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Abstract Cratons are ancient regions of relatively stable continental fragments considered to have
attained long-term tectonic and geomorphic stability. Low-temperature thermochronology data, however,
suggest that some cratons have experienced discrete Phanerozoic heating and cooling episodes. We

report apatite fission track, and apatite and zircon (U-Th)/He low-temperature thermochronology data from
the Archean Pilbara craton and adjacent Paleoproterozoic basement, NW Australia. Inverse thermal history
simulations of this spatially extensive data set reveal that the region has experienced ~50-70°C cooling,
which is interpreted as a response to the unroofing of erodible strata overlying basement. The timing of
cooling onset is variable, mainly ~420-350 Ma in the southern and central Pilbara-eastern Hamersley Basin
and ~350-300 Ma in the northern Pilbara, while the westernmost Pilbara-central Hamersley Basin does not
record a significant Paleozoic cooling event. These differences are attributed to variations in sedimentary
thickness and proximity to adjacent rift basins, which lack Archean age zircons in their Paleozoic strata. The
onset of Paleozoic cooling coincides with the timing of the episodic intraplate late Ordovician-Carboniferous
Alice Springs Orogeny. This orogeny is thought to have resulted from far-field plate margin stresses,
which in turn caused the opening of the adjacent Canning Basin, to the north and east of the craton. We
propose that basin development triggered a change of base level, resulting in denudation and the crustal
cooling event reported here. Our results provide further evidence for the transmission of far-field forces to
cratons over hundreds of kilometers and support the view that cratons have experienced geomorphic
changes during the Phanerozoic.

1. Introduction

Archean cratons make up less than 15% of continental areas (Bowring & Williams, 1999; Cawood et al., 2013;
Goodwin, 1996), yet they are ubiquitous nuclei of many tectonic plate interiors (e.g., de Wit et al., 1992).
Their long-term survival is mainly attributed to their thicker lithosphere, characterized by a relatively cool
but compositionally buoyant upper-mantle keel (e.g., Jordan, 1978). Apart from some tectonic reworking
near their margins (e.g., Lenardic et al., 2000; Mackintosh et al., 2019), cratonization has often been viewed
as the end point in the evolution of continental lithosphere, after which it enters a relatively quiescent state
(e.g., Pollack, 1986). A number of recent works, however, including some low-temperature thermochronol-
ogy studies, indicate that the uppermost few kilometers of cratonic crust may record evidence for wide-
spread, discrete Neoproterozoic and/or Phanerozoic heating and cooling episodes (e.g., Ault et al., 2009,
2013; Baughman & Flowers, 2018; Danisik et al., 2008; Enkelmann & Garver, 2016; Feinstein et al., 2009;
Flowers et al., 2006; Flowers & Schoene, 2010; Guenthner et al., 2017; Kasanzu, 2017; Kohn et al., 2005;
Kohn & Gleadow, 2019; Larson et al., 1999; Mackintosh et al., 2017; Wildman et al., 2017). Such episodes
have often been interpreted as being related to a record of burial and erosion, even though conventional stra-
tigraphic and/or structural controls are often absent.

Low-temperature thermochronology radiometric dating methods, characterized by temperature sensitive
daughter products that accumulate in minerals, are retained over a range of temperatures (< ~300°C)
(e.g., Enkelmann & Garver, 2016). Within the upper crustal environment, temperature can often be used
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Figure 1. Western and central Australia geological domains grouped by age and the location of basins adjacent to the
Pilbara Craton (data from Geoscience Australia, http://www.ga.gov.au/nationaldatasetsgis/). The dashed line shows
the line traversed for the seismic section in Figure 2. The black rectangle outlines the study area shown in more detail in
Figure 3.

as a proxy for depth, so that reconstructed thermal histories may reveal a record of rock movement toward
the surface, which may reflect tectonic and landscape evolution processes. The unique ability of
low-temperature thermochronology systems to detect and quantify the signature of such movements or
thermal perturbations in the near surface environment over geological time scales, which are largely
invisible to other analytical techniques, has been the basis for their application to a broad range of
interdisciplinary problems in the Earth Sciences (e.g., Gleadow et al., 2002; Reiners et al., 2018).

From a landscape evolution perspective, a key question linked to low-temperature thermochronology inves-
tigations on cratons is to what degree that thermal history information can improve our general understand-
ing of patterns of exhumation, weathering, climate, biogeochemical cycling, and ocean-land sediment
budgets (e.g., Alessio et al., 2019; Belton & Raab, 2010; Danisik et al., 2008; Kohn & Gleadow, 2019; Lee
et al., 2018). Furthermore, these analyses can help elucidate the potential preservation of immensely valu-
able mineral resources, which these terranes often host. Within this context, we have carried out a
low-temperature thermochronology study of the resource-rich Archean Pilbara Craton and adjacent ter-
ranes of northwest Australia (Figure 1). This investigation includes inverse thermal history modeling based
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on a spatially extensive (~118,000 km?) low-temperature thermochronology data set and incorporates geo-
chronological data from earlier studies carried out on some of the same samples studied in this work. The
onset of the cooling episode reported here is coeval with an intraplate tectonic event that has been proposed
to have caused the opening of basins adjacent to the craton (Roberts & Houseman, 2001). We propose that
basin opening triggered a change in base level and subsequently caused denudation that generated the crus-
tal cooling reported here. This study showcases how the effects of far-field deformation can be transmitted to
cratons over hundreds of kilometers and substantiates the notion that cratons have been geomorphologically
active during the Phanerozoic.

2. Geological Setting

The Archean Pilbara Craton, located in the northwestern corner of Australia, extends over an area of
~60,000 km? (Figure 1). It is surrounded by Early Archean-Paleoproterozoic basins to the south and
Phanerozoic basins to the west, north, and east (Figure 1). The craton is composed of early crust (3.80-
3.53 Ga), granite-greenstone terranes (3.53-3.07 Ga), volcano-sedimentary basins (3.05-2.93 Ga), and post-
orogenic granites (2.89-2.83 Ga) (Hickman & Van Kranendonk, 2012). Late Archean-Paleoproterozoic
basins to the south contain a succession of interbedded clastic and chemical sedimentary rocks and volcanic
rocks. This succession has been associated with a history of crustal extension and volcanic plateau formation
(Fortescue Group), through passive margin settings (2.63-2.45 Ga Hamersley Group), to basin deposition
(<2.45 to >2.21 Ga, Turee Creek Group; Hickman & Van Kranendonk, 2012). The Gascoyne Complex is a
Paleoproterozoic terrane of granite and medium- to high-grade metamorphic rocks that outcrops to the
southwest of the Pilbara Craton at the western end of the Capricorn Orogen. The orogen forms an
~1,000 km arcuate belt of variably metamorphosed and deformed rocks between the Pilbara craton to the
north and the Yilgarn Craton to the south. It is interpreted to record Paleoproterozoic collision between
the two cratons (to form the West Australian Craton), which corresponds with a major phase of global super-
continent assembly (Cawood & Tyler, 2004).

Stromatolite-bearing sedimentary strata of the Fortescue Group in the Hamersley Basin to the south of the
Pilbara Craton suggest the region was close to sea level at ~2.7 Ga (Flament et al., 2011). The present-day
Pilbara craton lies at elevations <800 m and lacks any overlying Neoproterozoic-Phanerozoic sedimentary
cover.

Basin formation and infilling adjacent to the Pilbara Craton (Figure 1) occurred from the Early Ordovician to
the Early Cretaceous (Hashimoto et al., 2018; Kennard et al., 1994; Shaw et al., 1995). In the Canning Basin,
adjacent to the craton, Lower Paleozoic sedimentary packages range between 1 and 2.5 km thick (Figure 2)
(Hashimoto et al., 2018). Glacially striated basement rocks (mostly in the northeastern Pilbara) and intrafor-
mational glacial striae in Permian sandstone provide evidence that glacial erosion related to the pervasive
Permo-Carboniferous glaciation of Gondwana extended as far as the Pilbara Craton and the onshore
Canning Basin (Gzhelian-Sakmarian ca. 305-285 Ma; Mory et al., 2008). Deformation phases recorded in
the basins are the result of intracratonic tectonism, as well as multiple extension and sagging events (e.g.,
Driscoll & Karner, 1998; Gartrell, 2000; Mory & Haines, 2013). East and north of the Pilbara Craton (e.g.,
Canning Basin), seismic data show lithospheric thinning and regional-scale faults toward and at the craton
boundary (Figure 2). This deformation has been related to a late Ordovician-Carboniferous, polyphase intra-
plate tectonic event referred to as the Alice Springs Orogeny (e.g., Buick et al., 2008; Cartwright et al., 1999;
Collins & Shaw, 1995; Glorie et al., 2017; Shaw et al., 1991). This event resulted from a combination of
far-field stresses and the localization of deformation associated with thermal weakening or with regions of
contrasting strengths (Camacho et al., 2002). Basins offshore of the Pilbara Craton formed as a result of mul-
tiple extension and sagging events (Driscoll & Karner, 1998; Gartrell, 2000). The first rifting phase, spanning
the Late Carboniferous to Permian, is associated with the opening of the Neo-Tethys Ocean. Rifting was fol-
lowed by a Triassic sagging event, during which a >4 km-thick fluvio-deltaic sequence accumulated (Martin
et al., 2018; Moro6n et al., 2019). A second rifting phase, commencing in the Early Jurassic (Toarcian) and
continuing until the Early Cretaceous (Valanginian), is associated with the breakup of Gondwana
(I'Anson et al., 2019). Following the Santonian, the offshore region of the Pilbara Craton became a passive
margin and has been tectonically quiescent since that time (I'Anson et al., 2019).
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Figure 2. Stratigraphy across the Canning Basin along Lines 14GA-CC1 and 14GA-CC2 of the L205 Canning Coastal
Deep Crustal Seismic Reflection Survey. Note how in the SW the 1-2.5 km-thick Ordovician to Devonian sedimentary
packages are preferentially located close to the Pilbara Craton. Location of cross-section line is shown in Figure 1.
Modified after Hashimoto et al. (2018).

3. Low-Temperature Thermochronology—Background

The three low-temperature thermochronology methods utilized in this work are apatite fission track (AFT),
apatite (U-Th-Sm)/He (AHe), and zircon (U-Th)/He (ZHe) thermochronometry. The fundamental princi-
ples underpinning these techniques, interpretation of data, and applications are outlined in several works,
for example, Gleadow et al. (2002) for AFT and Farley (2002) and Reiners et al. (2018) for AHe and ZHe.

Briefly, fission tracks are formed continuously under typical upper crustal temperature and pressure condi-
tions but may be annealed (i.e., track lengths are shortened) if temperatures become sufficiently high for the
thermal energy to allow the mineral lattice to begin to repair itself. The temperature range over which
annealing occurs is termed the Partial Annealing Zone (PAZ). Above the higher temperature limit of this
zone, any tracks formed are totally annealed in a relatively short period of time, so that no physical record
of the tracks remains and ages are completely reset. Fission track annealing in apatite is a complex, non-
linear process, dominantly controlled by temperature (markedly > ~60°C), duration of heating, and to a les-
ser extent by crystallographic orientation (e.g., Donelick et al., 2005). Annealing is also influenced by the
complex interplay of anion (Cl, F, OH) and cation substitutions (e.g., REE, Mn, Na, Mg, Fe, Sr, Fe, and
Si), with Cl playing a primary role (Barbarand et al., 2003; Carlson et al., 1999; Green et al., 1989). Higher
Cl content is associated with greater resistance to track annealing, often resulting in older ages (e.g.,
Barbarand et al., 2003; Burtner et al., 1994; Carlson et al., 1999; Green et al., 1989). The bulk track-etching
rate of apatite, although considered to be a less precise parameter (e.g., Schneider & Issler, 2019), has also
been proposed as a kinetic proxy for bulk chemical composition, and this involves measurement of Dpar
—the mean etch-pit diameter measured parallel to the crystallographic c axis (e.g., Donelick et al., 2005).

Temperature is considered to be the dominant mechanism for annealing, but some nonthermal processes
have also been proposed, for example, seasoning of tracks, pressure effects, and o-radiation enhanced
annealing (REA) (Ketcham, 2019). Of particular relevance for this work is REA of fission tracks, a process
proposed to result principally from the decay of ***U and ***Th operating at low temperatures (<60°C) in
areas of prolonged thermo-tectonic stability such as cratons (Hendriks & Redfield, 2005). The case for
REA, considered to have been overlooked previously, is partly based on inverse correlations between AFT
grain age and U content from southern and central Fennoscandian shield (Finland) samples. Donelick
et al. (2006) also reported a range of inverse relationships (weak to moderately strong) between AFT age
and a-emitter actinides within samples from the Fennoscandian and Canadian shields, with the older grains
from the former showing the strongest negative correlation.

The effect of the postulated REA, in addition to temperature sensitivity, implies that modeled AFT data in
cratonic settings (and in U- and/or Th-rich apatites in general) using conventional thermal annealing mod-
els may lead to an overestimation of paleotemperatures, and hence the amount of any postulated overlying
section removed. The applicability of REA to AFT studies in slowly cooled settings has been the subject of
considerable debate (e.g., Donelick et al., 2006; Green & Duddy, 2006; Green et al., 2006; Hendriks &
Redfield, 2006; Ketcham, 2019; Kohn et al., 2009; Larson et al., 2006; McDannell et al., 2019).

In the (U-Th)/He system, the He Partial Retention Zone (HePRZ) is a comparable concept to the PAZ. But in
this case, it is related to the retention of the daughter “He, which can be lost progressively by volume diffu-
sion over a range of temperatures (e.g., Farley, 2002). Above the higher temperature limits of the HePRZ, no
helium is retained, and ages are totally reset.
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Single grains analyzed for (U-Th)/He ages may significantly differ in their He diffusivity properties, thus
contributing, to significant intersample age dispersion. Arguably, the greatest contribution to dispersion
can be attributed to the effects of accumulation and distribution of a-radiation damage, grain size variation,
and grain fragmentation (e.g., Danisik et al., 2017; Wildman et al., 2016). The relationship between single
grain age and accumulated radiation damage and/or grain size on He diffusion has been shown to become
markedly pronounced during thermal histories characterized by slow cooling, with prolonged residence in
the HePRZ, or protracted reheating (e.g., Brown et al., 2013; Flowers & Kelley, 2011; Flowers et al., 2009;
Gautheron et al., 2009; Reiners & Farley, 2001). For example, larger grain size will increase the diffusion
length (Farley, 2002) leading to a positive relationship with age (e.g., Reiners & Farley, 2001). Radiation
damage accumulation weights the decay of U and Th in terms of their a productivity and is commonly
expressed as effective Uranium concentration, expressed as eU: [U ppm] + 0.235 * [Th ppm]. The damage
creates defects and vacancies in the crystal structure, which may act as sites for He trapping (e.g.,
Flowers, 2009; Shuster et al., 2006) and He diffusion under high degrees of radiation damage (e.g.,
Guenthner et al., 2013). Therefore, in cratonic environments, owing to the long time span over which such
damage may have accumulated, He data sets may possess a range of He diffusivities, and this may lead to
relationships between He age and eU, which can be used to interpret data (e.g., Ault et al., 2009;
Flowers, 2009; Flowers & Kelley, 2011; Guenthner et al., 2013). If apatite, for example, undergoes heating
under sedimentary burial, then the He traps may undergo different degrees of annealing (self-repair) in
accordance with the amount of radiation damage, and this will be further expressed in their capacity for
He retention, leading to intrasample (U-Th)/He age dispersion (e.g., Chaumont et al., 2002; Gautheron
et al., 2009; Recanati et al., 2017; Shuster et al., 2006).

Other possible factors that may contribute to (U-Th)/He age dispersion, but which may be more difficult to
evaluate routinely, include eU zonation, the presence of eU-rich micro-inclusions, He implantation, and
chemical composition. eU zonation has been claimed to rarely cause wide age dispersion in cratonic apatites
beyond ~15% and that this range is commonly within the age deviations for AHe ages (e.g., Ault &
Flowers, 2012), but that claim was more study specific and higher impacts of zoning have been demonstrated
in other cratonic settings (e.g., Meesters & Dunai, 2002). If eU-rich microinclusions are present, and incom-
pletely dissolved during the HNO; procedure prior to ICP-MS analysis, then the resulting parentless He
might result in older ages (e.g., Vermeesch et al., 2007). He implantation from external sources, such as
neighboring grains or thin grain coatings, is most pronounced in low eU ppm apatite grains (e.g., DaniSik
et al., 2010; Murray et al., 2014; Spiegel et al., 2009). The possible influence of apatite chemistry (principally
Cl content) on He diffusion was discussed by Gautheron et al. (2013) and Djimbi et al. (2015) but was not
deemed to have a significant effect in earlier studies where samples with a wide range of apatite Cl content
were dated (House et al., 2000; Kohn, Foster, et al., 2002), or in a broader ranging work involving a multi-
element apatite study (Recanati et al., 2017). He trapping in strained crystals (McDannell et al., 2018) and
crystal imperfections, such as vacancy damage and crystallographic microvoids, may also lead to age disper-
sion by impeding He diffusion (Gerin et al., 2017; Zeitler et al., 2017). In zircons, fluid inclusions as potential
He traps and detailed mapping of the heterogeneity of intragrain He and eU mapping also serve to further
highlight potential sources of dispersed or anomalous (U-Th)/He ages (Danisik et al., 2017).

Corrections for a-ejection at grain boundaries are routinely applied in the (U-Th)/He system to account for
the proportion of He lost based on the crystal surface to volume ratio (e.g., Farley et al., 1996; Gautheron
etal., 2012; Hourigan et al., 2005; Ketcham et al., 2011). However, the application of this procedure in slowly
cooled Archean/Paleoproterozoic rocks with a protracted diffusion history, such as those studied here, may
lead to an overcorrection of the (U-Th)/He age (e.g., Danisik et al., 2008; Meesters & Dunai, 2002). In this
work, for comparative purposes, the corrected AHe and ZHe ages are quoted throughout, but it is the uncor-
rected ages, which are input for the inverse thermal history modeling outlined in section 6, and it is the
model outputs, which mainly inform the subsequent interpretations.

The thermochronometric systems used in this work cover a range of temperature sensitive ranges over
which most annealing or He diffusion occurs. For the ZHe system, this temperature range is typically
~130-200°C (e.g., Wolfe & Stockli, 2010) but can also be considerably lower (<50°C) in strongly radiation
damaged grains (e.g., Johnson et al., 2017). For AFT, it typically ranges from ~60-110°C (e.g., Gleadow et al.,
2002), and for AHe it is ~30-90°C, depending on a number of factors such as the degree of accumulated radia-
tion damage, grain size and grain fragmentation, and their effect on He diffusivity (e.g., Brown et al., 2013;
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Djimbi et al., 2015; Flowers et al., 2009; Gautheron et al., 2009; Shuster et al., 2006). High eU apatites, with
elevated levels of accumulated radiation damage however, show greater He retentivity such that AHe ages
may be older than their coexisting AFT and ZHe ages and seemingly incompatible with expectations (e.g.,
Flowers & Kelley, 2011; Flowers et al., 2009; Green & Duddy, 2006; Johnson et al., 2017; Green et al., 2018).

4. Samples and Methods

Mineral separates from 15 samples from the Pilbara Craton and adjacent terranes housed in the University
of Melbourne thermochronology group mineral collection were used in this study (Table 1 and Figure 3).
Some of the samples used here were previously analyzed in studies using a range of different dating methods:
zircon U-Pb and whole rock-minerals Rb/Sr (Oversby, 1976); titanite and apatite fission track
(Ferguson, 1981); and AFT, muscovite, and K-feldpar “°Ar/*’Ar (Weber, 2002). Analytical methods used
in this work are described briefly below.

4.1. AFT Analysis

Apatite grain mounts were polished and analyses performed on image sets captured by TrackWorks using a
3.2MP AVT Oscar F-320C camera mounted on a Zeiss Axiolmager microscope with a 1,000X total magnifi-
cation and a 100X dry objective. Spontaneous track densities were measured on prismatic internal apatite
surfaces after etching with SN HNO; for 20 s at 20°C (Gleadow & Lovering, 1978). Track counts were
obtained by automated counting in FastTracks using the “coincidence mapping” technique followed by
manual inspection (Gleadow et al., 2009, 2015). Uranium concentrations of each grain were determined
by LA-ICP-MS single spot analysis using a New Wave Nd:YAG Laser (A = 213 nm with 5 Hz @ 45% power,
spot size = 30 um) connected to an Agilent 7700 mass spectrometer. NIST612 was used as primary reference
material and a sintered Mud Tank Carbonatite apatite as in-house secondary reference material during LA-
ICP-MS analysis. Results were reduced using the software package Iolite (Paton et al., 2011). Single grain and
pooled ages were calculated according to Hasebe et al. (2004). Central ages as well as age dispersion and
chi-square values were calculated using RadialPlotter (Vermeesch, 2009). All ages are “model” ages obtained
using a range factor (Ry) of 7.17 um (half the average mean track length of Durango apatite) and are directly
comparable to conventional External Detector Method ages (Seiler et al., 2014). Confined track lengths
(TINTs) were measured as true 3-D lengths using FastTracks and are corrected for a refractive index of
1.634 for apatite.

4.2. (U-Th)/He Analysis

Analysis followed the protocol of House et al. (2000) for laser “He extraction from single grains for both apa-
tite and zircon. Handpicked, apatite and zircon grains (minimum width of ~75 pm), previously screened for
possible microinclusions were imaged microscopically and their dimensions measured using the software
ImageJ. They were then placed in small acid-treated platinum capsules and outgassed under vacuum at
~900°C for 5 min (apatite) and ~1,300°C for 20 min (zircon) using a semiconductor Coherent Quattro
FAP 820 nm diode laser with fiber-optic coupling to the sample chamber (to provide optimal coupling with
samples and heating without melting, ablation, or fusion). He volume was determined by isotope dilution
using a pure *He spike, calibrated against an independent *He standard, and measured using a Balzers quad-
rupole (QMS 200-Prisma) mass spectrometer. A hot blank was run after each gas extraction to verify com-
plete outgassing of the apatite grains, and in cases where samples yielded a second re-extract, it
contributed <0.5% of the total measured *He for all samples. Outgassed apatite grains were removed from
the laser chamber, dissolved in HNOj; (still in their Pt capsules), and analyzed for parent isotopes ***U,
235y, 232Th, and **’Sm by external calibration (see below) using an Agilent 7700X inductively coupled
plasma mass spectrometer (ICP-MS). Zircon grains, however, were removed from their Pt capsules and
transferred to Parr bombs where they were spiked with **U and ***Th and digested in small volumes of
HF and HNO3; (0.3-0.5 ml) at 240°C for 40 hr. Standard solutions containing the same spike amounts as sam-
ples were treated identically, as were a series of unspiked reagent blanks. A second bombing in HCl for 12 hr
at 180°C ensured dissolution of fluoride salts. Zircon solutions were then dried down on a hot plate at 145°C
for 5-6 hr and then dissolved in HNOj3 and diluted in H,O to 5% acidity for analysis of 238y, 35U, and **’Th
by solution ICP-Mass Spectrometry also using an Agilent 7700X.
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Table 1

Sample Details and Summary of Low-Temperature Thermochronology Methods Used

. . . a
Previous age determinations on sample

Analyses carried out in this study®

Sample Longitude Latitude Elevation

No. Lithology °E °S (m) ZrU-Pb Ar TiFT AFT ZrHe AFT AHe
Pilbara Craton (Archean)

8010-25b Granite 117.62668 —20.71432 n/a v v v
7315-12° Migmatite 119.17750 —21.75060 n/a v v v

7315-18° Gneissic granite ~ 119.41667  —21.53333 n/a v v v v v v
7315-35° Foliated granite ~ 119.00320  —21.98690 n/a v v v v

7315-41° Granite 118.91650 —21.28890 n/a v v v v v v
0705—03d Granite 116.85758 —20.77253 18 v v
0705-12d Microgabbro 116.83803 —21.09561 80 v

0705—19Cl Gabbronorite 116.85472 —21.14119 103 v v
UW98-27°  Granodiorite 118.04778 —20.96889 80 v v
UW98-28°  Granodiorite 118.96833  —20.38861 70 v v
UW98-29°  Granite 119.68722 —20.35000 90 v v
UW98-34°  Granite 119.95361 —21.63333 340 v
Gascoyne Complex (Proterozoic)

UW98-23° Syenite 115.47667 —22.58111 110 v v v
Hamersley Basin (Proterozoic)

UW98-17°  Granodiorite 117.35722  —22.81194 380 v v
UW98-41°  Sandstone 119.08056 —23.52778 640 v v

#Analytical method—Zr = zircon U/Pb; Ar = muscovite and K-feldpar Ar/Ar; TiFT and AFT = titanite and apatite fission track, respectively; ZrHe = zircon (U-
Th)/He; AHe = apatite (U-Th-Sm)/He. Source of samples (and previous ages reported) from within the University of Melbourne thermochronology group

mineral collection.

®pilbara excursion—second Archean conference. “Oversby (1976) (Ferguson, 1981 = FT ages). 9Kohn collection, 2005. “Weber (2002).

Analyses for parent isotopes were calibrated using the international rock standard BCR-2, and a Mud Tank
carbonatite solution (for apatite), and international rock standards BCR-2 and BHVO-2 (for zircons). Raw
AHe ages were corrected for a-ejection and the age calculated using the approach of Farley et al. (1996),
while for ZHe data the correction prior to age calculation followed the approach of Hourigan et al. (2005).
Analytical uncertainties for the Melbourne He facility are conservatively assessed to be ~6.2%, including
the a-ejection correction, an estimated 5 pm uncertainty in grain dimensions, gas analysis (estimated as
<1%), and ICP-MS analytical uncertainties. Accuracy and precision of U, Th, and Sm parent isotope content
ranges up to 2% but is typically better than 1%. Durango apatite (McDowell et al., 2005, AHe reference
age = 31.02 + 1.01 Ma), and Fish Canyon Tuff zircon (Gleadow et al.,, 2015, ZHe reference
age = 28.3 + 0.4 Ma) were also run as “unknowns” with each batch of apatite or zircons samples and served
as an internal check on analytical accuracy (see Tables 3 and 4, respectively).

5. Results
5.1. Apatite Fission Track (AFT)

AFT data for 12 samples are summarized in Table 2, with individual grain age and track length data,
together with track length histograms and radial plots presented in Table S1. Pooled and central ages are
indistinguishable within analytical uncertainties and range from ~282-427 Ma, with confined mean track
lengths (MTLs) falling within a relatively restricted range of 12.78-13.37 um. Ten of the AFT ages (weighted
mean ~373 Ma) across the study area mostly overlap (at + 20) including sample UW98-23 in the Gascoyne
Province (Figure 3) with a large uncertainty. However, Samples UW98-28 and UW98-29 at the northern
margin of the Pilbara (Figure 1) are markedly younger (weighted mean ~287 Ma), but their MTL fall within
a similar range to the other samples. Track-length distributions are unimodal and usually moderately broad,
with standard deviations of 1.06-1.71 um (see Table S1). AFT central ages of 324 + 18 Ma (Sample 7315-18)
and 371 + 18 Ma (Sample 7315-41) are concordant (at + 2o) with previous AFT ages reported for these sam-
ples of 331 + 8 and 328 + 7 Ma, respectively (Ferguson, 1981). AFT ages reported by Ferguson (1981) on two
additional samples (7315-12 and 7315-35), for which we have not determined AFT ages, were 291 + 7 and
340 + 8 Ma, respectively. However, AFT ages determined by Weber (2002) for our samples prefixed by
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Figure 3. Simplified geological units of the Pilbara Craton and adjacent terranes showing sample localities from which low-temperature thermochronology data
were generated for this study.

UWO9S from the Pilbara Craton range from 218 to 283 Ma and are consistently younger than those reported
here or by Ferguson (1981).

The intrasample AFT grain age dispersion is generally low to moderate (<21%) for all samples, except for
Sample UW98-23 (33%), the youngest recorded in our data set, for which only eight suitable grains were
available for age determination (Table 2). Five samples fail the ) test at <5%, seemingly suggesting that
the grains counted for these ages are unlikely to be drawn from the same Poissonian distribution and that
the sample may contain more than one age population. However, such failure may be expected in slowly
cooled basement rocks due to the range of possible kinetic responses to annealing under such thermal his-
tory conditions (Galbraith & Laslett, 1993). Apatite grain Dpar values mostly fall between 1.43 to 1.89 um
and do not show any clear relationship with AFT age (Figure 4a). However, Sample 0705-12 (a microgabbro),
with the highest mean value of 3.12 um, shows a moderately positive trend suggesting that the intrasample
age variation in this sample is compositionally dependent (Figure 4a).

5.2. (U-Th-Sm)/He

AHe ages for 56 single grains from 12 samples are listed in Table 3 and range from 143 + 9 Ma to
616 + 38 Ma. Most samples show some age dispersion patterns similar to those previously reported from
other slowly cooled terranes (e.g., Fitzgerald et al., 2006; Flowers, 2009; Flowers & Kelley, 2011; Flowers
et al., 2007; Kohn et al., 2009; Mackintosh et al., 2017). ZHe data for 30 grains analyzed from four samples
are presented in Table 4. Ages range from 30 + 2 Ma to 447 + 28 Ma, with three samples showing consider-
able intrasample age dispersion, whereas a fourth sample 7315-18 presents a much tighter data set.
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Table 2
Pilbara Craton Apatite Fission Track Data

Mean track c axis corrected ~ Mean

Sample No. of Ps 38y Dispersion P(xz) Pooled age  Central age length [um  SD mean track Dpar
No. grains N [105 cm_z] [ppm] % % [Ma + 10] [Ma +10] N + SE] [um] length [um + SE]  [um]
8010-25 19 1,987 62.8167 36.82 0.0 60 387.3+11.8 3854 +11.8 93 13.13+0.12 1.15 14.14 + 0.09 1.43
7315-18 21 2,169 41.3182 28.60 21.0 0 319.1 +18.0 323.8+17.6 97 13.21+0.11 1.12 14.18 + 0.08 1.60
7315-41 17 2,382 51.1258 33.14 15.0 0 369.3 +18.9 370.5+17.6 84 13.22+0.12 1.06 14.15 + 0.08 1.59
0705-03 20 590 7.4967 3.67 0.0 98 4222 +17.0 4269 +254 79 12.78+0.17 1.48 13.90 + 0.12 1.66
0705-12 14 1,543 124.5379 89.01 14.0 1 361.2+19.7 3552 +19.0 23 1337+036 1.71 14.52 £ 0.22 3.12
0705-19 15 728 25.8752 14.48 16.0 2 393.5+28.2 408.8 +26.3 48 13.07+0.22 149 13.99 + 0.19 1.87
UW98-17 13 682 28.1663 14.90 11.0 16 410.3 +27.0 4156 +£250 63 12.82+0.15 1.23 13.90 + 0.12 1.47
UW98-23 8 536 22.8406 15.04 33.0 0 296.7 +45.5 2823 +40.0 36 12.82+0.23 140 13.64 + 0.18 1.45
UW98-27 15 2,445 68.3266 41.25 33 34 361.3 +13.7 361.6 +13.1 96 13.40+0.12 1.19 14.33 + 0.09 1.89
UW98-28 15 1,002 28.8462 19.78 5.5 28 307.7 +16.5 313.7+14.5 90 13.10+0.14 1.32 14.11 + 0.10 1.76
UW98-29 19 2,875 64.7046 48.81 5.5 29 278.0 +10.5 283.6 +9.9 98 13.08 £0.11 1.11 14.11 + 0.08 1.61
UW98-41 23 2,033 39.3730 23.37 7.2 20 368.5+ 142 364.7+13.6 97 13.08+0.17 1.66 14.10 + 0.11 1.69

Note. Ny = number of spontaneous tracks counted; pg = spontaneous track density; P(xz) = probability obtaining chi-square value for n degree of freedom (where
n = No. crystals-1); NL = number of lengths measured; SE = standard error; SD = standard deviation of track length distribution; Dpar = the long axis of a track
etch pit parallel to the crystallographic c axis is used as a compositional proxy (e.g., Burtner et al., 1994).

5.3. Interpretation of Data Patterns

AFT results are summarized in a boomerang plot (Figure 4b), which is a useful way of displaying graphically
the relationship between measured MTL and AFT ages in a sample set (e.g., Green, 1986). For comparison,
the range of AHe and ZHe ages are also shown on the plot, with many of the former overlapping or older
than the AFT ages, but the latter mostly yielding younger ages. A boomerang plot, indicated by a
concave-up pattern, can be used to discern partially thermally reset or nonreset samples lying within or
above a paleo-PAZ and estimate the time of onset of the most recent cooling event (Gallagher &
Brown, 1997). Nine of the AFT samples are considered to form the ascending arm (left-hand side) of a boom-
erang (Figure 4b) signifying the cooling of samples from higher temperatures following annealing during
residence in the PAZ, with MTL lengthening (although within a somewhat limited range). The timing of
the most recent cooling event is constrained by the transition of samples with FT ages and MTL in the
12.5-13.5 um range to samples as suggested by our data, to younger ages and longer MTL, which have cooled
from higher paleotemperatures (e.g., Brown et al., 1994; Gallagher & Brown, 1997). The observed trend of
most of our samples suggests that the timing of this transition is mid-Paleozoic in age. Sample UW98-23 is
a young age outlier to this trend but only yielded eight grain ages (with large uncertainties) and 36 length
measurements, so is not considered to be statistically robust (Figure 4b). Samples UW98-28 and UW98-29,
as indicated earlier, yield younger ages and appear to fall off the main trend. This probably indicates that
these samples, located at the northern Pilbara craton margin, cooled later from the PAZ compared to those
samples forming part of an ascending boomerang arm.

In a detailed study on Canadian Precambrian basement McDannell et al. (2019) revisited the question of
REA and concluded that in slowly cooled settings the effects of radiation damage on AFT samples should
be considered during thermal history modeling and interpretation. They recommended that at least 35-40
grains be counted if possible and that detailed elemental data be collected for grains on which age and
lengths were measured. In terms of such recommendations, our present data set is not sufficiently complete
to evaluate this possibility at that level. However, we are able make a first-order assessment as a function of
the traditional plots for AFT age or MTL versus eU for all samples (Figures 5a and 5b). For the former plot
the relationship between the variables is very weak. The MTL versus eU plot shows a moderate relationship,
which is positive and counterintuitive to expectations for the influence of a REA scenario. Taking the AFT
data set to a more detailed evaluation we present plots of AFT age versus eU and Dpar versus 3-D track
lengths for individual intrasample grains based on data listed in Table S1 and Figure S1. The intrasample
single grain data plots all yield very weak to nonexistent relationships between the variables tested. While
acknowledging that our data set may not be comprehensive in all parameters, the intrasample data do cover
a broad range of eU content and AFT ages, and no clear relationships are apparent, which could be used to
further interrogate the thermal history outcomes outlined in section 6.
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Figure 4. (a) Single grain track-etch parameter Dpar as a function of apatite fission track (AFT) age. Samples with higher
Dpar values are color coded and the relationship between the variables as indicated by their trends are weak. If the
apparent outlier (at ~500 Ma) for Sample 0705-12 (a microgabbro) is removed then the trend is moderately strong,
suggesting that the intrasample age variation in this sample is compositionally dependent. (b) Plot of mean track length
(MTL) versus AFT age. MTL are not corrected for c-axis orientation (see Table 2). The samples are considered to lie on
the left-hand side (ascending limb—characterized by increasing MTL with decreasing age) of a classic “boomerang”
trend (shaded area) for most samples, suggesting that the samples record a cooling event (see also section 5.3). Three
samples marked in color may plot off this trend. UW98-23 from the Gascoyne Province has a large uncertainty, whereas
Samples UW98-28 and UW98-29, located at the northernmost Pilbara craton adjacent to the Canning Basin, are
marginally younger and have a different thermal history (see section 6.2.2 and Figure 9). For comparison the range of
single grain AHe and ZHe ages are also displayed.
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Figure 5. AFT age and mean track length (MTL) versus eU content for all samples (a) and (b), respectively. Note the
decrease in age in the former (a) with increasing eU, but increase in MTL for the latter (b). Panels (c) and (d) are
plots for the same samples with removal of outlier 0705-12 with a high eU value, but all show weak negative relationship

in (c), but a strong positive trend in (d).
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Figure 6. AHe age as a function of effective uranium concentration (eU ppm) (a—c) and equivalent spherical radius (Rs)
(d-f). AHe ages are plotted with +1o uncertainty bars and for each single-grain age, the symbol shape indicates the grain
morphology (0T = no terminations; 1T = one termination, 2T = both terminations). See text for further discussion.

As outlined previously, AHe intrasample age data in slowly cooled rocks are often dispersed and may be
related to a number of factors, particularly accumulated radiation damage, grain size, and morphology.
Laboratory diffusion data suggest that He retentivity in apatite increases with radiation damage and grain
size (Shuster et al., 2006), and this may be verified by plots between AHe age or grain size (R,) versus eU.
Plots with these parameters, together with their degrees of fragmentation as recorded by the number of ter-
minations (0T, 1T, or 2T), are shown in Figures 6a and 6b. For the plot AHe age versus eU, only Sample
0705-19 shows a strong positive relationship, followed by Samples UW98-29 and UW98-41 showing moder-
ate negative trends (Figure 6a). In the AHe age versus R, plot Samples UW98-29, UW98-17, and UW98-34
(Figures 6d—-6f) show strong to moderate negative trends. All other samples show weak or no clear trends.
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Figure 7. ZHe age as a function of (a) effective uranium concentration (eU ppm) and (b) equivalent spherical radius (Rs).
ZHe ages plotted with +1c uncertainty bars. The gray shaded area bounded by the dashed lines delineates the

AFT age range. Note that most ZHe ages are “inverted” with regard to the expected relationship ZHe age >AFT age
(see section 3 for further discussion). Trends for samples in plot (b) all show a very weak or no relationship.
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Further plots using the same parameters are presented for all intrasample single grains in Figure S2. AHe age
dispersion could possibly also be influenced by the fragmentation of grains to varying degrees (see Table 3).
Such disruption of the He diffusion profile could result in one termination (1T) fragments yielding older or
younger ages than the whole grain age, while no termination (0T) grains would most likely yield older ages
(Beucher et al., 2013; Brown et al., 2013). Therefore, variation in degrees of grain fragmentation may mask
any possible relationships between AHe ages and eU or grain size (e.g., Wildman et al., 2016); hence, the
number of terminations (0T, 1T, or 2T) are recorded in Table 3. The role of other possible factors leading
to age dispersion discussed previously is difficult to assess in our samples. He implantation from external
sources, such as neighboring grains or thin grain coatings, can be ruled out in most of our samples, which
have relatively high eU values (see Tables 3 and S1), with the possible exception of some grains in
Samples 0705-03 and UW98-23.

Flowers and Kelley (2011) suggested that highly dispersed sample AHe ages (>20% 1 standard deviation)
without age-eU and age-grain size correlations should not be used for thermal history interpretations or that
further data should be acquired from those samples. We have listed that data in Table 3, which shows that
only six of our 12 AHe samples show standard deviations <20%. Out of all our samples only 0705-19
(Figure 6a) showing a strong positive age-eU relationship and sample UW98-17 (Figure 6e) showing a mod-
erate negative age-grain size trend have standard deviations <20% (Table 3).

ZHe ages are plotted as a function of eU and grain size in Figures 7a and 7b, respectively. Single grains in
Sample 7315-35, with the lowest eU values, show a standard deviation <20% and yield the oldest ages
observed (between 333 and 447 Ma), whereas grains in the other three samples show wide age dispersion
and are negatively related to varying degrees (Table 4 and Figure 7a). No significant trends are evident in
the ZHe age versus grain size plot data (Figure 7b). The ZHe age-eU pattern observed is similar to that pre-
viously noted in several works (e.g., Boone et al., 2018; Guenthner et al., 2013, 2014; Ketcham et al., 2013;
Mackintosh et al., 2017; Orme et al., 2016; Reiners, 2005). Guenthner et al. (2013) demonstrated that the pat-
tern observed results from differences in intragrain He diffusivity related to the degree of accumulated radia-
tion damage. Clearly, this variance can result in a range of intrasample ZHe ages, which will be enhanced by
prolonged residence below temperatures of total radiation damage annealing. This may also result in a rever-
sal of the expected relationship ZHe > AFT ages (e.g., Johnson et al., 2017; Mackintosh et al., 2017). While
radiation damage is clearly a primary factor controlling age dispersion in our samples, eU zonation may also
contribute to some age scatter (e.g., Bargnesi et al., 2016; Danisik et al., 2017; Dobson et al., 2008; Guenthner
et al., 2013; Hourigan et al., 2005). The strategy used in this work for obtaining thermal histories for inter-
preting our data is outlined in section 6 below.

6. Inverse Thermal History Modeling
6.1. Strategy

In this work, inverse thermal history models were produced using the QTQt software (Gallagher, 2012).
QTQt uses a Bayesian trans-dimensional Markov Chain Monte Carlo (MCMC) approach to invert
low-temperature thermochronology data and produce a series of accepted thermal histories as determined
by the data (Gallagher, 2012; Gallagher et al., 2009). Here, we define a time-temperature model space, the
present-day surface temperature estimated at 20 + 10°C, and a constraint for some models indicating that
the sample was probably exposed or at least in a near-surface environment at some time during
Permo-Carboniferous glaciation as prior probability information (Gallagher, 2012). The MCMC algorithm
searches the user-defined time-temperature model space and generates a random model. It then produces
a sequence of proposed models that are either accepted or rejected depending on the fit of the modeled data
with the observed data relative to the previous model (Gallagher et al., 2009; Wildman et al., 2016).

A detailed account of the modeling approach employed in this study can be found in Mackintosh et al. (2017).
Briefly, for all our models, the MCMC sampler was run for 200,000 iterations with the first 50,000 discarded
as burn in Gallagher et al. (2009). For each sample a broad initial constraint of 600 + 100 Ma and a tempera-
ture of 70 + 70°C was used for the general time-temperature prior (model space). Thus, the MCMC algo-
rithm for these initial model runs was able to search the entire general prior time-Temperature (tT) space.
We used the QTQt default values for the time range, which represent the oldest single grain age in the sam-
ple + oldest single grain age in the sample. Depending on the sample, this extended the time range of the
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model space back to between 600-1,200 Ma. However, as illustrated even in the cropped thermal history
models shown in Figures 8-10, the thermal history information provided by the AHe, AFT, and ZHe data
from the samples in this study is poorly constrained (i.e., the 95% confidence intervals generally span most
of the temperature space) prior to ~500 Ma. This was clear from the initial model runs, which showed that
the low-temperature thermochronology data could not provide any credible thermal history information
prior to that time. The time range, which greatly exceeds the oldest low-temperature thermochronology ages
and their uncertainties measured in our samples, was chosen as initial model runs showed that our data
could not provide any credible thermal history information prior to that time. For modeling the AFT data,
we used single grain age information, together with the annealing model and c axis projected confined track
length information (Donelick et al., 1999; Ketcham et al., 2007). For AHe data we used the damage-diffusion
model of Gautheron et al. (2009) and for ZHe data the zircon radiation damage accumulation and annealing
model (ZRDAAM) (e.g., Guenthner et al., 2013).

For all models generated, to ensure confidence in the outputs, only the AFT data were first employed to
establish a baseline, from which different model versions could be made progressively. We did not attempt
to model AFT Samples UW98-23 and 0705-12 due to few age grains and track lengths being available for
measurement, respectively. Because of complexities in (U-Th)/He systematics as outlined in section 5.3,
intrasample age dispersion (Tables 3 and 4) and our inability to always account for some of the possible fac-
tors involved, less weighting was given to AHe and ZHe data for modeling. As a result, these data were pro-
gressively incorporated to AFT models to provide additional constraints. It is in this context that the inverse
thermal history modeling software, QTQt, was chosen. With QTQt, AHe and ZHe data can be resampled
from their ages, meaning some of the undefined uncertainty can be accounted for by regarding the He ages
as less precise while still honoring the observed ages (Gallagher, 2012). Furthermore, it is possible to model
AHe data from broken 1T apatite grains using the 1T fragmentation model of Brown et al. (2013) implemen-
ted into QTQt. Hence, rather than using averaged AHe data for samples with standard deviation <20%, we
chose to model grains based on their morphological characteristics; therefore, AHe grains were not modeled
from samples for which there was no coexisting baseline AFT model available. In some cases, however, zero
termination (0T) AHe grains were also modeled (Figures 8-10) using the 2T fragmentation model to check
whether the effect of fragmentation was sufficiently minor that the diffusion models were still able to suc-
cessfully replicate the observed AFT data. AHe grain ages used for modeling are marked in Table 3.

Recent studies have highlighted that, with respect to ZHe thermochronometry, there are still unsolved issues
in understanding the relationship between radiation damage accumulation and annealing models. This is
especially the case in geological environments that have experienced protracted thermal histories within
the HePRZ, as would be the case for our samples (e.g., Boone et al., 2018; Ginster et al., 2019; Mackintosh
et al.,, 2017; Reiners et al., 2018). Note also that all zircon grains analyzed in this study were 2T grains, so
fragmentation was not an issue for grain selection, and as such, all grains analyzed were incorporated into
the relevant models.

6.2. Model Results and Interpretation

Model outputs for 10 samples are presented in Figures 8-10. In these models, the thermal history prior to
~600 + 100 Ma is poorly constrained, as can be seen from the broad 95% confidence interval, which ranges
across much of the temperature space. However, previous higher-temperature geochronological data from
some of our samples provide supporting evidence that their low-temperature thermochronology systems
were most likely totally reset prior to Paleozoic cooling, suggesting that the initial temperature range used
is acceptable for modeling our samples.

In the Pilbara Craton, U-Pb zircon and Rb-Sr age data on some of our samples (Table 1) yield
Paleoproterozoic to Archean ages (Oversby, 1976). Further, Sample 7315-18 yielded a titanite fission track
age of 1,390 + 46 Ma (Ferguson, 1981). The effective track retention temperature for this system is ~250°C
(e.g., Gleadow & Lovering, 1978). Whereas thermal history modeling of discordant *°Ar/**Ar K-feldspar
age spectra from two samples (one very close to our Sample UW98-28) in the eastern Pilbara Craton by
Weber (2002) suggest a cooling episode to temperatures of ~175 + 25°C between ~1,700 and 1,500 Ma.
This may be related to post-Capricorn Orogeny (~1,840-1,800 Ma) cooling and/or the Mangaroon
Orogeny (1,680-1,620 Ma; Cawood & Korsch, 2008). However, these estimates for lower temperatures in
the less sensitive thermal history segments of the models are not considered to be well constrained. In the
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bottom right corner shows main plot elements. Lower left color maps represent the posterior probability distribution of accepted thermal history models with
the dashed line representing the (weighted mean) expected model and the black solid lines representing the 95% confidence intervals. The red box represents

the prior time-temperature model space, and the black box represents an additional thermal history constraint used as a starting point for models (see section 6.2).

In some cases evidence for parts of the Pilbara Craton having been at the surface or in a near surface environment during Permo-Carboniferous glaciation

has been added as an independent geological constraint and for comparison with models where such a constraint was not added. In the bottom right corner map,

the right-hand panel showing the histogram represents a comparison of the observed (o) and predicted (p) mean track length (MTL) distribution and values.

The red curve represents the predicted track length distribution, and the gray lines indicate the 95% confidence intervals of the predicted distribution. Inset shows
the observed corrected ages (with resampled He error values) plotted against the predicted model ages: solid blue circles = AFT ages; yellow triangles = AHe ages;

and inverted green triangles = ZHe ages.
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Figure 9. QTQt thermal history inversion color maps based on AFT and AHe data from samples in the central-west and northern Pilbara Craton showing a
pronounced Paleozoic cooling episode (see section 6.2.2 for further discussion). Color map elements as for Figure 8.

Gascoyne Complex to the south, a discordant “’Ar/*’Ar age spectrum from Sample UW98-23 yields a mean
weighted age of 888 + 5 Ma (muscovite) and 610 + 1 Ma (K-feldspar), with a minimum age for the latter of
384 + 1 Ma (Weber, 2002). A further sample from the complex (UW98-08; see Figure 3) yields a mean
weighted age of 1,027 + 1 Ma (muscovite) and 695 + 1 Ma (K-feldspar), with a minimum age for the
latter of 432 + 1 Ma. Monotonic thermal history models for these samples constructed using Lovera
FORTRAN codes (e.g., Quidelleur et al., 1997) indicate a general period of slow cooling between ~1,000
and 450 Ma, during a phase of quiescence in the tectonic evolution of Proterozoic Australia between
~1,000 and 750 Ma (Cawood & Korsch, 2008; Myers et al., 1996). This was followed by an early Paleozoic
cooling inflection at ~180°C for UW98-08, but this temperature is lower and less well constrained for
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Figure 10. QTQt thermal history inversion color maps based on AFT, AHe, and ZHe data from representative samples in the westernmost Pilbara Craton and
central Hamersley Basin episode (see section 6.2.3 for further discussion). Color map elements as for Figure 8.

Sample UW98-23 (Weber, 2002). It is emphasized that at such relatively low temperatures, the K-feldspar
thermal history models used are not well constrained since the sensitivity of the models decreases at
lower temperatures. Hence, we have not incorporated these data directly into our models.

Based on the cooling patterns observed in the inverse thermal history models (Figures 8-10), it is convenient
to divide the models into three areal groupings; southern Pilbara and eastern Hamersley Basin (Figure 8),
west-central and northern Pilbara (Figure 9), and westernmost Pilbara and central Hamersley Basin
(Figure 10).
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6.2.1. Southern Pilbara-Eastern Hamersley Basin

AFT models (Samples 7315-18, 7315-41, and UW98-41) mostly show the onset of a pronounced cooling epi-
sode between ~400 and 350 Ma, although eastern Hamersley Basin cooling may have commenced a little ear-
lier (Figures 8a, 8g, and 8j). In all models the onset of cooling was determined by a clear change in trajectory
of the expected model path within the 95% confidence interval. Cooling occurred from temperatures of
~100° + 10°C within the PAZ and typically ranged over ~50-70°C based on our expected models with a +
~25-35°C uncertainty at the 95% confidence interval. Pronounced cooling continued at an estimated rate
of ~1 + 0.5°C/Ma to ~300 Ma, after which samples resided within a near surface environment through to
the present. In Sample 7315-18, the addition of a 1T and 2T AHe grain to our models honor the AFT model
(Figure 8b), then the addition of two further 0T AHe grains continues to replicate the AFT data (Figure 8c).
The model is then tested with the addition of a constraint reflecting sample exposure at the surface during
Permo-Carboniferous glaciation (Figure 8d). This does not significantly change the model, as previous
model predictions position the sample in a near surface environment around that time (Figure 8a); however,
it does slightly steepen the cooling path trajectory with cooling commencing from ~350 Ma. Figure 8e further
builds on that model by adding the sample ZHe data (eU range 599-1,200). The thermal history path is now
forced to cool from a temperature of ~190 + 10°C to the surface at a cooling rate more than 3 orders of mag-
nitude compared to previous models. This is not a credible scenario, and further, all the ZHe ages are mostly
overpredicted by utilizing the current ZRDAAM (i.e., they underestimate He retentivity) and are largely
incompatible with their coexisting AFT and AHe data. This is also clear in AFT, AHe, and ZHe models
where no Permian-Carboniferous glaciation constraint is used and resulting thermal history models are
highly improbable (Figures S3a and S3b). Similar observations where ZRDAAM is unable to replicate intra-
sample ZHe variability have been previously reported (e.g., Boone et al., 2018; Guenthner et al., 2014;
Johnson et al., 2017; Mackintosh et al., 2017, 2019); Orme et al., 2016. ZHe grains from Sample 7315-35 dis-
play relatively low eU (range 274-422 ppm) and age standard deviation (Table 4), but there is no coexisting
AFT data available for this sample for which a baseline thermal history could be established. Therefore, we
incorporated these data into a model from nearby Sample 7315-18, which shows a consistent thermal history
pattern (Figures 8a-8d). In this case the ZHe data are reproduced well and suggest cooling from ~150 + 25°C
to ~20°C over ~100 Ma (Figure 8f). Models for Samples 7315-41 and UW98-41 (eastern Hamersley Basin)
show similar thermal history paths (Figures 8g, 8h, 8j, and 8k) to Sample 7315-18. Further, the ZHe ages
in Sample 7315-41 once again largely overpredict the observed ages and are inconsistent with the intrasam-
ple variability.

6.2.2. West-Central and Northern Pilbara

AFT data-only models for Sample UW98-27 (west central Pilbara) with and without a Permo-Carboniferous
constraint are very similar to those described in section 6.2.1 above (Figures 9a and 9b). However, when AHe
data with a range of morphologies are added to the model, some of the AHe grains overpredict ages, leading
to an apparent episode of Permo-Triassic heating (Figures 9c and 9d). These models are not considered
robust, so in this case we prefer the AFT only models, which more closely follow those to the east. The
NW Pilbara models for Samples UW98-28 and UW98-29 are characterized by a later onset for Paleozoic cool-
ing between ~350 and 300 Ma from temperatures within the PAZ (Figures 9e and 9h), and models resulting
from the addition of AHe data in both cases are compatible with the AFT only models (Figures 9f and 9i), but
more so for UW98-28. However, a Permo-Carboniferous constraint can only be incorporated for Sample
UW98-28 (Figure 9g) as models for Sample UW98-29 indicate that it cooled later and only attained residence
in a near surface environment in post-Permo-Carboniferous glaciation time.

6.2.3. Westernmost Pilbara and Central Hamersley Basin

AFT data-only models for all samples in this group are characterized by an earlier timing for onset of cooling
at between ~500 and 600 Ma compared to other groups. Sample 8010-25 suggests that it had cooled to near
surface conditions by the time of Permo-Carboniferous glaciation (Figures 10a and 10b). The addition of
AHe data with a Permo-Carboniferous constraint (Figure 10c) suggests that cooling to surface temperatures
occurred between ~450 and 400 Ma, but in this case most of the AHe data are underpredicted, suggesting
that it is not a robust model. ZHe age data (eU range 488-1,057) are incorporated into AFT model
(Figure 10b). As for models generated in Figure 8 the thermal history path is again forced to cool from a tem-
perature of ~190 + 10°C to the surface at an improbably high cooling rate. Once again, most of the ZHe ages
are overpredicted by the ZRDAAM even though grains have a moderate eU range. This is also clear in an
AFT, AHe, and ZHe model for Sample 8010-25 where no Permian-Carboniferous glaciation constraint is
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used and the resulting thermal history model is highly improbable (Figure S3c). AFT models for Samples
0705-03 and 0705-19 show simple linear cooling histories (Figures 10e and 10f), suggesting very slow cool-
ing rates. As both samples have a reasonable number of grain ages measured and track lengths measured,
with one passing and the other failing the chi-square test at >5% (Table 2), there is no obvious reason for
this result. However, AHe age data incorporated into the AFT model for 0705-19 is compatible with a slow
cooling scenario (Figure 10g). The addition of a Permo-Carboniferous constraint in this model forces a
rapid cooling event at ~300 Ma from a temperature of ~60°C (Figure 10h). Such a scenario has not been
recorded in any other samples in the study area and suggests that such a constraint is not appropriate
for this sample. The AFT model for Sample UW98-17 from the Hamersley Basin also suggests a slow
cooling scenario (Figure 10i), which is also generally supported by the addition of three of four AHe ages
(Figure 10j).

7. Discussion
7.1. Paleozoic Cooling

Thermal history modeling based on AFT data in combination with different variations of AHe and ZHe
data reveals a regionally extensive Paleozoic cooling episode spanning most of the Pilbara craton.
Cooling in the central and southeastern Pilbara, and eastern Hamersley Basin commenced at ~420 to
350 Ma, whereas in the NW Pilbara, it commenced later ~350-300 Ma. Most of this cooling was completed
by ~300 Ma and is supported by independent evidence for Permo-Carboniferous glaciation recorded at this
time in some parts of Pilbara bedrock. Samples in the westernmost Pilbara and central Hamersley Basin
mainly record a slow cooling pattern, which appears to have commenced between ~500 and 600 Ma and
continued at a slow rate through to the present day. Following Paleozoic cooling, samples resided in a near
surface environment through to the present day. We interpret Paleozoic cooling as a significant denuda-
tional event and suggest that the unroofed and denuded sediments were deposited in the adjacent
Canning Basin (Figure 1) in accord with the basin's infilling history (Figure 2; Hashimoto et al., 2018;
Romine et al., 1994; Shaw et al., 1995). Although, some Canning Basin infill also had contributions from
far-field sediment sources (Haines et al., 2013; Moro6n et al.,, 2019). The lack of detrital zircons of
Archean age in the Paleozoic sedimentary units of the Canning Basin (Haines et al., 2013; Mor6n
et al., 2019), or in Mesozoic strata in the offshore NW Shelf basins (Lewis & Sircombe, 2013; Mor6n
et al., 2019), indicates that despite its proximity, the Pilbara Craton was not a major sedimentary source
for these basins. As such, the regional Paleozoic cooling episode recorded by Pilbara Craton samples in this
study may suggest that a previously extensive sedimentary cover, now completely eroded, overlay much of
the study area prior to the onset of Paleozoic cooling episode identified by our low-temperature thermo-
chronology data.

Similar thermal history patterns observed in cratonic areas elsewhere have also been linked to burial and
unroofing of overlying strata, rather than to the removal of large sections of crystalline shield rocks (e.g.,
Ault et al., 2013; Harman et al., 1998; Kohn, Gleadow, et al., 2002; Veevers et al., 2005). For example, the
Perth Basin, located west of the Yilgarn Craton (Figure 1), hosts up to 15 km of Ordovician to
Quaternary strata in major depocenters. The sediments show a predominance of Mesoproterozoic detrital
U/Pb zircon ages, with relatively few Archean grains (e.g., Cawood & Nemchin, 2000), suggesting that
despite its close proximity, the extensive Yilgarn Craton was not an important provenance for basin fill.
Furthermore, recent detrital records of river systems and coastal deposits adjacent to shields do not contain
the expected significant zircon populations given their close location to exposed cratonic areas (e.g.,
Western Australia Quaternary coastal deposits, Sircombe & Freeman, 1999; Mississippi River, Blum
et al., 2017; Amazon River, Mason et al., 2019). One explanation for this lack of detrital contribution from
cratons is that their peneplanation was complete before the Quaternary and that denudation rates have
been minimal since that time (Sircombe & Freeman, 1999). A complementary explanation is that this
reflects the strong contrast in the strength and erodibility between cratons and their potential covering
strata (e.g., Flowers & Ehlers, 2018) or that cratons have a lower erodibility compared with other rocks
(Dhuime et al., 2011).

The timing of the cooling episodes recorded in Figures 8 and 9 corresponds with cooling events related to the
Late Ordovician-Carboniferous intraplate Alice Springs Orogeny in southcentral Australia (e.g., Glorie
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Figure 11. Summary showing longitude of sample locations versus the timing of most significant cooling in the Pilbara Craton and Hamersley Basin based on
AFT models (Figures 8-10), and major regional geological events. Note that the approximate timing of cooling onset youngs toward the east and that the age
range for most cooling spans ages ~420-290 Ma, which coincides with the duration of the Paleozoic Alice Springs Orogeny, with several samples attaining
residence at the surface or in a near surface environment by the time of Permo-Carboniferous glaciation. Timing of major regional geological events is based on
the following publications: (a) Haines et al. (2013); (b) Shaw et al. (1991), Collins and Shaw (1995), Buick et al. (2008), and Glorie et al. (2017); (c) Mory

et al. (2008); and (d) Yeh and Shellnutt (2016).

et al., 2017) (see Figure 11). Previous numerical modeling may help explain the causal effect of the Alice
Springs Orogeny and the opening of the Canning Basin, where we suggest much of the denuded sediments
were deposited. Roberts and Houseman (2001) proposed that clockwise rotation of the northern boundary of
a lithospheric sheet with an internal weak zone produced crustal thickening in the region representing cen-
tral Australia, where the Alice Springs Orogeny took place, and thinning in the region representing the
Canning Basin. Further, their thin, viscous sheet model provides a mechanism for far-field forces to generate
compression and uplift for the Alice Springs Orogeny and extension in the adjacent Canning Basin. Far-field
stresses transmitted to cratons over hundreds of kilometers, although related to a different tectonic regime,
have also been attributed to deformation in the Canadian Shield (Pinet, 2016). We suggest that lithospheric
extension and opening of the Canning Basin may have been linked to a change in base level, which in turn
triggered denudation of a sedimentary cover from much of the neighboring Pilbara Craton and eastern
Hamersley Basin. This interpretation is also substantiated by the spatial trend of decreasing cooling ages
away from the Canning Basin and therefore the rift axis (Figure 11). Such a spatial trend has been observed
in other rifts in the Eastern South American and South Western African margins (e.g., Wildman et al., 2019).
Furthermore, changes in denudation have been documented in the Quaternary where changes in base level
modify topographic gradients, resulting in increased erosion (e.g., Holbrook et al., 2006; Stokes &
Mather, 2000). Most of the basin infill in the Canning Basin lacks surficial outcrops, which hinders the abil-
ity to obtain paleocurrent data. However, paleocurrent data from exposed Permian sequences suggests that
there were secondary sediment transport pathways with an eastward direction flow (Morén et al., 2019;
Mory & Haines, 2013). Furthermore, based on along-strike seismic lines (Hashimoto et al., 2018), it can
be inferred that some of the sediment transport and basin infill (Figure 2) took place via transverse drainage
networks on the rift shoulders, with one of them sourcing sediments from the sedimentary cover overlying
the Pilbara Craton.

The timing of other large-scale events, such as the rifting of terranes along the southern Tethys margin
related to early stages of the rifting of Pangea (Yeh & Shellnutt, 2016), does not correspond with the cooling
ages observed here (Figures 8 and 9). Furthermore, the regionally extensive nature of Phanerozoic cooling
detailed here and from other areas of the Western Australian Craton (e.g., Kohn, Gleadow, et al., 2002;
Weber et al., 2005) argue against an interpretation that the cooling signal is directly related to a rifting

MORON ET AL.

22 of 30



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2019TC005988

event. However, we note that Paleozoic cooling in the northern Pilbara samples commenced later than for
other areas in the Pilbara and eastern Hamersley Basin. This may be attributed to the area, adjacent to
the southern Canning Basin, having been overlain by a thicker sedimentary cover than areas more distal
from the basin margin. This is supported by the 1-2.5 km-thick Ordovician-Mid Devonian sedimentary
package, overlain unconformably by younger sediments adjacent to the Pilbara Craton (Figure 2).

Regionally, extensive vertical movements can be attributed to the effect of dynamic topography (Zhang
et al., 2012). That is, viscous stresses created by deep mantle flow and changing mantle flow patterns that
can have a profound influence on vertical motions of continental interiors, inducing surface deformation
leading to dynamic topography (e.g., Braun, 2010). In our case, it is not possible to test whether the cooling
episode commencing at ~420-400 Ma reported here is associated with an effect due to dynamic topography
because such time-dependent models are only available from <400 Ma (Cao et al., 2019; Zhang et al., 2012).
In the Paleozoic dynamic topography models of Cao et al. (2019), a vertical motion of approximately 700 m is
estimated at 250 Ma for the Pilbara Craton (Figure S4). Given that heat flow in the Pilbara Craton is very low
(~30-50 mW/m?; Cull, 1982), any cooling that would accompany such a vertical change would only amount
to a few degrees and would not be detected by our data. Further, surface uplift of the craton itself would have
to be accompanied by some exhumation to generate a cooling signal. As such, it is difficult to assess the
potential contribution of dynamic topography in early Paleozoic time.

Further, we recognize that glacially striated basement rocks and intraformational glacial striae in Permian
sandstone demonstrate that glacial erosion related to the pervasive Permo-Carboniferous glaciation of
Gondwana extended as far as the Pilbara Craton and the onshore Canning Basin (Gzhelian-Sakmarian ca.
305-285 Ma; Mory et al., 2008). Evidence for Permo-Carboniferous glaciation also indicates that at least in
some parts of the Pilbara Craton (particularly in the northeast) and the onshore Canning Basin rocks were
exposed at the surface and lacked any sedimentary cover at that time. Evidence for Permo-Carboniferous
glacial features in parts of the currently exposed Pilbara Craton is in accord with our time-temperature mod-
els (Figures 8 and 9) and are essentially independent of using a time-temperature constraint. This finding
supports a case that some of the rocks studied were exposed at the surface at that time. Furthermore, there
is no evidence in our models for a well-defined post-Permo-Carboniferous glaciation cooling episode, having
triggered a significant isostatic response over a large area of the shield, which might be related to the waxing
and waning of the ice sheet.

7.2. Magnitude of Paleozoic Cooling

Results from the joint thermal history modeling based on low-temperature thermochronology data indicate
a cooling episode based on expected model data of ~50-70°C, typically ranging from ~100 + 10°C to 30 + 10°
C (Figures 8 and 9), although the addition of ZHe data in Figure 8f suggests that cooling may have proceeded
from a higher temperature. Present-day heat flow data from the Western Australia shield are somewhat
sparse and range from ~30-50 mW/m? (Cull, 1982; Morgan, 2000). This falls in the range reported from
Archean terranes globally (e.g., Jaupart & Mareschal, 1999). Based on the present-day thermal regime, an
estimated geothermal gradient of ~15-20°C/km would require the removal of somewhere between ~4.5-
2.5 km of section to provide the interpreted Paleozoic cooling signal. More robust methods that convert ther-
mochronometric age to erosion rate cannot be readily used in this study as such calculations can only be
applied to active tectonic environments where erosion is ongoing (Willett & Brandon, 2013). However, we
also recognize that estimates of the amount of the denudation would differ depending on the geothermal
gradient that prevailed at the time of cooling and the thermal conductivity of any removed cover material
(e.g., Braun et al., 2016; Luszczak et al., 2017). Sedimentary rocks commonly have a range of thermal con-
ductivities (e.g., Blackwell & Steele, 1989), which may be lower relative to basement rocks, and therefore,
a relatively thick sedimentary section might display higher thermal gradients. Cull and Conley (1983) esti-
mated that the temperature at depth may be increased by ~16-40°C/km of sedimentary rock cover.
Moreover, since the evidence presented here suggests that the Paleozoic cooling event was associated with
the denudation of a sedimentary cover, not the crystalline basement itself, it is important to estimate the
magnitude of possible denudation under contrasting scenarios. That is, considering different basal heat flow
values and the effect of a preexisting sedimentary blanket. To do so, we solved the steady-state, heat transfer
equation in one dimension (vertical) within a layered crust using the Underworld Geodynamics modeling
package (Beucher et al., 2019). A description of the numerical modeling can be found in the supporting

MORON ET AL.

23 of 30



. Yed N |
M\
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2019TC005988

1
Overestimated denudation
0
p— 1 - ~
E N = Normal crust; HF=30mW/m?
= = Normal crust; HF=50mW/m?
N 5 \\\ = == Normal crust; HF=30mW/m?; 1km sb
= = = Normal crust; HF=50mW/m?2; 1km sb
—3 -
N
AN
N
_4 T T T T T A T T
0 25 50 75 100 125 150 175 200

Temperature (C)

Figure 12. Change of temperature with depth for models with different crustal compositions and heat flows within the
range of values measured for both global and Australian Archean cratons (Cull, 1982; Davies, 2013). Opaque dashed
lines indicate predicted denudation if blanketing layer is not accounted for. HF = heat flow; sb = sediment blanket. See
data repository for details of the parameters used for the 1-D heat transfer modeling.

information. Results of the 1-D model show that the approximate amount of denudation may be
overestimated by >1 km if the blanketing effect is not considered (Figure 12).

8. Conclusions

Inverse thermal history modeling of low-temperature thermochronology data from a spatially extensive
(~118,000 kmz) sample set across the archetypal Pilbara Craton and adjacent terranes, Australia, reveals a
widespread cooling episode mostly ranging from ~420 to 300 Ma. This phase, involving at least ~50-70°C
of cooling, is interpreted to be the result of unroofing of more readily erodible strata overlying the crystalline
cratonic rocks. The cooling is most commonly observed over most of the Pilbara Craton and eastern
Hamersley Basin, but not in the westernmost Pilbara Craton and central Hamersley Basin where cooling
appears to have commenced in the late Neoproterozoic and continued at a slow rate through to the present.
We attribute the areal differences in cooling history observed to variations in the thickness of sedimentary
cover removed and their proximity to the adjacent rift basin. We propose that the unroofed sediments were
primarily deposited in the adjacent Canning Basin. From the model-predicted cooling magnitudes, it is esti-
mated that between ~4.5 and 2.5 km of strata may have been unroofed from this region. This range, however,
depends on whether different heat flow and conductivity values are considered, with the largest difference in
estimates related to the low conductivity of sediments and the thermal effect of such a sedimentary blanket
on the underlying crystalline basement.

The timing of the cooling episode is coeval with the Ordovician-Carboniferous Alice Springs Orogeny, an
episodic intraplate tectonic event thought to be related to a combination of far-field stresses and localization
of deformation associated with thermal weakening or with regions of contrasting strengths. Previous numer-
ical modeling provides an explanation for how a thin viscous sheet and far-field compressional forces
generate compression and uplift for the orogeny as well as extension in the adjacent Canning Basin. We pro-
pose that the basin opening triggered changes in base level, which in turn resulted in denudation of the sedi-
mentary cover in the adjoining Pilbara region leaving a record of cooling in the underlying cratonic bedrock.
Our results support the view that cratons have experienced geomorphic changes during the Phanerozoic and
that stresses arising from far-field deformation can be transmitted to cratons over hundreds of kilometers.
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