst a c. 100 Ma frequency may characterise early Earth 
overturn processes, it need not be expected to be globally synchronous 
(e.g. the periodicity is the same across different cratons, but the specific 
initiation timing is distinct). We interpret the isotopic arrays to represent 
evolution with discrete periods of crustal reworking precipitated by a 
magmatic component with more radiogenic compositions, as marked by 
vertical εHf mixing arrays at 3.45 and 3.30 Ga, which, in both cases, 
extended into unradiogenic compositions similar to 3.6 Ga magmatism. 
These magmatic episodes define periods of crust generation (Hickman 
and Van Kranendonk, 2012; Van Kranendonk et al., 2004; Wiemer et al., 
2018) (Fig. 8C). 

5.2.2. Ancient crust unroofing 
The granitoid domes of the East Pilbara Terrane are composite 

structures (Fig. 1) (Fig. 9) (Hickman, 2021; Roberts and Tikoff, 2021), in 
which pre-existing lithologies were destroyed (consumed/assimilated 
within new melts and also uplifted and eroded) during later granitoid 
emplacement – hence there is a progressively more limited igneous 
archive of early crust preserved in the Pilbara Craton. A consequence of 
this process is a trend from more radiogenic εHf positive values at the 
margins to less radiogenic, negative εHf values in the cores of the 
granitoid domes of the East Pilbara Terrane (Fig. 9) (Gardiner et al., 
2017). The spatial zonation of εHf reflects this multi-stage formation of 
domes whereby the source melts become less radiogenic through the 
Archean, reflecting the increased incorporation of earlier reworked crust 
over more radiogenic melts (Fig. 8C) (Buzenchi et al., 2022; Gardiner 
et al., 2017). 

Previous work in the East Pilbara Terrane has supported the exis-
tence of a poorly resolved and perhaps locally reworked (+ve εHf) proto- 
crust with an age of at least 3.55–3.80 Ga (Collins et al., 1998; Gardiner 
et al., 2017; Hickman, 1990; Hickman and Van Kranendonk, 2012; 
Petersson et al., 2019b). Indeed, recent insights from Pb isotopes in the 
Pilbara have demonstrated that continental nuclei derived from a 
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Fig. 8. (A) Initial 176Hf/177Hf versus concordia age of Archean detrital zircons (this study) with the expected trajectory for Pb-loss shown. A 176Lu/177Hf ratio of 0.01 
for average Archean TTGs composition is also shown. (Blichert-Toft and Albarède, 2008; Taylor and McLennan, 1985). (B) Violin plots for the detrital εHf signatures 
compared to crystalline values from the East Pilbara Terrane. A list of data sources is available in Appendix 1. (C) εHf versus concordia age for detrital zircon. At least 
two vertical Hf mixing arrays (3.45 and 3.30 Ga) punctuate evolution slopes (176Lu/177Hf = 0.01). Hafnium data for contoured plot from Amelin et al. (2000); 
Gardiner et al. (2017); Kemp et al. (2015); Kemp et al. (2023); Petersson et al. (2020); Petersson et al. (2019b); Salerno et al. (2021). (D) A compilation of εHf values 
from various Archean terranes (interpolated on a 10 Ma interval with a 3-period moving average). Significant juvenile input events are highlighted. Hf data compiled 
from Puetz et al. (2021). 
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CHUR-like source were preserved for up to 500 Ma following their for-
mation during the Eoarchean to Paleoarchean, but not Hadean (Hart-
nady et al., 2022). This earlier crust has been studied indirectly through 
Nd and Hf model ages; however, direct insights have been limited to 
xenocrystic zircon crystals inherited within granitic gneiss or mafic 
enclaves within granitoids (Petersson et al., 2019a). Our εHf data may 
help resolve an earlier (≥3.8 Ga) crustal evolution array, as suggested in 
Hickman and Van Kranendonk (2012), Petersson et al. (2019a), and 
Hartnady et al. (2022). The fit of the lowermost isotopic evolution array 
through εHf data in Fig. 8C, using a 176Lu/177Hf of 0.01, appears to 
represent a preserved remnant of the continued isotopic evolution of an 
extraction event at c. 3.8 Ga (Petersson et al., 2019a) (Fig. 8C). Despite 
some of the less radiogenic εHf values in Petersson et al. (2019a) being 
interpreted as modified by radiogenic Pb-loss, the detrital data here and 
the K-feldspar Pb isotopic modelling of Hartnady et al. (2022) imply a 
real source component of up to 3.8 Ga. Such a 3.8 Ga source appears to 
coincide with more widespread crustal extraction or the better preser-
vation of this isotopic legacy of fractionation after a putative late heavy 
bombardment (Drabon et al., 2022; Dröllner et al., 2022). 

The Split Rock Suite (2.89–2.83 Ga) (Hickman, 2021) is the least 
radiogenic (− ve εHf) constituent of the Mt. Edgar dome (Gardiner et al., 
2017) and is presently the least exposed supersuite by surface area 
(Fig. 9). Granitoid domes are multi-generational features whose younger 
cores extend from more radiogenic values into the same evolution array 
as the surrounding granitoid supersuites (Gardiner et al., 2017). The 
emplacement of granitoid domes in the EPT occurred via the upwelling 
of buoyant melt diapirs (Roberts and Tikoff, 2021; Wiemer et al., 2018) 
(Fig. 9). A 3-dimensional spatial isotopic arrangement within the paleo- 
domes could explain salient features within the detrital record. Specif-
ically, if the paleo-domes had a proportionally greater volume of less 
radiogenic material higher within the crustal column, this would be 
preferentially eroded relative to more radiogenic and lower in the 
crustal column margins (Fig. 9). Such a process would result in zircon 
shed from central paleo-dome components having a bias towards less 

radiogenic (− ve) εHf, whilst zircons preserved within the crystalline 
basement would, on average,retain a more radiogenic (+ve) signature 
(Figs. 8B; 9). Despite similar median εHf values between detrital and 
magmatic zircons, the oldest detrital grains show a wider compositional 
range and encompass less radiogenic (− ve) εHf values. Critically, the 
interquartile range for the 3.5–3.4 Ga time interval encompasses pro-
portionally more negative εHf values than the contemporaneous crys-
talline basement, supporting the described unroofing model (Fig. 8B). 

The scattering of Archean zircon to lower εHf values due to radio-
genic Pb-loss has been documented by previous workers (Petersson 
et al., 2019b; Spencer et al., 2020). Such a process could conceivably 
result in εHf trends that resemble those produced from the unroofing 
dome model presented (e.g. more unradiogenic signatures dominating 
the oldest detrital component). Some samples in this work yield a high 
percentage of discordant zircon grains (sample 26, 77 % are >10 % 
discordant), which we interpret as a function of grain antiquity, pro-
longed surficial exposure, bulk mounting and representative sampling. 
However, the % of discordant grains (i.e. increased radiogenic Pb-loss) 
does not increase over the 2.8–3.6 Ga interval and remains at a mean 
of ~22 % discordance (Appendix 2). Furthermore, Pb-loss is mitigated 
by filtering analyses with ± 10 % discordance, and no radiogenic Pb-loss 
trend is evident in εHf versus age plots where such a process yields a 
distinct vector (εHf/Ma = 0.022), which contrast to the observed trend 
in the data (Fig. 8). Hence, we attribute the distribution of data towards 
lower εHf values in old grains (Fig. 8B) as a function of a detrital process, 
whereby less radiogenic zircon grains in the dome cores are preferen-
tially lost into the detrital archive following granitoid unroofing, given 
their concentric Hf (and Nd) isotopic zonation (Fig. 9). 

The less radiogenic (− ve εHf) zircon shed from now-destroyed dome 
cores has been preserved proximally within basins to the East Pilbara 
Terrane (Fig. 9). Thus, the detrital record of the Pilbara may be a more 
extensive archive of the earlier, more evolved crust of the Pilbara 
Craton, in contrast to what the contemporary crystalline exposures offer. 

Fig. 9. Schematic block diagram of the East Pilbara Terrane showing the present surface and the hypothesised pre-erosion surface. Inputs of apatite and zircon off the 
denuded craton are indicated. A simplified εHf map of the Mount Edgar Dome, subdivided by magmatic supersuite and coloured by median εHf signature, highlights 
the general rim-core trend from more to less radiogenic compositions. Inset is a schematic cross-section of a granitoid dome, showing isotopic zonation. The εHf map 
was adapted after Gardiner et al. (2017). Block diagram adapted after Smithies et al. (2021). 
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6. Conclusions 

New (U–Pb) time-constrained in-situ isotopic signatures (Lu–Hf, 
Sm–Nd) from detrital zircon and apatite grains collected from ephem-
eral streams offer insights into the construction and subsequent erosion 
of Archean continental crust. Zircon ages record a history of sediment 
flux into and within the Pilbara Craton. 

Detrital zircon and apatite offer two distinct insights. The refractory 
and durable nature of zircon allows it to persist through multiple cycles 
of reworking. Detrital zircon grains record Pilbara magmatism but also 
represent an archive of Proterozoic and Phanerozoic geological history 
within Western Australia (e.g., Capricorn, Albany-Fraser, Paterson 
Orogens). The occurrence of young ≤ 500 Ma zircon grains also implies 
a detrital source into the Pilbara Craton from the Lhasa Block. 

The labile nature of apatite is not conducive to prolonged transport, 
leading to a less diverse primary and, indeed, secondary age signature 
retained in this mineral. We record a unimodal apatite U–Pb age pop-
ulation at 2.9 Ga, interpreted as the time of thermal resetting due to 
heating from granitoids of the Split Rock Supersuite. While the Lu–Hf, 
(Eu/Eu*), and Sm–Nd isochrons constrain primary crystallisation pri-
marily from the Bishop Creek Monzonite at c. 3.2 Ga and other granit-
oids of the EPT granitoid domes. 

This work highlights a substantial geospatial control on zircon U–Pb 
age signatures, with samples collected directly atop granitoid domes 
showing a largely felsic mineral profile and unimodal age signatures, 
broadly corresponding to the dome’s crystallisation (Fig. 1). Samples 
collected from greenstone terranes show a more heterogeneous age 
profile, retaining a greater number of younger grains, likely due to their 
lower intrinsic zircon load of the underlying basement. 

Our detrital zircon εHf signatures, on average, stretch to more 
evolved values than previous data sets from crystalline samples of the 
domes (Fig. 8B). This observation supports an unroofing model, criti-
cally dependent on the observed age and isotopic zonation of the domes 
(youngest and least radiogenic in the dome cores). Detrital zircon 
potentially preserves information about lost components in the primary 
magmatic record and complements the crystalline record. However, the 
proportions of such ancient grains need not reflect volumetric pro-
portions in the crystalline basement due to a plethora of geological (and 
analytical) biases imparted onto the DZ record. 

The detrital zircon data (U–Pb, Lu–Hf) implies the continued 
reworking of earlier crustal components punctuated by the input of ju-
venile material on an approximate 100 Ma frequency, similar to some 
other ancient cratons (Fig. 8D). This reworking and periodic rejuvena-
tion appear to occur quasiperiodically, perhaps during crust-mantle 
overturns. 

This work shows that detrital apatite from ancient crust, due to its 
preservation potential and compositional growth affinity, will unlikely 
provide as extensive a crustal evolution record as detrital zircon. 
Nonetheless, detrital apatite in the Pilbara Craton offers important in-
sights into thermal/fluid overprinting in the EPT poorly represented in 
the zircon record. 
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