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The ancient cores of modern continents, cratons, are the oldest blocks of “stable” lithosphere on Earth. 
Their long-term survival relies on the resistance of their underlying thick, strong, and buoyant mantle 
keels to subsequent recycling. However, the effect of substantial geographical variations in keel thickness 
on the post-assembly behaviour and mass movement within these continental cores remains unknown. 
Here, we demonstrate that the spatial distribution of fluid-reset in-situ Rb-Sr ages for Paleo-Mesoarchean 
(3.6–2.8 billion years ago; Ga) granitoids of the Pilbara Craton, Australia shows remarkable correlation 
with independently-constrained lithospheric thickness models. Without craton-wide heating/magmatic 
events, these anomalously young Rb-Sr ages document episodes of fluid infiltration into granitoid 
complexes as a response to lithospheric reactivation by far-field stresses. This correlation implies that 
craton-wide fluid mobilization triggered by extra-cratonic Neoarchean to Mesoproterozoic (2.8–1.0 Ga) 
tectonic events is facilitated by variations in lithospheric strength and thickness. Compared to areas 
of older overprints, the two-thirds of the craton comprised of younger reset ages is underlain by 
comparatively thin lithosphere with higher susceptibility to reactivation-assisted fluid flow. We propose 
that even the strongest, most pristine cratons are less stable and impermeable than previously thought, 
as demonstrated by the role of granitoid complexes and cratons as selective lithospheric “sponges” in 
response to minor tectonic forces. Therefore, variations in lithospheric thickness, likely attained before 
cratonization, exert a crucial control on billions of years of fluid movement, elemental redistribution and 
mineralization within ancient continental nuclei.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

At least three-quarters of the present-day volume of continen-
tal crust is inferred to have been produced in the Archean Eon 
(4.00–2.50 Ga) (Dhuime et al., 2012). However, outside of the 
scarce remnants restricted to cratons, the oldest stable blocks of 
Earth’s lithosphere, most of this crust no longer exists in its orig-
inal form. The survivability of these cratons following their sta-
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bilization and amalgamation (a process commonly referred to as 
“cratonization”) requires the resistance of the cratonic subconti-
nental lithospheric mantle (SCLM) to subsequent reworking and 
modification events. Previous studies have highlighted the impor-
tance of its chemical buoyancy imparted by higher degrees of melt 
extraction in a hotter Archean mantle (e.g., Herzberg and Rudnick, 
2012; Jordan, 1988), its higher viscosity compared to Phanerozoic 
lithosphere (e.g., Capitanio et al., 2020; Lenardic and Moresi, 1999; 
Sleep, 2003) and its higher integrated yield strength (e.g., Cooper 
et al., 2006) as intrinsic factors that contribute to the long-term 
stability of Archean lithosphere. However, this may not be suf-
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Fig. 1. Geological map of the Pilbara Craton and comparative U-Pb and Rb-Sr ages of Pilbara Craton granitoids. a, Simplified geological map of the Pilbara Craton, illustrating 
the lithotectonic subdivisions of the craton. Lighter-shaded regions in the craton represent granitoid complexes and plutons. Map adapted from (Martin et al., 2015). b, Plot of 
in-situ Rb-Sr ages in biotite and feldspar versus their corresponding compiled U-Pb magmatic crystallization age in zircon for Pilbara granitoids analyzed in this study. Only 
two samples have Rb–Sr ages within 2σ uncertainty of zircon U–Pb ages (solid black line). Fences denote 2σ uncertainty on Rb-Sr ages. The shaded area in grey denotes 
the “zone of implausibility,” i.e., Rb-Sr ages that are implausibly older than U-Pb crystallization ages. The dashed line corresponds to the interval of maximum overprint, i.e., 
�Myr = 1500 Myr. Abbreviations: CPTZ – Central Pilbara Tectonic Zone, EPT – East Pilbara Terrane, KUT – Kurrana Terrane, MCB – Mosquito Creek Basin, WPS – Western 
Pilbara Superterrane.
ficient to explain craton longevity, as evidence of reworking and 
recycling is widespread (e.g., Lee et al., 2011; Bedle et al., 2021), 
showing that protection from subduction, rifting and mantle plume 
events is also essential in cratonic preservation, as these are asso-
ciated with significant metasomatism and destruction of cratonic 
lithosphere (e.g., Liu et al., 2019). Cratonic lithosphere is broadly 
agreed to be produced by relatively shallow melting of the mantle, 
with subsequent thickening via compression and accretion during 
amalgamation (e.g., Capitanio et al., 2020; Pearson et al., 2021). 
However, significant debate remains regarding the regimes con-
ducive to cratonic lithosphere formation (Cawood et al., 2022); 
this nearly includes the entire tectonomagmatic spectrum, rang-
ing from short-lived rifting associated dehydration stiffening and 
lithospheric stacking in non-plate tectonic environments (Capitanio 
et al., 2020; Vandenburg et al., 2023), to oceanic subduction ac-
companied by arc-continent collision (Perchuk et al., 2020), and 
upwellings (Lee et al., 2011). Thus, the conditions favourable for 
forming cratonic lithosphere in the Archean may be non-unique, 
only sharing a common result: buoyant, rigid lithosphere with 
greater strength than its Phanerozoic counterparts.

The spatio-temporal distribution of tectonothermal events
within the crust is demonstrably related to lithospheric strength 
(e.g., Poudjom Djomani et al., 1999). In the context of cratons, 
post-stabilization tectonothermal events are generally the result 
of far-field tectonic stresses from bounding orogens (Flowers et 
al., 2008), which will be focused into weaker and marginal areas, 
where strain will be localized (Braun and Shaw, 2001; Raimondo 
et al., 2014). Because thickness exerts a significant control on the 
strength of the continental lithosphere (e.g., Bedle et al., 2021; 
Steinberger and Becker, 2018; Tesauro et al., 2012), the suscep-
tibility of each portion of a craton to subsequent tectonother-
mal overprint is likely a function of the underlying depth to the 
lithosphere-asthenosphere boundary (LAB).

Despite previously falling out of favour (Liebmann et al., 2022), 
the geochronological application of the Rb-Sr isotopic decay system 
has undergone a renaissance in recent years due to the analyti-
cal elimination of isobaric interferences on the radiogenic daughter 
isotope (87Sr) and the respective parent isotope (87Rb) (Hogmalm 
et al., 2017; Zack and Hogmalm, 2016), enabling the precise in-
situ dating of biotite and plagioclase pairs. Due to their low reset 
temperatures compared to zircon chronometers and their suscepti-
2

bility to fluid-borne alteration, mica-controlled Rb-Sr isochron ages 
may have the sensitivity to track subtle variations in crustal tem-
peratures, metamorphism, and metasomatic alteration. Because of 
the relatively low closure temperatures of plagioclase and biotite 
(TC ≈ 300–500 ◦C) (Dodson, 1973; Willigers et al., 2004) even com-
pared to the whole-rock Rb-Sr system (TC ≈ 700 ◦C in felsic sys-
tems; e.g., Harrison et al., 1979), the mineral isochron method is 
quite sensitive to thermal overprints. Furthermore, Rb and Sr are 
both readily mobilized by fluids (e.g., Attendorn and Bowen, 1997), 
making the system susceptible to metasomatic overprint. While 
these features can pose issues when attempting to date magmatic 
events with this method, it makes for an effective tool for precisely 
dating low-level thermal and metasomatic events that are not de-
tectable by other geochronological methods (e.g., Bhaskar Rao et 
al., 1992; Tillberg et al., 2021; Wang et al., 2022).

Here, we present new in-situ Rb-Sr geochronology data from 
biotite and feldspar in 81 granitoids from the Pilbara Craton of 
Western Australia with well-defined emplacement ages ranging 
from 3.50–2.83 Ga. With this, we test the role of cratonic litho-
spheric thickness in controlling the spatio-temporal distribution of 
tectonothermal overprints. The Pilbara is one of the oldest, least 
deformed and most pristine cratons on Earth, providing a rela-
tively complete record of crustal evolution from the early Pale-
oarchean to the late Mesoarchean (Hickman, 2023) (Fig. 1a). The 
craton comprises six main lithotectonic blocks: the East Pilbara 
Terrane (EPT), the Karratha, Regal, and Sholl terranes, collectively 
referred to as the West Pilbara Superterrane (WPS), the Central 
Pilbara Tectonic Zone (CPTZ), and the Kurrana Terrane. The cra-
tonization of the Pilbara at ca. 2.85 Ga (Hickman, 2023), combined 
with the lack of subsequent reworking and large-scale deforma-
tion events, makes this craton a prime candidate to study the pre-
and post-cratonization tectonic history of Archean cratons and the 
influence of amalgamation mechanisms on lithospheric thickness. 
Our samples range in composition from sanukitoid (high-Mg dior-
ite) to tonalite-trondhjemite-granodiorite (TTG) series and potas-
sic granite lithologies with magmatic crystallization ages span-
ning 3.50–2.83 Ga. The majority of samples are undeformed with 
equigranular textures. However, the fabrics in deformed samples 
correlate to pre-cratonization deformation events (Hickman, 2023) 
(Fig. 2a); thus, any post-2.85 Ga isochron ages derived from Rb-Sr 
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Fig. 2. Temporal distributions of in-situ plagioclase and biotite Rb-Sr ages. a, Rb-Sr ages from this study divided by lithotectonic block. Grey-shaded areas correspond to 
fabric-forming deformation events in Pilbara granitoids (Hickman, 2023). The pink shaded area corresponds to the duration of the Fortescue Large Igneous Province (For) 
(Mole et al., 2018), whereas the green shaded areas correspond to the durations of the Turee Creek (TC) (Bekker et al., 2020), Sylvania (Syl) (Rasmussen et al., 2022), 
Ophthalmia (Oph) (Rasmussen et al., 2023), Capricorn (Cap) (Thorne and Trendall, 2001), and Mangaroon (Man) (Sheppard et al., 2005) orogenies. The orange, purple and 
blue shaded areas correspond to previously constrained post-Mesoarchean Ar-Ar and Pb-Pb ages of Archean mineral deposits (Huston et al., 2002), solution-based Rb-Sr 
isochron ages (Rasmussen et al., 2005, 2022; Oversby, 1976), and authigenic mineral metamorphic U-Pb ages (Rasmussen et al., 2005, 2007) from the exposed portions of 
the Pilbara Craton, respectively. Fences denote 2σ uncertainty on ages. b, Kernel density and histogram plot of all Rb-Sr ages from this study, highlighting the age peaks 
within the dataset. c, Kernel density and histogram plot of Rb-Sr ages from the EPT, illustrating the relative similarity of this subset to the whole dataset. d, Kernel density 
and histogram plot of Rb-Sr ages from areas affected by the East Pilbara Terrane Rifting Event (EPTRE), illustrating the younger distribution of ages relative to the entire 
dataset and the EPT subset. Bin and kernel widths are 50 Myr. Abbreviations: CPTZ – Central Pilbara Tectonic Zone, EPT – East Pilbara Terrane, KUT – Kurrana Terrane, WPS 
– Western Pilbara Superterrane.
isotope analysis reflect or are at least affected by the reactivation 
but not the formation, of these fabrics.

2. Methods

2.1. In-situ Rb-Sr geochronology

Over six analytical sessions, the Rb-Sr ages of plagioclase, al-
kali feldspar and biotite were collected on mineral separate pucks 
at the Isotopia Laboratory, Monash University, Australia. Data for 
all analyses was acquired using an ASI-RESOlution ArF 193 nm 
excimer laser equipped with a dual volume Laurin Technic S155 
ablation cell coupled to a ThermoFisher iCAP-TQ quadrupole ICP-
MS. Analyses of unknowns were corrected for fractionation of Rb–
Sr using repeat analysis of standard reference materials (NIST-610, 
Mica-Mg pressed powder pellets and in-house natural mica) that 
together yield a ±2.5% reproducibility of the Rb/Sr ratio; There-
fore, uncertainties on individual measurements of 87Rb/86Sr and 
87Sr/86Sr are 2.5% at the 95% confidence level (2SE). The weighted 
mean Rb-Sr ages used in this study have 95% confidence limits. The 
complete analytical procedures are detailed in the Supplementary 
Information, whereas analyses of primary standards, secondary ref-
erence materials, and complete datasets are provided in Tables 
S1-S3.
3

2.2. Compiled U-Pb geochronology, �Myr calculation, and trace 
element data

Data for the U-Pb in zircon-derived magmatic crystallization 
age map was taken from the literature (Table S4). For each sam-
ple, �Myr equals the Rb–Sr age subtracted from the appropriate 
magmatic unit’s established U–Pb zircon age. The whole-rock geo-
chemical data of the Pilbara granitoids was taken from the litera-
ture (Table S5). Refer to the Supplementary Information for further 
details.

2.3. Interpolation methods and classification schemes

Isotopic age contour maps were constructed in ArcGIS Pro using 
the inverse distance-weighted interpolation function of the Spatial 
Analyst toolbox, with class intervals constructed using the geo-
graphic interval classification scheme. Input parameters included a 
power of 2, a variable search radius, and 15 maximum points. We 
refer the reader to the Supplementary Information for a detailed 
description of the methodology.

3. Results

The age populations of our analyzed samples are complex 
(Figs. 1b, 2; Figs. S1-S7; Table S6). Out of 81 ages, only one of 
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Fig. 3. Isotopic age contour and lithospheric thickness maps of the Pilbara Craton. a, Contour map of in-situ plagioclase and biotite Rb-Sr ages from this study. Relatively 
old Rb-Sr ages (blue) comprise the eastern portion of the EPT and the central portion of the WPS, whereas the western margin of the EPT and the CPTZ are characterized by 
younger ages (orange-red hues). b, Contour map of compiled magmatic U-Pb zircon crystallization ages. The granitic domes of the EPT and the WPS contain the oldest ages 
(blue hues); the ages within the EPT progressively young towards the western margin of the block. The youngest ages (orange-red hues) are located within a large portion 
of the CPTZ and as minor blips on the margins of the EPT and Kurrana Terrane. Sample ages can be found in Table S4. c, Contour map of �Myr, the difference between the 
magmatic U-Pb age of a sample and its Rb-Sr metamorphic overprint age (in millions of years). Colours indicate the duration of the time interval between crystallization 
and the last recorded reset (blue = short, red = long). The patterns are essentially the same as in b, except for small high zones concentrated along the margins of the 
EPT due to these samples’ older age (>3.25 Ga). d, Contour map of Rb-Sr ages overlain onto the CRWF14 Australian continent lithosphere-asthenosphere boundary (LAB) 
depth model of Czarnota et al. (2014), derived from FR12 seismic tomography (Fishwick and Rawlinson, 2012). Zones of older Rb-Sr reset ages broadly correspond to areas of 
thicker lithosphere (darkest grey hues), whereas zones of younger Rb-Sr reset ages correspond to areas of thinner lithosphere (lightest grey hues). Note that the lithospheric 
thickness is still within reason for that of a craton. Solid lines within contour maps demarcate the boundaries of each lithotectonic block.
the samples records primary magmatic Rb-Sr crystallization ages, 
albeit with an offset of 46 million years (Myr) to a younger age, 
most likely due to cooling (Fig. 1b). The other samples record much 
younger ages that can only be interpreted as reset ages ranging 
from 3.13 to 1.05 Ga (Figs. 1b, 2; see Tables S1-S3 for materi-
als for isochron construction). Only four samples yield Rb-Sr ages 
that predate cratonization at 2.86 Ga; Most samples experienced 
an overprint at some point after this, forming broad age popula-
tions with peaks at 2.56 Ga, 2.31 Ga, and 2.15 Ga (Fig. 2b).

In areas subjected to greenschist facies metamorphism, it is 
common for plutonic rocks to have younger Rb-Sr biotite ages 
than their igneous U-Pb zircon ages due to the difference in clo-
sure temperature between the two systems (∼450 ◦C) (Carlson, 
2011). What is surprising for the Pilbara dataset, however, are the 
time differences of up to 1.95 Gyr between crystallization and the 
final reset, well after the last regional metamorphic event that 
affected the exposed portion of the craton. In addition to their 
lack of macroscopic veins, the samples have whole-rock alteration 
index values consistent with those of least altered intermediate-
acidic igneous rocks on a global scale, thereby ruling out a high-
temperature metasomatic/hydrothermal origin to the reset ages 
(Fig. S8).

The regional differences in Rb-Sr age distributions observed on 
kernel density plots suggest a geographic control on the ages of 
overprints. For example, while the age distribution of the subset 
from the East Pilbara Terrane (EPT) is similar to those of the entire 
dataset (Fig. 2b, c), areas affected by the 3.22–3.18 Ga East Pil-
4

bara Terrane Rifting Event (e.g., Vandenburg et al., 2023) (EPTRE; 
easternmost EPT, the CPTZ and the Sholl Terrane; Fig. 2d), have a 
distribution towards younger ages, with a plurality of samples af-
fected by the Ophthalmia Orogeny, albeit with a slightly younger 
peak (2.13 Ga).

Investigation of all reset ages in a spatial context reveals a pat-
tern broadly resembling some of the prominent geologic features 
recorded by the Pilbara Craton. Rb-Sr age contour maps show sig-
nificant crustal block-parallel spatial variations in reset ages, also 
visible in the U-Pb zircon age contour map (Fig. 3a, b). The CPTZ, 
most of the WPS, and the western EPT have reset ages predom-
inantly younger than 2.3 Ga. In contrast, the northeastern EPT 
and the easternmost Sholl Terrane overwhelmingly have reset ages 
greater than 2.5 Ga. These spatial variations are also reflected in 
the contour map displaying the difference between magmatic crys-
tallization and metamorphic overprint ages (expressed as �Myr) 
(Fig. 3c); areas with older reset ages have shorter time intervals 
between crystallization and the last recorded overprint, compared 
to areas of younger reset ages. Notably, neither the relative prox-
imity of samples to major faults nor the orientation of the faults 
themselves appears to exert a control on the reset ages, as evi-
denced by the distance of samples from damage zones and the 
scatter on plots of reset age versus the azimuth of the closest 
fault to a sample, respectively (Fig. S9). Thus, large-scale structural 
factors must not exert a first-order control on the geographic dis-
tribution of the overprint ages observed in our samples.
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Despite the lack of macroscopic evidence for deformation and 
alteration in samples, examination of thin sections reveals ample 
microscopic evidence for alteration and brittle deformation (Fig. 
S10). In altered samples, the assemblage is consistent with semi-
pervasive to pervasive propylitic alteration; this predominantly 
consists of sericite and epidote after plagioclase, which partially or 
fully replaces crystal rims and cores, and chlorite after biotite, with 
partial to complete replacement of crystals. The lack of recrystal-
lization in biotite suggests that resetting the Rb-Sr system is re-
lated to diffusion. Deformation structures unrelated to macroscopic 
fabrics appear characteristic of a brittle regime (e.g., Groshong, 
1990). These include <200 μm-wide en-echelon veinlets and twin-
parallel fractures in plagioclase, <100 μm-wide transgranular frac-
tures in quartz, microcline, and plagioclase, and <1.5 mm-wide 
fracture zones comprised of alteration minerals and recrystallized 
albite. Many of these features form a sparse interconnected net-
work; extensive sericitization along fracture planes in plagioclase 
suggests that this network facilitated fluid flow (e.g., Fitz Gerald 
and Stünitz, 1993).

4. Discussion

Although we can exclude a high-temperature origin of the over-
print ages, this does not rule out overprint by relatively low-
temperature (but >250 ◦C) fluids, likely ingressed into the crust 
due to structural reactivation associated with far-field orogenic 
events. Notably, there is no evidence for craton-wide (sensu-lato) 
heating events and associated magmatic activity after the cessa-
tion of the Fortescue LIP at 2.69 Ga; thus, these overprint ages 
necessitate derivation from low-temperature fluid-rock interactions 
associated with crustal fluid flow events triggered by extra-cratonic 
far-field stresses. During orogenic events, compressive tectonics 
can drive fluids from the deformation front into the adjacent crust 
down pressure gradients, akin to a “squeegee” (e.g., Cox, 2005; 
Oliver, 1992), further enhanced by lateral variations in thermal 
gradients (Lyubetskaya and Ague, 2009). This notion is not far-
fetched; the Rb-Sr ages of veins in the Fennoscandian Shield from 
localities hundreds of kilometres apart correlate with fluid flow 
and fracture reactivation events initiated by far-field orogens (Till-
berg et al., 2021). Furthermore, in the (unexposed) central and 
southern portions of the Pilbara Craton, multiple syn-orogenic fluid 
flow events affected the overlying Fortescue and Hamersley basins 
during the Proterozoic (e.g., Fielding et al., 2017; Rasmussen et al., 
2005, 2022, 2023; Brown et al., 2004; White et al., 2014). The 
fluids mobilized during these events were relatively neutral and 
saline, achieved a maximum temperature of 375 ◦C in the overlying 
basins and travelled along bedding-parallel fractures, basinal faults, 
and lava flowtops (Rasmussen et al., 2023; Brown et al., 2004; 
White et al., 2014). These events are associated with propylitic al-
teration (calcite, chlorite, sericite, ± quartz) and are responsible 
for the overprint of authigenic monazite and xenotime during the 
Turee Creek, Sylvania, Ophthalmia and Mangaroon orogenies (e.g., 
Fielding et al., 2017; Rasmussen et al., 2005, 2022, 2023). The ker-
nel density diagrams of our results further support overprint by 
far-field stress-triggered craton-wide crustal fluid flow events, co-
inciding the 2.37–2.29 Ga Sylvania and 2.20–2.15 Ga Ophthalmia 
orogenies (Fielding et al., 2017; Rasmussen et al., 2005, 2022, 
2023) but also with a previously undescribed event at 2.56 Ga 
(Fig. 2a).

In order to travel into the exposed portion of the craton, these 
fluids would have to flow through the deeper Archean faults and 
structural corridors concealed beneath the basins, thereby impart-
ing the fluid temperatures required to overprint the Rb-Sr sys-
tem despite being further from the deformation front. Because 
the propylitic alteration assemblages associated with the ingress of 
>250 ◦C fluids (Rasmussen et al., 2023) would be somewhat iden-
5

tical to regional greenschist facies metamorphism (Pirajno, 2009), 
it is not readily identified in hand sample, nor is it likely to be 
detected using the alteration box plot method (Fig. S8). As demon-
strated in Figure S10, fractures and veins associated with post-
Fortescue deformation in Pilbara granitoids are only identified in 
thin sections (e.g., Wiemer et al., 2016). Nevertheless, as illustrated 
in Fig. 2a, multiple lines of evidence indicate that the fluids did 
travel this far. First, dissolution-based Rb-Sr analysis of plagioclase 
and biotite from EPT granitoids by Oversby (Oversby, 1976) yielded 
ages between 2.75 and 2.01 Ga, indicating post-crystallization dis-
turbance. Second, several vein-hosted mineral deposits in the ex-
posed Archean portions of the craton yield Pb-Pb model and K-Ar 
ages between 2.63 and 1.48 Ga (Huston et al., 2002). Third, Ras-
mussen et al. (2007) identified 2.16 and 1.65 Ga growth events in 
metamorphic monazite from Soanesville Group shales in the EPT, 
associated with minor chlorite infill along bedding planes. Similar 
events were also identified in the northeast portion of the craton 
(Sheppard et al., 2017).

The patterns within the Rb-Sr contour maps show a strong 
correlation with the CRWF14 Australian continent LAB model of 
Czarnota et al. (2014), derived from FR12 regional isotropic Vs
seismic tomography of Fishwick and Rawlinson (2012) (Fig. 3d). 
Other Australian LAB models (e.g., mantle xenolith and xenocryst 
thermobarometer-calibrated models of Hoggard et al., 2020) lack 
the resolution to elucidate lithospheric thickness beneath the Pil-
bara Craton (the lack of xenoliths/xenocrysts from the Pilbara in 
the calibration method likely leads to incorrect LAB contour val-
ues in this region). Therefore, we consider the CRWF14 model to 
be the most accurate representation of the actual depth of the 
LAB for the Pilbara Craton. Although this model has limited res-
olution, it agrees with the results of the Rb-Sr contour mapping, 
demonstrating that the distribution of areas with older overprints 
correlates with thicker lithosphere, which is ultimately influenced 
by diverse tectonomagmatic settings. Extra-cratonic stresses will 
be focused into areas of thinner, weaker lithosphere, which are 
less resistant to structural reactivation-triggered crustal fluid flow 
events (Poudjom Djomani et al., 1999; Flowers et al., 2008; Braun 
and Shaw, 2001; Raimondo et al., 2014; Tesauro et al., 2012; Cox, 
2005) (Fig. 4). Thus, Rb-Sr overprinting continues in these weaker 
areas until other lithotectonic blocks encircle the craton via ac-
cretion/docking, sufficiently separating the craton from convergent 
plate margins to act as a buffer from far-field stresses (Bedle et 
al., 2021; Tillberg et al., 2021). Our study is the first instance of 
a demonstrable correlation between Rb-Sr ages and lithospheric 
thickness; this suggests that Rb-Sr isotope mapping is a potential 
method of independently verifying LAB models derived from geo-
physical methods.

Areas with older Rb-Sr overprint ages (>2.5 Ga) substantially 
correspond to blocks of thick, rigid lithosphere that had been con-
structed prior to the EPTRE, in addition to younger lithosphere 
produced by localized zones of high degree mantle melting (i.e., 
the ca. 2.95 Ga komatiitic basalts of the Bookingarra Group in the 
far-east Sholl Terrane) (e.g., Vandenburg et al., 2023; Smithies et 
al., 2004). In contrast, regions with younger Rb-Sr overprint ages 
(<2.3 Ga) largely correspond to lithosphere underlying blocks of 
thin, juvenile crust created during or after the EPTRE (as well as 
thinned lithosphere). Therefore, the relatively thin, juvenile litho-
sphere areas are more susceptible to post-cratonization metamor-
phic overprint from outboard tectonic events than zones of thicker 
lithosphere, even though both have been subject to some degree 
of post-emplacement overprints.

In the upper crystalline crust, the bulk permeability that facili-
tates crustal fluid-flow events requires structural reactivation (Siler 
and Kennedy, 2016; Townend and Zoback, 2000). Therefore, areas 
that accommodate far-field tectonic stresses (i.e., thinner, weaker 
lithosphere) will experience these fluid overprint events, whereas 
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Fig. 4. Cratonic lithosphere thickness controls the age of metasomatic overprints. Schematic diagram illustrating the controls that lithospheric thickness and strength exert 
on the distribution of Rb-Sr hydrothermal overprint ages in cratons. Compaction and devolatilization of cover sequence strata during compressive tectonic events along 
craton margins produce pressurized metasomatic fluids driven towards the craton interior via squeegee-type fluid flow and variations in temperature-pressure gradients. 
These fluids travel along permeable pathways and crack-seal veins through the cover sequence, migrating into areas of thinner lithosphere within the underlying craton 
predominantly through critically stressed faults and structural corridors reactivated above the brittle-ductile transition by far-field tectonic stresses (and fluid migration). 
Pervasive overprint occurs as fluids percolate into reactivated (micro-) fracture networks in granitoid complexes during vertical and horizontal fluid migration along pathways. 
Structural reactivation does not occur in regions underlain by thick, strong cratonic lithosphere, prohibiting large-scale fluid ingress into these areas and thereby producing 
the observed spatial distribution of Rb-Sr overprint ages. Further details are provided in the figure annotations and main text.
thicker lithosphere will not because their strength inhibits reac-
tivation. Rather than indicating a lack of structural reactivation, 
the lack of control by overprint ages by proximal faults (Fig. S9) 
can be reconciled with the location of samples away from fault 
damage zones; this suggests that other, smaller structures must be 
directly responsible for these overprints. While granitoid litholo-
gies are generally regarded as having intrinsically low permeability, 
residual stresses associated with the crystallization and uplift of a 
pluton can produce a network of macro- and microfractures, thus 
providing sufficient bulk permeability to permit fluid flow (Frape 
et al., 2013; Géraud et al., 2003). As mentioned above, these mi-
crofractures manifest in thin sections as transgranular fractures, 
en-echelon veinlets, and twin-parallel alteration planes in plagio-
clase and fracture zones. Therefore, these fractures may act as 
zones of weakness that unseal in response to the same far-field 
stresses that trigger structural reactivation (e.g., Ramsay, 1980), 
allowing fluids to travel from reactivated faults into the core of 
granitoid plutons without the presence of macroscopic veins (cf., 
Tillberg et al., 2021) (Figs. 4, S10). This fluid flow can also be fa-
cilitated by fluid-assisted dissolution of the anorthite component 
in plagioclase, enabling the formation of micropores/microfrac-
tures that pervasively alter plagioclase and contribute to an inter-
connected fracture network permitting ingress by external fluids 
(e.g., Yuguchi et al., 2019). Furthermore, the foliation-parallel mi-
cro veins in EPT granitoids observed in other studies (e.g., Wiemer 
et al., 2016) suggest the occurrence of rock cleavage-parallel frac-
turing of deformed lithologies in response to far-field stresses, pro-
viding another pathway for fluid migration.

Regardless of the exact mechanism of transport, crustal fluid-
flow events in response to far-field tectonic stress are the most 
viable explanation for the origin of Rb-Sr overprints observed in 
Pilbara granitoids. There is no evidence in the geological record 
of a mantle plume event affecting the Pilbara in the Paleoprotero-
zoic with the capability of heating the crust to thermal overprint. 
Likewise, delamination of the Pilbara lithosphere during this time 
is inconsistent with the accepted evolution models for the West 
Australian Craton (e.g., Cawood and Korsch, 2008). While this is 
the case for the Pilbara Craton, this does not rule out reset by 
factors such as plumes, delamination, deformation and basin for-
mation when applying the Rb-Sr system to other cratons.
6

Our results provide crucial insights into the evolving and on-
going processes that contribute to constructing and assembling 
cratons and their underlying lithosphere. Critically, these results 
demonstrate that applying the isotope contour mapping method 
to Rb-Sr dating of mineral separates can reveal robust spatial 
and temporal patterns that would otherwise be obscured if us-
ing whole-rock Rb-Sr (due to the difference in closure tempera-
tures). Without the large-scale spatial context, isolated ages would 
yield little information (cf., Fig. 2a). This method shows promise 
in numerous applications, ranging from diamond exploration to 
investigations into the post-stabilization histories of Archean cra-
tons. Concerning cratonic stabilization, exemplified by the Pilbara 
Craton, the production of thick, rigid lithospheric keels does not 
necessitate a unique and uniform tectonomagmatic setting; their 
distribution in both Paleo- and Mesoarchean lithotectonic blocks 
likely indicates diachronous timescales of lithosphere construc-
tion even on the scale of tens of kilometres (Figs. 3, 4). The 
first step in producing thick keels (large-scale mantle depletion) 
can be protracted upwelling-associated decompression magmatism 
over a >300 Myr timespan (northeastern EPT) or shorter-lived 
transtension-driven melting (easternmost Sholl Terrane) (e.g., Van-
denburg et al., 2023). These mechanisms produced the necessary 
degrees of depletion required to impart a high degree of chem-
ical buoyancy upon the underlying lithosphere, which increased 
viscosity as it cooled. The only step these blocks have in com-
mon, amalgamation and lateral compression (e.g., Pearson et al., 
2021; Wang et al., 2018), occurred during the 3.06 Ga Prinsep and 
2.96–2.92 Ga North Pilbara orogenies (Hickman, 2023) and resulted 
in the final construction of the lithospheric keel, with cooling in-
ducing gravitational thickening.

5. Conclusions

While it is common for craton margins to experience metamor-
phism during amalgamation with younger mobile belts (e.g., Supe-
rior Craton – Grenville Orogeny, Rae and Hearne Cratons – Trans-
Hudson Orogeny (Weller et al., 2021); Yilgarn and Pilbara Cratons 
– Capricorn Orogen sequence, Yilgarn Craton – Albany-Fraser Oro-
gen (Cawood and Korsch, 2008)), widespread protracted, largely 
deformation-absent post-cratonization metamorphism in stable 
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craton interiors has not been previously reported. We demon-
strate that lithospheric architecture profoundly impacts fluid-borne 
metamorphism in cratons long after tectonic stabilization. Whereas 
a craton can still be considered stable and, therefore, able to 
withstand the forces of destruction, the resetting of ages linked 
to variations in craton-scale lithospheric thickness can only be 
achieved through large-scale fluid flow, which in itself is a reflec-
tion of lithospheric resistance to far-field tectonic stresses. Fluid 
flow is widely associated with elemental redistribution within 
the crust and need not be triggered by proximal tectonomag-
matic events; distal tectonic compression can also drive fluids 
deep into a craton (e.g., Tillberg et al., 2021; Rasmussen et al., 
2023). Contrary to popular belief, our results demonstrate that 
cratons (especially granitoid complexes) can be quite permeable 
and behave as crustal “sponges” in response to orogenic fluid flow 
events. Thus, in addition to providing a viable upgrading mech-
anism for iron formations (e.g., White et al., 2014) and source 
fluids for unconformity-hosted uranium deposits and sediment-
hosted massive sulfide deposits (e.g., Pirajno, 2009) in cratonic 
cover sequences, the unexpectedly large footprints of these fluid 
flow events also provide conditions favourable to the formation 
of hydrothermal ore deposits in the underlying granite-greenstone 
basement (Huston et al., 2002) for billions of years after stabiliza-
tion. Although the widespread application of the Rb-Sr system to 
Archean igneous rocks has previously fallen out of favour, its use 
as a “geochemical x-ray” provides important snapshots of some of 
Earth’s oldest lithosphere, thereby bolstering its renaissance.
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