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Knowledge of the evolution of ancient cratonic lithospheres underpins our understanding of Precambrian
Earth. The Yilgarn Craton has exceptionally well-preserved Archean geology, with juvenile crust forma-
tion and major orogenesis concluding in the Neoarchean, and a stabilised upper-crustal architecture
developing before 2.42 Ga. However, in an apparent dichotomy, geophysical models resolve lithospheric
mantle composition outside the range of xenolith data from Archean regions, indicating the lithospheric
mantle has since been extensively refertilised. Post-Archean igneous and sedimentary rocks record a pro-
longed lithospheric evolution that is not well resolved in datasets recording bulk crustal isotopic evolu-
tion. Reconciling these, we combine interpretation of geological and geophysical data to resolve two
phases of lithosphere destabilisation driven by major magmatic events at �2.06 Ga and at �1.08 Ga.
During destabilisation, sub-lithospheric and sub-crustal mantle fluxes caused extensive mantle refertil-
isation. For 200–400 Ma post-refertilisation, distributed sedimentary basins formed during recratonisa-
tion of the now denser lithosphere. The timing of these events suggests a relationship with the early
stages of supercontinent assembly: Dominant downwelling beneath the assembling supercontinent sus-
tains a sufficiently non-tensile tectonic setting to inhibit lithospheric thinning and breakup and enhances
lateral flow of any upwelling mantle. This setting allows widespread intraplate refertilisation to occur
while later the assembled supercontinent provides a stable setting allowing thermal re-equilibration
and recratonisation to occur. In contrast, lithospheric refertilisation during supercontinent breakup will
be more susceptible to density instabilities and recycling in later collisions. Consequently, we suggest
that refertilisation of extant cratonic lithosphere may dominantly have occurred during the assembly
of supercontinents.

� 2023 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The development of cratonic lithosphere has played a crucial
role in the evolution of Precambrian Earth, and has an ongoing
impact on our planet, including its mineral resources (Hoggard
et al., 2020) and natural hazards (Huang et al., 2002). While the
accessible crust may be studied in detail, a complete knowledge
of lithosphere evolution also demands that processes in the mantle
and deep crust are well understood.

Where targeted studies have been performed, the composition
of the lithospheric mantle shows substantial diversity relating to
the varied and often prolonged evolutions of continents (Afonso
et al., 2021; Finger et al., 2022; Tang et al., 2013; Tesauro et al.,
2020). Importantly, several key processes of the lithospheric man-
tle may be partially decoupled from that of the crust (Menzies
et al., 2007; Wang et al., 2018; Zheng et al., 2012) and therefore
the mantle may develop at different times to the crust. Conse-
quently, we cannot assume that a detailed knowledge of the crust
is sufficient to define a craton’s evolution, and different approaches
are needed to understand independently the mantle evolution.

This work focuses on the development of the lithospheric man-
tle of the Yilgarn Craton in Western Australia. We uncover a funda-
mental dichotomy between the formation of the crust in the
Archean and the anomalously fertile composition of the litho-
spheric mantle, which for much of the craton extent is outside
the global range for xenolith data from Archean cratons. Spatial
correlations of mantle structure with post-Archean geology permit
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this controversy to be addressed and indicate that extensive man-
tle refertilisation occurred in the Proterozoic. Phases of lithospheric
destabilisation are identified at � 2.06 and � 1.08 Ga, each associ-
ated with a significant magmatic event, while subsequent recra-
tonisation is associated with the formation of sedimentary basins
over 200–400 Ma. We highlight processes that favour the refertil-
isation of cratonic lithospheric mantle and its preservation during
supercontinent assembly, with implications for tracking the
growth of Earth’s lithosphere through time.
2. The Yilgarn Craton - A crust-mantle dichotomy

The Yilgarn Craton (hereafter referred to as the craton) in Wes-
tern Australia (Fig. 1) is an archetypal Archean craton, with geology
characterised by greenstone belts dating from ca. 3.7 Ga to ca.
2.7 Ga, separated by Neoarchean granite domains dating from
2.68 to 2.62 Ga (Goscombe et al., 2019). The formation of the cra-
ton is inferred largely from the isotopic record of crust forming
events (Champion and Cassidy, 2007; Mole et al., 2019). These
Fig. 1. Simplified geology of the Yilgarn Craton region. Major crustal structures (Korsch a
Cenozoic, Mz – Mesozoic, Pz – Paleozoic, Np – Neoproterozoic, Mp – Mesoproterozoic, Pp
– sedimentary and volcanic, M – mafic igneous, IM – igneous and metamorphic, ISM –
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studies define the growth of a geographically complete craton by
the Neoarchean (Mole et al., 2019), and the establishment of a
stable crustal architecture prior to the intrusion of the Widgie-
mooltha Dolerite at 2.42 Ga (Goscombe et al., 2019). Geophysical
studies of bulk crustal properties also support an Archean crust for-
mation (Yuan, 2015).

Geophysical studies of the lithospheric mantle resolve a sub-
stantially depleted composition: Mg/Fe ratios > 4.5 occur through-
out west-central Australia (Khan et al., 2013), consistent with Mg#
over 91. A 1D study for the entire West Australian Craton found
bulk Mg# of � 91 – 91.5 and depletion in Al2O3 and CaO oxides
(Qashqai et al., 2016). In a higher-resolution study (Fig. 2), region-
ally variable Mg# is estimated, on the base of a joint inversion of
seismic and gravity models (Tesauro et al., 2020). A highly depleted
western craton (Mg# > 90.5) contrasts with a typically less
depleted eastern craton (Mg# < 90.5), including the Tropicana Zone
of the Albany Fraser Orogen. The surrounding orogens and basins
possess more fertile lithosphere (Mg# < 90.0). Although depleted
relative to primitive mantle, the lithospheric mantle composition
for much of the craton lies outside the range of xenolith data from
nd Doublier, 2016), define zone boundaries (names in italics). Geology Legend: Cz –
– Paleoproterozoic, AP –Archean-Paleoproterozoic, A - Archean; S – sedimentary, SV
Igneous sedimentary and metamorphic, GG – greenstone belts, Gt – granite.



Fig. 2. Post-Archean magmatic events, showing the Yerrida Basin and Bryah Rift (2.18–2.01 Ga), major Proterozoic dyke suites. Boonadgin and Biberkine dyke suites (not
shown) occur in the southwest (Stark et al., 2019). Alkaline magmatic rocks (Choi et al., 2020) are indicated with the central group at 2.06 Ga (bright shade), 1.8 to 1.4 Ga
volcanism in the northern group (mid shade), and 0.86 Ga volcanism in the southern group (dark shade). The background image is modelled Mg# at 100 km depth (Tesauro
et al., 2020). Inferred bulk mineral composition is shown in Fig. S1.
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Archean regions (Griffin et al., 2008). This suggests refertilisation of
the Archean lithosphere, causing increased density associated with
higher iron content (Fig. 2), as well as higher proportion of clinopy-
roxene and garnet, with respect to olivine and orthopyroxene con-
tent (Griffin et al., 2003; Griffin et al., 2008; Tesauro et al., 2014)
(Fig. S1).

For a fully-coupled crust and lithospheric mantle evolution,
these key observations are mutually exclusive, and so they suggest
a degree of decoupling in the evolution of the crust and mantle. To
resolve this dichotomy, and to put constraints on the timing and
mechanism of refertilisation, we review the craton’s post-
Archean geology and its lithosphere structure.
3. Post Archean geology of the Yilgarn Craton

Proterozoic rocks of the Yilgarn Craton are extensive, including
dyke suites (Stark et al., 2019; Wingate, 2007), sedimentary basins
(Grey et al., 2005; Occhipinti et al., 2017; Spaggiari et al., 2015),
marginal metamorphic belts (Goscombe et al., 2019) and alkaline
14
magmatic rocks (Choi et al., 2020; Fiorentini et al., 2020). Phanero-
zoic sedimentary basins also overlie the craton (Fig. 1). These post-
Archean rocks, while volumetrically minor, are contemporaneous
with globally significant tectonic events and may be subtle recor-
ders of the developing cratonic lithosphere through time.
3.1. Surrounding orogenic belts

The exposed craton is surrounded by Proterozoic to Phanerozoic
basins and Proterozoic orogens that have variably reworked the
Archean crust. The Pinjarra Orogen to the west formed in-situ
after � 1.1 Ga, with later events associated with the Cambrian
Kuunga Orogen, and since the Permian the Perth Basin rifting
(Markwitz et al., 2017). Besides detritus, currently there is no evi-
dence of Archean heritage (Markwitz et al., 2017).

The Albany Fraser Orogen (AFO) represents the reworked south-
east margin of the Yilgarn Craton (Kirkland et al., 2011), with major
extension forming the Barren Basin from ca. 1.80 Ga to 1.31 Ga, and
the Arid Basin from 1.60 to 1.31 Ga (Spaggiari et al., 2015). Later
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contractional orogenesis occurred in two stages from 1.33 to
1.29 Ga and 1.23 to 1.14 Ga, with the Ragged Basin interstitial to
these stages (Spaggiari et al., 2015). Post-Mesoproterozoic activity
in the AFO is minimal (Scibiorski et al., 2016). The inboard AFO
includes minimally reworked Yilgarn Craton crust in the Northern
Foreland (Spaggiari et al., 2015) and the Tropicana Zone (Occhipinti
et al., 2018). Terranes to the east of the AFO comprise Paleo-to
Mesoproterozoic juvenile crust with no known Archean heritage
(Spaggiari et al., 2015).

To the northeast, the west Musgrave Province formed as juve-
nile crust in the Proterozoic, with crust-forming events at ca
1.9 Ga, 1.62–1.55 Ga, 1.41 Ga and 1.34–1.29 Ga (Howard et al.,
2015). The region was intensely reworked in an intraplate setting
from 1.22 to 1.12 Ga (Smithies et al., 2011). Subsequently, and
potentially as an extension of the preceding orogen (Smithies
et al., 2015), the mafic–ultramafic dominated Giles Event magma-
tism occurred between 1.10 and 1.04 Ga, causing associated rifting
(Aitken et al., 2013). The west Musgrave Province was partly over-
lain by the Neoproterozoic Officer and Amadeus basins before the
onset of large-scale contractional deformation in the Ediacaran
(Quentin de Gromard et al., 2019).

To the north, the Capricorn Orogen comprises several crustal
blocks with multiple phases of amalgamation in the Paleoprotero-
zoic. The Pilbara Craton, Yilgarn Craton and Glenburgh Terrane
were combined by at least two events at � 2.2 Ga, and at � 2.0 G
a (Johnson et al., 2011). The entire region was subsequently
reworked during a prolonged series of intraplate tectonic events
including at 1.82–1.77 Ga, 1.68–1.62 Ga, 1.39–1.20 Ga with more
limited reworking at 1.03–0.95 Ga and in the late Neoproterozoic
(Piechocka et al., 2018). In between these events basins formed
including the 1.62–1.46 Ga Edmund Basin, and the 1.21–1.07 Ga
Collier Basin (Johnson et al., 2013). The eastern Capricorn Orogen
is overlain by the Neoproterozoic Officer Basin, and stratigraphic
equivalents, while in the west the Mundine Well Dyke Suite was
intruded at 0.75 Ga (Johnson et al., 2013). The southern Capricorn
Orogen includes several regions of reworked Yilgarn Craton crust,
including the Yarlarweelor Gneiss Complex and the Mary Mia
Inlier (Fig. 3).

3.2. Yilgarn craton magmatic events

The Yilgarn Craton has experienced several large scale mafic
magmatic events typified by dyke and sill intrusion. These include
events at 2.42 Ga, 1.89 Ga, 1.39 Ga, 1.20 Ga, 1.08 Ga, and 0.75 Ga
(Stark et al., 2019; Wingate, 2007). The 2.42 Ga Widgiemooltha
Dolerite comprises prominent east-northeast striking dykes that
extend across the craton for up to several hundred kilometres
without significant deformation (Fig. 2). Notably, these dykes
cross-cut the major crustal structures of the craton, providing a
minimum bound on the age of the large-scale crustal architecture.

The 1.89 Ga Boonadgin and 1.39 Ga Biberkine dyke suites are
known in the southwest Yilgarn Craton, where parallel arrays of
dykes with east-southeast and south-southeast orientations are
mapped (Stark et al., 2019). These dykes overly and are aligned
with the edge of the high-velocity mantle of the Youanmi Terrane,
suggesting that this lithospheric edge existed at 1.89 Ga, remained
at 1.39 Ga and persists today. The 1.20 Ga Marnda-Moorn dyke
swarm comprises several parallel arrays distributed around the
highly-depleted core of the craton (Wang et al., 2014) suggesting
that the northern, western and southeastern boundaries of the cra-
tonic core were established by 1.2 Ga (Fig. 2).

Dykes and sills of the 1.08 Ga Warakurna LIP are extensive in
the Collier and Salvation basins (Fig. 3), extending south into the
craton (Wingate et al., 2004). Warakurna sills are prominent in
seismic lines of the northern Youanmi Terrane, one example dated
at 1070 ± 18 Ma (Wingate et al., 2008). Basalt in the Empress 1a
15
core is dated at 1058 ± 13 Ma (Nelson, 1999). Tectonic reworking
at ca 1.1 Ga is recognised at Agnew mine, with whole rock
(1148 ± 23 Ma) and fine fraction (1094 ± 22 Ma) dates from exten-
sional fault gouge (Thebaud and Zwingmann, 2012).

A range of alkaline magmatic rocks occur (Fig. 2), including 2.06
to 2.03 Ga ultramafic lamprophyres, kimberlites and carbonatites,
1.8 and 1.4 Ga orangeites, and 0.8 Ga ultramafic lamprophyres
(Choi et al., 2020). The ca. 2.06 Ga event is interpreted to represent
melting of sub-lithospheric mantle beneath the central Yilgarn
Craton, whereas the orangeites are interpreted to represent melt-
ing of ancient enriched lithospheric mantle beneath the Earaheedy
Basin (Choi et al., 2020). The emplacement of 0.8 Ga ultramafic
lamprophyres in the southern Yilgarn Craton is interpreted to rep-
resent melting of a deep mantle source (Choi et al., 2020).

More voluminous magmatism is preserved only in the northern
craton, where the Yerrida Basin experienced several phases of
mafic magmatism during 2.18 to 2.01 Ga basin formation
(Lindsay et al., 2020; Occhipinti et al., 2017). Mafic rocks in the
lower Yerrida Basin plot in the OIB-array for TiO2∕Yb vs Nb∕Yb,
and possess negative D33S signatures, indicating deep melting
without an Archean signature. The magmatic volume emplaced is
substantial, with a thickness of up to 2 km extending basin wide
(Lindsay et al., 2020). By 2.04 Ga the Yerrida basin had transitioned
to magma-dominated rifting including the Bryah sub-basin, this
extending to 2.01 Ga (Occhipinti et al., 2017). Mafic rocks from
the upper sequence plot in the MORB array for TiO2∕Yb vs Nb∕Yb
(Lindsay et al., 2020). The Bryah Rift preserves localised magmatic
centres arranged en-echelon in the rift axis, with a mafic rock
thickness of up to 6 km (Ramos et al., 2021). These characteristics
suggest prior to 2.04 Ga an off-craton magmatic source, with more
localised and shallow-sourced magmatism as the basin evolved to
a narrow rift mode during the period 2.04 to 2.01 Ga.

3.3. Sedimentary basins

Post-Archean sedimentary rocks deposited over the craton, rep-
resent several main periods of subsidence. Paleoproterozoic basins
developed around the northern, southern, and eastern margins of
the craton in the period 2.18 – 1.69 Ga (Hall et al., 2008;
Occhipinti et al., 2017). This period includes three phases, marked
by transitional changes in basin character.

Phase-I is typified by the deposition of the lower Yerrida Basin
beginning sometime after 2.18 Ga and evolving into a partial rift by
2.04 Ga (Occhipinti et al., 2017; Ramos et al., 2021). Deep-mantle
sourced magmatism is contemporaneous with this phase both
off-craton and on-craton (Choi et al., 2020; Lindsay et al., 2020).
This phase ceases with the onset of the Glenburgh Orogeny at
2.00 Ga, with the Padbury Basin developing in the associated fore-
land (Occhipinti et al., 2017).

Phase- II involves broadly distributed sedimentation in the
Earaheedy Basin and upper Yerrida Basin with two distinct sub-
phases from 1.98 to 1.94 Ga and 1.89 to 1.82 Ga (Occhipinti
et al., 2017; Rasmussen et al., 2012). This phase is characterised
by a prolonged shallow marine transgression including carbonates,
granular and banded iron formations and lacks major magmatism
(Occhipinti et al., 2017). This phase ceased with the onset of the
Capricorn Orogeny at 1.82 Ga, consistent with 1.86 to 1.84 Ga max-
imum deposition ages for the Earaheedy Basin (Hall et al., 2008)
and 1843 ± 10 Ma monazite from the upper Yerrida Basin
(Rasmussen and Fletcher, 2002). Apparently younger zircon ages
from the upper Earaheedy Group (e.g. 1808 ± 36 Ma;
1796 ± 58 Ma (Halilovic et al., 2004)) have large errors and do
not further constrain deposition. In the southern craton, the Stir-
ling Range Formation was deposited in a marine setting between
2016 ± 6 Ma and 1800 ± 14 Ma Ga (Rasmussen et al., 2004).
Although possibly younger than the northern basins, we consider



Fig. 3. Post-Archean geology of the Yilgarn Craton emphasising basin development a) Paleoproterozoic, b) Mesoproterozoic, c) Neoproterozoic, d) Paleozoic. Mesozoic and
Cenozoic basins are shown in Fig. S2. Legend codes are as for Fig. 1.
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it to belong to phase-II, as it is temporally distinct from phase-III
basins.

With the exception of the Bryah sub-basin, the Phase-I and
Phase-II basins overlie Archean crust that is undeformed at large
scale, as indicated by continuity of underlying greenstone belts
in magnetic and gravity data (Lindsay et al., 2020; Occhipinti
et al., 2017). Phase-II is interpreted to represent craton-wide sub-
sidence with basins forming as the craton is drawn down through
sea level. The Earaheedy Basin has substantial peaks in detrital
material at 2.6–2.8 Ga, 2.25 Ga, 2.04 Ga and 1.88 Ga (Hall et al.,
2008). In contrast, the Stirling Range Formation a dominant popu-
lation at 2.03 Ga (Rasmussen et al., 2004), with subordinate peaks
at 2.6 Ga, 2.25 Ga, and none at 1.88 Ga. The difference in Neoarch-
ean detritus may reflect the tilting of the craton, causing detritus
eroded from the cratonic basement to be dominantly transported
16
eastwards. Potential sources of the Paleoproterozoic detritus may
include the Capricorn Orogen, volcanic rocks in the Yerrida Basin,
or the upper portions of the alkaline volcanic system (Choi et al.,
2020).

Phase-III includes the Barren Basin developed from 1.80 to
1.60 Ga (Spaggiari et al., 2015). Unlike the earlier basins, the Mount
Barren Group overlies variably reworked crust marginal to the AFO.
The Mount Barren Group preserves detrital populations of 2.6–2.8
and 2.03 Ga with approximately equal prevalence, with a more
minor peak at 2.25 and a substantial population from 1.81 to
1.76 Ga (Hall et al., 2008). A maximum deposition age of ca
1.7 Ga (Hall et al., 2008) and a xenotime age of 1693 ± 4 Ma
(Vallini et al., 2005) constrain Mount Barren Group deposition
to � 100 Ma after the Stirling Range Formation. The Woodline For-
mation has similar detrital signature to the Earaheedy Group, being
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dominated by 2.6–2.8 Ga detritus with minor peaks at 2.25, 2.03
and 1.89 Ga, the last including the youngest multi-grain population
(Hall et al., 2008). The Woodline Formation has a single-grain max-
imum deposition age of 1737 ± 37 Ma (Hall et al., 2008), justifying
its inclusion in phase-III, although otherwise it is consistent with
phase-II.

Phase-III is interpreted to occur in response to changing tecton-
ics at 1.82 to 1.65 Ga (Spaggiari et al., 2015), potentially due to the
foundering of the craton edge. These smaller basins are evolving in
association with coeval magmatism and extension and are dis-
tributed along the edge of the AFO, with metamorphosed equiva-
lents also preserved within the orogen (Spaggiari et al., 2015).
Phase-III may represent the influence of a new plate-margin devel-
oping to the southeast. This system evolves further in the Mesopro-
terozoic with the development of the 1.60 to 1.31 Ga Arid Basin,
forming on highly extended Yilgarn Craton crust and the adjacent
ocean crust (Spaggiari et al., 2015).

The second major period of basin forming begins with the depo-
sition to the north of the craton of the late Mesoproterozoic Salva-
tion and Collier basins, extending to ca. 1.07 Ga. Seismic and
magnetic data define a contiguous basin overlying the northeast-
ern Yilgarn Craton (Fig. 3), called the Manunda Basin (Korsch
et al., 2013). These basins are heavily intruded by and closely asso-
ciated with mafic rocks of the Warakurna LIP (Wingate et al.,
2004), and this phase is interpreted to represent rifting of the
northern craton boundary associated with the Giles Event.

In the Neoproterozoic the Officer Basin developed over the
northeastern craton. The early phase of this basin sees a broad-
scale basin forming, with the Buldya Group deposited in a
northeast-deepening shelf (Grey et al., 2005). The basal Townsend
Quartzite is not known to exist over the craton. The drillcore
Empress 1A provides a relatively complete section from the
Browne Formation upwards: in this record the maximum age of
the Officer Basin sequence is derived from basalt in an underlying
Mesoproterozoic sequence at 1058 ± 13 Ma. The Buldya Group
sequence then comprises the evaporitic Browne Formation (840–
818 Ma), the Hussar Formation (800 – 760 Ma), the Kanpa Forma-
tion (780 – 725 Ma) and the Steptoe Formation (<720 Ma). The core
also preserves the diamictic Wahlgu Formation, correlated with
the Marinoan glaciation. This sequence is capped by a basalt of
the Table Hill Volcanics, dated at 484 ± 4 Ma. The development
of the Neoproterozoic Officer Basin is traditionally interpreted to
reflect a broad subsidence formed in relation to extension occuring
during Rodinia breakup and linked to the intrusion of the Gairdner-
Willouran LIP at 0.83 Ga (Walter et al., 1995), however, the craton
preserves no evidence for Neoproterozoic rifting or substantial
magmatism and mantle refertilisation of this age is not likely.
The units deposited on-craton record the subsidence of the topo-
graphic surface through sea level between 0.85 and 0.70 Ga, while
deeper basins developed in off-craton regions. We interpret the
deposition of Neoproterozoic sediments on the craton to reflect
ongoing plate cooling and subsidence following � 1.08 Ga refertil-
isation, augmented by a far-field response to off-craton rifting.

In the third period, the ca. 0.5 Ga Table Hill Volcanics, domi-
nated by basalt, are overlain by clastic sedimentation and the
partly glaciogenic Carboniferous-Permian Paterson Formation,
which is relatively thin but widespread over central-Western Aus-
tralia, including the Yilgarn Craton. The lower Permian Collie Sub-
basin (Perth Basin) is also deposited over the craton in the south-
west. Apatite fission track analyses reflect gradual denudation of
the craton since the Paleozoic, with a typical cooling age observed
between 0.25 and 0.30 Ga, but with older cooling ages in the north-
east, from 0.30 to 0.45 Ga (Gleadow et al., 2002). On detrital con-
siderations, this cooling event has been interpreted to represent
the removal of a broad sedimentary cover from the Yilgarn Craton,
17
with relatively little denudation of the craton itself (Weber et al.,
2005).
4. Lithospheric architecture

4.1. Seismic velocity structure

The seismic structure of the Yilgarn Craton lithospheric mantle
is imaged in a number of seismic tomography studies as well as the
AuSREM compilation (Fichtner et al., 2009, 2010; Fishwick and
Rawlinson, 2012; Fishwick and Reading, 2008; Kennett et al.,
2013; Yoshizawa, 2014; Yoshizawa and Kennett, 2015). These
models resolve highly variable properties in the upper lithosphere
but a less variable lower lithosphere.

A relatively homogenous lower lithosphere is resolved, with
lithospheric thickness varying little except towards the south and
southwest where the lithosphere has been thinned during Gond-
wana breakup. The southwest is characterised by a thinner and
slower-velocity lithosphere, with moderate radial anisotropy. In
the rest of the craton Vsv at 200 km depth lies in the range 4.71 ±
0.1 km/s (Fig. 4C) while models of seismic lithosphere thickness
are consistently in the range 221 ± 6 km (Fig. S3). Co-variance of
Vsv and lithospheric thickness suggest that temperature is the
dominant control on the varying properties in the lower litho-
sphere. Radial anisotropy is distinctive, with low anisotropy in
the west grading towards high anisotropy in the northeast
(Fig. 4D). This is perhaps associated with the nature of the
lithosphere-asthenosphere transition between Archean to
heavily-modified Proterozoic lithosphere (Yoshizawa and
Kennett, 2015).

In contrast to the lower lithosphere, the lithosphere above
125 km depth is more structured. Seismic wavespeed transitions
from very fast in the west, with Vsv > 4.75 km/s at 100 km, to much
slower in the east, with Vsv < 4.70 km/s (Fig. 4A). Radial anisotropy
is the highest in the centre of the craton, lowest beneath the Eara-
heedy Basin, and generally lower in the west than the east (Fig. 4B).
The velocity structures observed at this depth cannot readily be
explained by temperature variations alone and must also represent
major changes in mantle composition (Fichtner et al., 2010;
Fishwick and Reading, 2008; Kennett et al., 2013).

The variations in seismic velocity structure allow the definition
of three fundamentally different lithosphere types with differing
compositional layering. Velocity gradients are less sensitive to
temperature differences than velocity and distinguishes these
types for the craton (Fig. 5). Type-1 lithosphere has a very high
velocity, low-attenuation, low Vp/Vs and an almost radially
isotropic upper layer, with a negative velocity gradient
(DVsv < -0.5 km/s). Type 2 lithosphere is associated with a distinct
transition towards reduced velocity in the upper lithosphere, with
corresponding increases in attenuation and Vp/Vs (Fig. S4), but
with relatively neutral velocity gradient (-0.5 < DVsv < 0.5 km/s).
The boundary between type-1 and type-2 lithosphere is marked
by high radial anisotropy for 200–300 km to its east (Fig. 4D).
Finally in the northeast, type-3 lithosphere has a characteristically
low velocity upper lithosphere, with corresponding high
attenuation and Vp/Vs (Fig. S4), and positive velocity gradient
(DVsv > 0.5 km/s), with moderate radial anisotropy in the upper
lithosphere (Fig. 4B).
4.2. Reconciliation with surface geology

Clear associations exist between the lithospheric architecture
and surface geology, including the Archean structure, as well as
Proterozoic igneous and sedimentary rocks and Paleozoic sedimen-



Fig. 4. Mantle seismic properties a) AuSREM Vsv (Kennett et al., 2013) at 100 km depth b) radial anisotropy at 100 km depth (Yoshizawa, 2014) c), d) as a), b) at 200 km
depth. Selected volcanic suites and basin outlines are shown. Additional Vsv and Vsh from these models are shown in Fig. S3, and further properties from AuSREM are shown
for the seven named sites in Fig. S4.
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tary rocks. Type-1 lithosphere includes most of the Youanmi and
southwest Terranes and defines the relatively less modified cra-
tonic core. Post-Archean geology includes dykes and sills from sev-
eral magmatic events (Wingate, 2007) but currently no evidence
exists for volcanic or sedimentary rocks. Paleozoic sedimentary
rocks are also absent from the Type-1 lithosphere. For this region
we suggest a well-preserved Archean upper lithosphere overlies
a more fertile lower lithosphere, likely of Proterozoic origin.

Type-2 lithosphere includes most of the Kalgoorlie, Kurnalpi
and Burtville Terranes, the Paleoproterozoic Yerrida and Earaheedy
basins, and the western edge of the craton. Paleoproterozoic sedi-
mentary rocks occur widely over type-2 lithosphere including the
Yerrida and Earaheedy Basins and the Stirling Range Formation
(Fig. 5). Small outcrops of Paleozoic sedimentary rocks, while
18
sparse, are present throughout (Fig. 5). Paleoproterozoic mafic
magmatic rocks emplaced between 2.2 and 2.0 Ga are found only
within type-2 lithosphere, and are focused in a � 250 kmwide cor-
ridor immediately east of the boundary with type-1 lithosphere
(Fig. 5). This corridor is associated with high radial anisotropy
(Fig. 4B) and increased fertility relative to type 1 lithosphere
(Fig. 2). Further east, the amagmatic Earaheedy Basin is associated
with low radial anisotropy in the upper lithosphere, but has the
higher fertility mantle and neutral velocity gradient consistent
with type-2 lithosphere (Fig. 2). Later Proterozoic orangeites here
represent melting of ancient enriched lithospheric mantle (Choi
et al., 2020). For type-2 lithosphere we propose that the entire
lithosphere was substantially refertilised during the
Paleoproterozoic.



Fig. 5. Layered seismic lithospheric structure derived from AuSREM (Kennett et al., 2013) showing DVsv (km/s) between 200 and 100 km depth (see Fig. 4A,C). There are also
displayed selected volcanic suites and basin outlines. Heavy dashed lines indicate boundaries between interpreted lithosphere types.
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The edge of Neoproterozoic basin cover delineates, for over
1000 km, the arc of a circle of diameter 1030 km, centred in the
west Musgrave Province (Fig. 5) and is coincident with the type-
3 lithosphere. This region is also closely associated with the exis-
tence of magmatic rocks of the Warakurna LIP and Giles Event
(Wingate et al., 2004) and its magmatic underplate (Alghamdi
et al., 2018). In addition, Paleozoic sedimentary rocks are near-
continuous over the type-3 lithosphere (Fig. 3D). Previous studies
have interpreted a possible pargasitic phase in this region linked
to Proterozoic intraplate reworking (Fishwick and Reading, 2008).
For type 3 lithosphere we interpret the low-velocity upper litho-
sphere to represent partly increased temperature from thermal
blanketing, but also strong compositional changes from refertilisa-
tion processes. The highly anisotropic lower mantle may also be
representative of a large degree of Proterozoic reworking
(Yoshizawa and Kennett, 2015).
19
5. Multi-stage evolution of the Yilgarn Craton mantle

Lithosphere architecture applies a first-order control on the
development of crustal geology and surface processes. A necessary
consequence of mantle refertilisation is increased density, which
notwithstanding compensating changes in crustal structure or
lithospheric thickness, eventually causes subsidence (Wenker and
Beaumont, 2018). Initially, the topographic surface may be sup-
ported by thermal buoyancy, and commonly there will be a lag
in subsidence. However as the thermal buoyancy slowly wanes,
prolonged subsidence occurs extending over tens to hundreds of
million years (Eaton and Claire Perry, 2013). As the topographic
surface is drawn down, sediment deposition may occur. In partic-
ular, a slow drawdown through sea-level may cause a prolonged
marine transgression. The combination of a magmatic-dominated
‘rift’ event followed by prolonged deposition of sag-type sedimen-
tary basins over the undeformed craton is a clear indicator of man-
tle refertilisation. With this in mind, the following evolution for the
Yilgarn Craton is proposed.
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5.1. Stage I – Archean formation of the cratonic lithosphere

The Archean evolution of the crust is mapped in some detail
from isotopic systems (Mole et al., 2019), and in bulk crustal prop-
erties (Yuan, 2015). A series of crustal growth events is resolved
between 3.2 and 2.6 Ga, with the Youanmi and Burtville Terrane
crust forming prior to 2.8 Ga, and the youngest crust-forming
events occurring at 2.7 Ga in the Kalgoorlie and Kurnalpi Terranes
(Mole et al., 2019), with mantle melting extending into the latest
Archean (Choi et al., 2020). From the crustal evolution we infer that
a continental lithospheric mantle was formed under the entire cra-
ton by the end of the Archean (Fig. 6). The preserved crust and
high-velocity upper lithospheric layer of type-1 lithosphere indi-
cates at least a 100 to 150 km thick lithosphere, potentially with
Fig. 6. Cartoon of magmatic destabilisation and recratonisation for the northern Yilgarn C
from the north-west, b) the recratonisation and formation of basins by 1.80 Ga, c) Stage I
recratonisation and d) formation of basins by � 0.70 Ga. Dashed lines indicate the infer
Terrane. Supracrustal rock packages are not to scale.
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thinner lithosphere under the Kalgoorlie and Kurnalpi Terranes
due to Neoarchean rifting (Mole et al., 2019).

5.2. Stage II – Paleoproterozoic modification of the central Yilgarn
Craton

Widgiemooltha Dolerite dykes intruded craton-wide at 2.42 Ga
and remain in a largely undeformed state. Although with a large
magma volume, the lack of subsequent basins suggest this was
not a refertilisation event. The period between 2.18 and 2.01 Ga
is associated with magmatic-dominated basin development in
the Yerrida Basin as well as alkaline intrusive magmatism in the
eastern craton (Choi et al., 2020; Fiorentini et al., 2020). All these
mafic magmatic rocks sit on type-2 lithosphere focused in a
zone < 250 km wide immediately east of the edge of the high-
raton showing a) Stage II lithosphere refertilisation at � 2.06 Ga due to mantle flow
II incursion of fertile mantle forming type-3 lithosphere structure at � 1.08 Ga with
red Archean lithosphere from stage I. KKR – Kalgoorlie-Kurnalpi Rift BT – Burtville
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velocity upper lithosphere (Fig. 5). A preceding model for the alka-
line intrusive rocks has linked their genesis to the contemporane-
ous Bushveld Igneous Complex plume (Fiorentini et al., 2020).
Numerical modelling demonstrates such a connection is physically
possible given a suitable paleogeography (Fiorentini et al., 2020).

Regardless of the link to broader magmatic events, Yilgarn
Craton magmatism in this period represents the effect of a major
sub-lithospheric mantle flow, migrating from the northwest. We
suggest that south-east directed flow crosses a lithospheric step
at the edge of the Youanmi Terrane, causing shear-induced edge-
driven convection (Kaislaniemi and van Hunen, 2014) and associ-
ated sub-lithospheric melting and magmatism in the lee of this
feature.

Exposed peridotite massifs around the world provide insights
into the nature of metasomatic processes occurring in the litho-
spheric mantle, with the injection of pyroxene-rich and olivine-
poor melt as networks of veins (Bodinier et al., 2008;
Mazzucchelli et al., 2008). Although compositionally distinct, these
veins make up a small-volume of the bulk rock, lowering the melt-
ing point of localised domains of the lithospheric mantle and con-
trolling the chemical composition of alkali-rich melts derived from
their fusion (Holwell et al., 2019). Over the large spatially-averaged
volumes to which geophysical data are sensitive, these localised
compositional variations generate regional changes in bulk compo-
sition. High radial anisotropy supports a horizontally-layered
velocity structure at small scales, consistent with observations in
peridotite massifs (Bodinier et al., 2008; Mazzucchelli et al., 2008).

The refertilisation of the type-2 lithosphere is proposed to have
generated ongoing craton-wide subsidence over the
subsequent � 250 Ma, with sediments deposited as the surface
was drawn down through sea level. The negative buoyancy of
the eastern craton, relative to the western craton, may have tilted
the topographic surface, directing detritus dominantly towards the
east. From 1.8 Ga, changing tectonics in central Australia may have
caused the vulnerable southeastern edge of the craton to collapse,
leading to the formation of the Barren Basin.

5.3. Stage III – meso- to Neoproterozoic modification of the north-
eastern Yilgarn Craton

Late Mesoproterozoic tectonics in the west Musgrave Province
led to a very thin lithosphere, as a consequence of a series of litho-
spheric delaminations (Gorczyk et al., 2015; Smithies et al., 2015).
By this means the northeastern edge of the Yilgarn Craton at � 1.
1 Ga was exposed to instability, leading to the development of Col-
lier, Salvation and Manunda Basins and also extensional brittle
fracturing in the northern craton (Thebaud and Zwingmann,
2012). We propose that, as the 1.08 Ga Giles Event impinged on
this lithosphere, a subcrustal extrusion of fertile mantle emanated
beneath the craton from a source region beneath the west Mus-
grave Province. Extrusion of fertile mantle was accompanied by
magmatism and emplacement of a crustal underplate and the
upper lithospheric mantle was thickened and extensively
refertilised.

Anomalous lithospheric mantle underlies all the major
depocentres of the Neoproterozoic Centralian Superbasin, suggest-
ing a broadly impactful event (Fichtner et al., 2010; Fishwick and
Reading, 2008; Tesauro et al., 2020). Initially the surface was ele-
vated, supported by a thick and buoyant crust and hot mantle, with
early units of the Officer Basin reflecting the erosion of volcanic
highlands (Walter et al., 1995); however, as the lithospheric man-
tle cooled, subsidence led to the deposition of the Officer Basin
over the north-eastern margin of the craton between 0.85 and
0.70 Ga. The onset of crustal extension to the east associated with
Rodinia breakup from � 0.83 Ga likely enhanced this subsidence.
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The boundaries of Neoproterozoic and Paleozoic basins are co-
located (Fig. 5) and it is possible that the Cambrian Table Hill Vol-
canic event (Kalkarindji LIP) may also be associated with renewed
basin formation extending into the Permian. Although a valid can-
didate event for refertilisation, the magnitude of this event is much
less than the Giles Event, and the overlying basin is much thinner.
Paleozoic rocks are widespread, albeit sparse, across the Type-2
lithosphere.
6. Controls on magmatic destabilisation and recratonisation in
supercontinent evolution

The evidence for multiple phases of refertilisation of the Yilgarn
Craton lithospheric mantle, preserved in distinct lithospheric
domains, is reconciled with the extents of magmatic events at
2.06 Ga and at 1.08 Ga. Each of these magmatic events precedes
a prolonged period of basin formation that is interpreted to reflect
subsidence caused by the dense refertilised mantle, subject to a
thermal relaxation time lag, and modulated by ongoing tectonics
in the surrounding regions. These magmatic events occurred dur-
ing phases of increasing craton collision frequency in the build-
up to fully assembled supercontinents (Condie et al., 2015). For a
more general view, we may seek to understand the potential for
systematic controls linked to this phase of the supercontinent
cycle.

The proposed refertilisation events are coeval with two of
Earth’s largest mafic/ultramafic magmatic events, and specifically
events characterised by large-volume layered intrusions emplaced
into the upper crust. Magmatism at � 2.06 Ga is contemporaneous
with the Bushveld Igneous Complex, while magmatism at 1.08 Ga
is linked to the Giles Event. With respect to the Yilgarn Craton,
these major events are differently located (distal vs proximal)
and have different geodynamic origins (plume vs non-plume).
Rather than a relationship with a specific geodynamic setting, a
more general relationship is suggested between high magma flux,
extensive regional modification of the lithosphere and preserva-
tion of these to the present day.

Destabilisation requires sufficient magma flux to refertilise
large volumes of mantle. The required rates of vertical magma flux
needed for destabilisation exceed those typical of mid-ocean ridges
and in rifts and arcs; however, the emplacement of a LIP may read-
ily exceed this (Wenker and Beaumont, 2018). For LIPs, although
there is no clear co-cyclicity with the supercontinent cycle, there
is an apparent increase in LIP frequency in the periods of increased
collision rate preceding assembly (Condie et al., 2015). This obser-
vation includes the effect of preservation. For the Yilgarn Craton, it
is apparent that refertilisation is associated with mantle-flux
migrating beneath the craton from off-craton magmatic centres,
which is dependent on the geodynamic setting.

Upwelling hot mantle may cause thermal erosion (Xu, 2001)
topographic swells and superswells (McNutt, 1998), and lateral
mantle flowmay exert a divergent traction on the base of the litho-
sphere (Koptev et al., 2015; Zhang et al., 2018), so generating litho-
spheric extension. Under far-field tension, upwelling-induced and
tectonic stresses share sign, and where these exceed the strength
of the lithosphere, these processes may rapidly lead to breakup
and plate dispersal (Buiter and Torsvik, 2014; Huang et al., 2019;
Wenker and Beaumont, 2018; Yoshida, 2010). In such a scenario,
mantle refertilisation will be focused toward the edges of the
newly formed tectonic plates. These margins are susceptible to
gravitational instability, as well as destruction in later collisions
(Wang et al., 2018). In contrast, in a sufficiently non-tensile setting,
where magmatic and tectonic stresses combined do not exceed
lithospheric strength, lithospheric extension and vertical magma
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transport will be inhibited, favouring enhanced lateral flow. The
Giles Event, for example, occurred in a generally compressive set-
ting, with extension due to magmatic loading, but also is charac-
terised by the emplacement of an extensive crustal underplate
and net crustal thickening (Aitken et al., 2013).

Models of the late stages of supercontinents show sub-
planetary scale mantle convection, including upwelling beneath
the supercontinent, and dominant tension in the supercontinent
(Dal Zilio et al., 2018; Mitchell et al., 2021; Zhang et al., 2018). In
contrast, in models of the assembling supercontinent stage,
planetary-scale mantle convection draws continental elements
together over a single ‘superdownwelling’ (Mitchell et al., 2021;
Yoshida and Santosh, 2011; Zhong et al., 2007). In this phase a
compressional to neutral stress-field occurs, as plates assemble
above the mantle downwelling (Gurnis, 1988). Furthermore,
post-assembly, a stable intracontinental setting allows gradual
cooling and recratonisation to occur over 200–400 Ma (Eaton and
Claire Perry, 2013) favouring long-term preservation of the refer-
tilised lithosphere in an intraplate setting, protected from gravita-
tional instability and from later collisions. Thus, we argue that
while the amount of refertilisation occurring during superconti-
nent breakup phases is undoubtedly substantial, this refertilised
lithosphere is focused at the newly forming plate margins and is
more likely to later be recycled into the mantle. We consider that
refertilisation occurring during supercontinent assembly phase
has the potential to penetrate further beneath cratonic regions
and that resulting refertilisation has a much higher preservation
potential.
7. Conclusion

Magmatic destabilisation of the mantle and its recratonisation
are key processes in craton evolution that are not always recog-
nised in datasets recording crustal isotopic evolution, which may
carry strong preservation bias (Mulder and Cawood, 2021). Such
events can be detected however through geophysical recognition
of fertile mantle compositions, spatially associated with magmatic
events, and the later formation of broad sedimentary basins over
unrifted crust. For the Yilgarn Craton, such episodes occurred
at � 2.06 and � 1.08 Ga, suggesting an association with the early
stages of supercontinent assembly. A general significance cannot
be assumed from this example, however, a similar pattern is seen
in the North Atlantic Craton, which saw refertilisation associated
with alkaline magmatic rocks emplaced at 1.4–1.2 Ga and at � 0.
6 Ga, each preceding basin formation and rifting episodes, but
through which the craton remained intact, before finally succumb-
ing to lithospheric thinning and breakup in the late Mesozoic-
Cenozoic (Tappe et al., 2007).

Key linkages between the geodynamics of supercontinent
assembly and large-volume magmatic events may favour the
occurrence of widespread destabilisation and refertilisation, cru-
cially avoiding lithospheric failure and breakup. The geodynamic
stability of the assembled supercontinent allows subsequent recra-
tonisation in a continental interior, so protecting the refertilised
lithosphere from later events. Consequently, we suggest the post-
Archean development of cratonic lithosphere is predisposed
towards preserving refertilisation occurring during periods of
supercontinent assembly and these periods are potentially domi-
nant over periods of supercontinent dispersal.
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