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1  |  INTRODUC TION

The scarcity of well- preserved primary Hadean– Eoarchean mate-
rial (e.g. Goodwin, 1996) impedes understanding of Earth's earli-
est continental crust. However, the geochemical legacy of ancient 
(>3,800 Ma) crustal seeds may survive reworking, conveying infor-
mation on early crust– mantle differentiation into younger conti-
nental crust and ultimately the detrital record (Griffin, Belousova, 
Shee, Pearson, & O'Reilly, 2004; Guitreau et al., 2019). The Archean 
Yilgarn Craton (YC) in Western Australia (Figure 1a) has enabled sig-
nificant advances in the understanding of the spatial and temporal 
development of early Earth's crust (e.g. Cassidy et al., 2006). The 
Narryer Terrane, in the northwestern YC, preserves some of the 
oldest continental crust on the planet (>3,700 Ma; Kinny, Williams, 
Froude, Ireland, & Compston, 1988) and hosts Earth's oldest ter-
restrial minerals (>4,400 Ma; Wilde, Valley, Peck, & Graham, 2001). 
Detritus in metasediments across the YC, granite chemistry and 
isotope geochemistry (e.g. Sm– Nd, Lu– Hf; Figure 1b,c) all hint at 

extensive cryptic components of an ancient protocrust of Hadean– 
Eoarchean age extending beyond the exposed Narryer Terrane 
(Morris & Kirkland, 2014; Petersson, Kemp, & Whitehouse, 2019; 
Wyche, Nelson, & Riganti, 2004). Detrital minerals are an important 
archive to decipher the evolution of our planet from the otherwise 
fragmentary ancient crustal record (e.g. Griffin et al., 2004). In this 
study, we perform U– Pb and Lu– Hf isotope measurements of de-
trital zircon to elucidate the post- Archean fate of early crust and its 
importance for crustal growth.

2  |  GEOLOGIC AL SET TING

The YC is dominated by characteristic Archean granite- greenstone 
crust and experienced major crustal growth at c. 2,750– 2,600 Ma 
(Cassidy et al., 2006). The Albany- Fraser Orogen (AFO) is autoch-
thonous to, and represents the dominantly Proterozoic hyperexten-
sion of, the southern and eastern margin of the YC (Figure 1a). Major 
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tectonomagmatic events of the AFO took place at c. 1,710– 1,650 Ma, 
1,345– 1,260 Ma and 1,215– 1,140 Ma (Kirkland et al., 2011; 
Spaggiari, Kirkland, Smithies, Wingate, & Belousova, 2015). The 
1,215– 1,140 Ma event in the AFO was coeval with magmatism 
in the western Musgrave Province in central Australia (Figure 1a), 
despite being rooted on different basement (Kirkland et al., 2013). 
The western margin of the YC is bordered by the Pinjarra Orogen 
(PJO), which is largely covered by the Perth Basin (Figure 1a). The 
PJO evolved since the Mesoproterozoic along the western margin 
of the YC (Ksienzyk et al., 2012), and tracks the breakup of west-
ern Rodinia at c. 750 Ma and the final amalgamation of Gondwana 
at c. 520 Ma (Collins, 2003). The Gulden Draak and Batavia Knoll 
offshore microcontinents (Figure 1a) were once part of the PJO 
(Williams, Whittaker, Granot, & Müller, 2013).

3  |  METHODS

Samples in this work were selected to represent the crustal growth 
of SW Australia. We integrate (a) detrital zircon of modern littoral 
and fluvial sediments on the Scott Coastal Plain (Figure 1a; Western 
Australia), which represent multicyclic sediments that are sourced 
from the local crystalline basement (PJO, AFO and YC; Dröllner, 
Barham, & Kirkland, 2022; Sircombe & Freeman, 1999), and (b) 
published detrital zircon data of the Perth Basin, Hillier Bay, Arid 
Basin and Barren Basin (meta)sediments, all of which have been rec-
ognized as significant archives of detrital minerals derived from the 
PJO, AFO and/or YC (Kirkland, Barham, & Danišík, 2020; Olierook 

et al., 2019; Spaggiari et al., 2015). Detrital zircon grains have been 
analysed for their U– Pb and Lu– Hf isotopic compositions using laser 
ablation split stream- inductively coupled plasma- mass spectrometry 
at the John de Laeter Centre, Curtin University. Detailed analytical 
procedures and references for literature data (Table S1) are provided 
in the Supporting Information S1. Sample locations (Table S2) and 
results of reference materials (Tables S4 and S6) are listed in the 
Supporting Information S2.

Hf model ages use a two- stage evolution referenced to either 
depleted mantle (DM; T2

DM
) or CHondritic Uniform Reservoir (CHUR; 

T
2

CHUR
). Model age calculations were performed for concordant zircon 

analyses utilizing the R package “detzrcr” (github.com/magnu skris 
toffe rsen/detzrcr) and use the 176Lu decay constant of Söderlund, 
Patchett, Vervoort, and Isachsen (2004), the CHUR composition 

F I G U R E  1  (a) Present- day locations of 
crustal units discussed in this work. Inset 
shows geographic extent of Yilgarn Craton 
(YC) within Australia, and “A” and “B” 
indicate major occurrences of the Arid and 
Barren basins respectively. (b) Spatially 
interpolated magmatic whole rock Sm– Nd 
and (c) zircon Lu– Hf two- stage depleted 
mantle model ages (T2

DM
) of the Yilgarn 

Craton. Isotopic data obtained from dmp.
wa.gov.au/GeoView. [Colour figure can be 
viewed at wileyonlinelibrary.com] 126°E124°E122°E120°E118°E116°E
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Statement of significance
Time constrained Lu– Hf measurements of detrital zircon re-
cord >3 Gyr of crustal evolution in SW Australia, implying 
repeated episodic mixing of juvenile and evolved sources, 
commencing with a c. 4,000– 3,800 Ma protocrust. In tan-
dem with geophysical evidence, a Hadean– Eoarchean crus-
tal remnant is inferred in the deep basement of the Yilgarn 
Craton along its SW margin. A widespread increase in the 
extraction/preservation of protocrust is interpreted to have 
occurred during this interval globally.
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of Bouvier, Vervoort, and Patchett (2008) and the DM values after 
Griffin et al. (2000). The latter are adjusted to the CHUR and decay 
constant values used herein. Model age calculations utilize a crustal 
176Lu/177Hf ratio of 0.013 that is estimated from linear regression 
(see discussion).

4  |  RESULTS AND DISCUSSION

4.1  |  Provenance

Based on U– Pb geochronology (Figure 2; Table S3) and Lu– Hf iso-
tope geochemistry (Figure 3a,b; Table S5), Scott Coastal Plain de-
trital zircon grains were sourced from local crystalline basement 
including the YC (c. 2,710– 2,580 Ma), the AFO (c. 1,700– 1,600 Ma 
and 1,240– 1,120 Ma) and the PJO (c. 1,100– 880 Ma and 730– 
500 Ma), or their equivalent pre- breakup terranes in Antarctica 
and India. The zircon Hf isotope data show low similarity to the 
Musgrave signature (Figure 3a) and suggest no significant deriva-
tion from central Australian lithologies. The source- to- sink cor-
relation of the Scott Coastal Plain detritus to proximal sources 
is consistent with previous interpretations (Dröllner et al., 2022; 
Sircombe & Freeman, 1999).

4.2  |  Crustal evolution

The Lu– Hf isotope geochemistry of detrital data (Figure 3b) broadly 
resembles that of zircon from regional crystalline basement rocks 
(Figure 3a). This suggests that the detrital data can be used as a 
proxy of regional crustal evolution, and provide a more complete 
record where inadequate preservation or exposure of the crystal-
line basement restricts direct crustal sampling. Most detrital zircon 
have sub- chondritic ɛHf(t) indicating crystallization from melts with 
crustal contamination. The three pronounced vertical arrays, at c. 
2,700, 1,200 and 500 Ma, suggest mingling and mixing of evolved 
crustal and juvenile mantle- like sources (Figure 3b; Vervoort & 
Kemp, 2016).

The crustal units with ages that correspond to Hf- isotopic mixing 
arrays (2,700 Ma YC, 1,200 Ma AFO and 500 Ma PJO), all evolved in 
spatial proximity. Therefore, these indicative trends, that are best 
explained by mixing and are distinct from ancient Pb- loss trends 
(Figure 3b), are interpreted as a coherent ancient source terrane 
located at the juncture of these crustal units in SW Australia. The 
lower bound of the mixing arrays defines a continuous evolution 
trend towards an apparent Hadean– Eoarchean extraction (pink bar 
in Figure 3b). The slope of this evolution trend is consistent with a 
linear regression of the upper 1% of T2

DM
 of the detrital record of 

SW Australia (Figure 3b). The slope of the evolution trend, based on 
the linear regression, corresponds to a 176Lu/177Hf ratio of 0.013 ± 1 
(2σ). Using a larger proportion of the data, for example, the upper 
2 or 5%, results in slopes within the uncertainty of the regression 
of the upper 1%. Hence, the proposed 176Lu/177Hf ratio of 0.013 is 
considered meaningful to extract compositional constraints on the 
ancient source terrane be they mixed or reflecting single reworked 
components.

The granite- greenstone YC shows a bimodal composition with 
SiO2 modes at c. 50 and 73 wt% corresponding to 176Lu/177Hf of 
0.029 and 0.005 respectively (Figure 4a). A 176Lu/177Hf ratio of 
0.013 suggests crust with 59 wt% SiO2 and approximates the av-
erage value for the YC based on lithological abundance and con-
centration (Figure 4a). However, a 0.013 176Lu/177Hf value falls 
outside the YC compositional modes (Figure 4a), that is, this value 
neither corresponds to felsic nor mafic sources. This could imply 
that the apparent 176Lu/177Hf slope (Figure 3b) reflects a mixed 
source, petrologically analogous to the bulk average of Archean 
granite- greenstone crust. Based on binary mixing of felsic and 
mafic reservoirs (Table S7), a 176Lu/177Hf ratio of 0.013 is more 
mafic than the average exposed YC or Pilbara Craton (Figure 4b), 
but comparable to the lower Warrawoona Group of the Pilbara 
Craton (Figure 4a). Significantly, the 3,530– 3,420 Ma Warrawoona 
Group, which is a volcano- sedimentary succession of mainly 
tholeiitic and komatiitic basalts, has been considered a composi-
tional analogue of early Earth protocrust (Smithies, Champion, & 
van Kranendonk, 2009).

Using a 176Lu/177Hf ratio of 0.013, maximum T2
DM

 ages are around 
4,000 Ma and T2

CHUR
 are around 3,800 Ma (Table S5). This evolution-

ary trend is best considered to represent a mixed source, given it 
does not correspond to a compositional mode in most Archean 
crust. Nonetheless, model ages derived from it provided a minimum 
constraint for the oldest component in that mixture. The proposed 
evolution array resembles the lower bound of time- integrated Hf 
evolution arrays of other areas hosting Archean crust globally (de-
fined using the upper 1% of T2

DM
; Figure 3c). These trends also sug-

gest unradiogenic crustal reservoirs that were episodically subjected 
to phases of crustal reworking with widespread protocrust forma-
tion at or before c. 4,000– 3,800 Ma.

The global consistency of this isotopic legacy, capable of resisting 
dilution by repeated interaction with juvenile melts, likely requires 
a significant volume of protocrust. However, frequencies of model 
ages are likely altered by mixing processes that blur the temporal 

F I G U R E  2  Kernel density estimates of U– Pb ages of detrital 
zircon from this study, Perth Basin (Olierook et al., 2019 and 
references therein), Hillier Bay (Kirkland et al., 2020) and AFO 
metasediments (Arid and Barren Basin; Spaggiari et al., 2015).  
n = number of analyses (concordant/total). [Colour figure can be 
viewed at wileyonlinelibrary.com]
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resolution of the primary extraction (Figure 4c,d). Despite this, a 
high rate of change in global Hf model ages at 4,000– 3,800 Ma (T2

DM
 

and T2
CHUR

, Figure 4c,d) implies an increase in protocrust formation 
consistent with a fundamental planetary geodynamic change point 
at this time (Figure 3b,c). This globally distinct change is less likely 
purely a relic of steady state preservation bias (e.g. Hawkesworth, 
Cawood, Kemp, Storey, & Dhuime, 2009), which would be expected 
to have resulted in a more gradual change. Regardless of it being due 
to formational or preservational drivers, the rate change identified 
indicates a shift in large scale crustal processes (whether tectonic or 
compositional) associated with ancient crust at this time. In addition, 

homogeneity tests suggest a change in crust production/preserva-
tion rates after c. 3,700 Ma (Pettitt's test; Figure 4c,d).

Significant volumes of pre- existing ancient crust are consis-
tent with isotopic evidence for incorporation of ancient material in 
other parts of the YC (Mole et al., 2019; Morris & Kirkland, 2014), 
and support interpretations of early Earth fractionation processes 
(e.g. Bennett, Brandon, & Nutman, 2007). The similarity between 
CHUR and DM reservoirs on the early Earth results in a compar-
atively small difference between calculated model age modes 
using either model, with little implication for the timing of a broad 
secular change to Earth geodynamics (Figure 4c,d). Likewise, only 

F I G U R E  3  (a) Lu– Hf evolution plot 
of the crystalline basement of SW 
Australia and conjugate terranes (ST –  
Superterrane) [References for literature 
data are provided in Table S1 in the 
Supporting Information S1]. (b) Lu– Hf 
evolution plot of detrital zircon in SW 
Australia [References for literature data 
are provided in Figure 2]; pink array 
visualizes temporal evolution of the 
proposed Yilgarn protocrust; inset shows 
expected evolution trajectories for Pb- loss 
and different 176Lu/177Hf ratios. (c) Lu– Hf 
evolution plot of the global compilation 
(Puetz & Condie, 2019) of areas hosting 
Archean crust. Coloured data points are 
used for linear regression. Grey vertical 
bars show time frame of termination of 
Hf trends indicative of protocrust mantle 
extraction. [Colour figure can be viewed 
at wileyonlinelibrary.com]
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end- member scenarios of crustal 176Lu/177Hf ratios (Figure 4a) 
alter model results significantly, for example, a 176Lu/177Hf of 
0.005 equates to a maximum T2

DM
 of c. 3,700 Ma. However, mod-

est variations consistent with the uncertainty of the regression (i.e. 
±0.001), do not meaningfully change the dominant time of appar-
ent crust extraction.

The trends of the most evolved zircon grains in Australia and 
Canada (Figure 3c) that are dictated by zircons from Jack Hills 
and Acasta, respectively, appear distinct to the broad c. 4,000– 
3,800 Ma source pattern seen globally (Figure 3c) suggesting 

earlier protocrust formation soon after planetary accretion, which 
is consistent with various distinct early geodynamic states (e.g. 
Drabon et al., 2022; Smithies et al., 2021). The significant offset 
from other evolution trends towards higher 176Lu/177Hf (Figure 3c) 
is most likely a reflection of different formation mechanisms for 
these two zircon populations, perhaps via some direct or indirect 
impact melt origin (e.g. Johnson et al., 2018). Such an observation 
implies no genetic relationship in the geodynamic environment 
between the Hadean protocrust of Jack Hills and Acasta, and the 
Yilgarn protocrust.

4.3  |  An ancient vestige of protocrust hidden 
beneath the Yilgarn Craton

Gravity data (Figure 5a) suggest that the crust of the SW YC is sig-
nificantly thicker and denser than that in the eastern terranes of 
the craton (Aitken, Salmon, & Kennett, 2013). A similar dense grav-
ity response is identified in the Narryer Terrane and in an appar-
ent interconnected western edge of the YC that stretches some 
1,000 km southwards (Figure 5a; grey dashes). This geophysically 
anomalous area is coincident with older model ages of magmatic 
rock (Figure 5b). Reading, Kennett, and Dentith (2003) used seismic 
refraction data to identify a high- velocity zone in the lower crust 
of this area (Figure 5c), which we interpret as a deep remnant of a 
Yilgarn protocrust stretching north to the Narryer Terrane. Its east-
ern boundary trends north- west and aligns with several iron ore and 
gold deposits (e.g. Katanning, Karara), consistent with mineralization 
associated with a deep- seated crustal boundary (Outhwaite, 2018). 
Including the Narryer Terrane, a minimum extent of c. 100,000 km2 
can be inferred for this protocrust. Such a large volume of differen-
tiated crust would have been associated with enhanced buoyancy 
(e.g. Santosh, Maruyama, & Yamamoto, 2009), a factor that likely 

F I G U R E  4  (a) 176Lu/177Hf ratio of (meta)igneous rocks of the 
YC calculated using whole rock geochemistry obtained from dmp.
wa.gov.au/GeoView. Red and blue lines show running average 
and the 176Lu/177Hf value employed for model age calculations 
respectively. Green square indicates average composition of F2 
sections of the Warrawoona group (Smithies et al., 2009). (b) 
Binary mixing model of end- members of Figure 4a, that is, a felsic 
and a mafic component with 176Lu/177Hf values of 0.029 and 
0.005 respectively. Intercept of mixing model and 176Lu/177Hf 
of proposed evolution array of ancient crustal vestige indicates 
greenstone fraction. Fraction of greenstone for YC and Pilbara 
Craton is based on present- day extent (dmp.wa.gov.au/GeoView). 
(c) Relative frequency of T2

DM
 and (d) T2

CHUR
 Hf model ages of the 

global compilation (Puetz & Condie, 2019). Black and red lines show 
locally estimated scatterplot smoothing of the relative frequency 
and the rate of change (of the relative frequency) respectively. 
Blue- dashed lines indicate a homogeneity test (Pettitt's test) that 
reveals relative frequencies of T2

DM
 and T2

CHUR
 change at c. 3,700 Ma, 

rejecting the null hypothesis that the data are homogeneous 
at >99% confidence level. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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controlled its preservation and allowed the craton to grow, as re-
corded eastwards. The large volume could also imply coalescence of 
individual crustal seeds.

5  |  CONCLUSIONS

U– Pb and Lu– Hf analyses of detrital zircon indicate the existence of an 
ancient crustal substrate beneath the SW of the Archean YC. This sub-
strate is interpreted to be a remnant of Hadean– Eoarchean protocrust 
residing at depth outside the Narryer Terrane and compositionally 
similar to Archean granite- greenstone crust. This protocrust was sub-
ject to major episodes of later magmatic reworking over some 2 Gyr, as 
evidenced by at least three excursions towards more radiogenic average 
ɛHf(t) values. The persistence of this cryptic terrane is supported by geo-
physical measures that define a large block of distinct crust on the west-
ern edge of the YC. The global zircon Hf isotope record also highlights 
an apparent c. 4,000– 3,800 Ma period of extensive crust formation, 
which contrasts with isotopic records from Acasta and Jack Hills that 
likely reflect a distinct, earlier, geodynamic state. Extensive protocrust 
formation at 4,000– 3,800 Ma appears to have provided crustal seeds 
that supported episodic continental growth well- beyond the Archean.
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