
1936  |   	﻿�  Basin Research. 2022;34:1936–1959.wileyonlinelibrary.com/journal/bre

EAGE

Received: 13 December 2021  |  Revised: 6 June 2022  |  Accepted: 11 June 2022

DOI: 10.1111/bre.12691  

R E S E A R C H  A R T I C L E

Low-temperature thermal history of the McArthur Basin: 
Influence of the Cambrian Kalkarindji Large Igneous 
Province on hydrocarbon maturation

Angus L. Nixon1,2   |   Stijn Glorie1,2  |   Derrick Hasterok1  |   Alan S. Collins1,2  |   
Nicholas Fernie3  |   Geoffrey Fraser4

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided 
the original work is properly cited.
© 2022 The Authors. Basin Research published by International Association of Sedimentologists and European Association of Geoscientists and Engineers and John Wiley 
& Sons Ltd.

1Department of Earth Science, School 
of Physical Sciences, The University of 
Adelaide, Adelaide, South Australia, 
Australia
2Mineral Exploration Cooperative 
Research Centre, Department of Earth 
Sciences, The University of Adelaide, 
Adelaide, South Australia, Australia
3Santos, Adelaide, South Australia, 
Australia
4Minerals, Energy and Groundwater 
Division, Geoscience Australia, 
Canberra, ACT, Australia

Correspondence
Angus L. Nixon, Department of Earth 
Science, School of Physical Sciences, 
The University of Adelaide, Adelaide, 
SA 5005, Australia.
Email: angus.nixon@adelaide.edu.au

Funding information
Australian Research Council, Grant/
Award Number: LP160101353 and 
LE150100145; MinEx CRC (Mineral 
Exploration Cooperative Research 
Centre)

Abstract
The McArthur Basin of the North Australian Craton is one of the very few places 
on Earth where extensive hydrocarbons are preserved that were generated from 
Mesoproterozoic source rocks, prior to the development of extensive multicel-
lular life. It is, however, unclear precisely when hydrocarbons from these source 
rocks matured, and if this occurred as a singular event or multiple phases. In 
this study, we present new apatite fission track data from a combination of 
outcrop and sub-surface samples from the McArthur Basin to investigate the 
post-depositional thermal history of the basin, and to explore the timing of hydro-
carbon maturation. Apatite fission track data and thermal modelling suggest that 
the McArthur Basin experienced a basin-wide reheating event contemporaneous 
with the eruption of the Cambrian Kalkarindji Large Igneous Province in the 
North and West Australian cratons, during which thick (>500 m) basaltic flows 
blanketed the basin surface. Reheating at ca. 510 Ma coinciding with Kalkarindji 
volcanism is consistent with a proposed timing of elevated hydrocarbon matura-
tion, particularly in the Beetaloo Sub-basin, and provides a mechanism for pe-
troleum generation throughout the basin. Subsequent regional cooling was slow 
and gradual, most likely facilitated by gentle erosion (ca. 0.01–0.006 km/Ma) of 
overlying Georgina Basin sediments in the Devonian–Carboniferous with little 
structural reactivation. This model provides a framework in which hydrocarbons, 
sourced from Mesoproterozoic carbon-rich rocks, may have experienced thermal 
maturation much later in the Cambrian. Preservation of these hydrocarbons was 
aided by a lack of widespread structural exhumation following this event.

K E Y W O R D S

apatite fission track, Beetaloo Sub-basin, exhumation, hydrocarbon maturity, Kalkarindji 
Large Igneous Province, McArthur Basin, thermal history
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1   |   INTRODUCTION

The Palaeoproterozoic–Mesoproterozoic McArthur Basin 
in northern Australia has been the subject of consider-
able study into syn-depositional basin processes and 
conditions, from which a confident understanding of 
the prolonged sedimentary system is emerging (see Cox 
et al., 2022, for an overview). Overlying Palaeoproterozoic 
basement of the North Australian Craton, the McArthur 
Basin is an unmetamorphosed and largely undeformed 
sequence of sedimentary and volcanic rocks deposited 
over a period of more than 500 million years (e.g., Ahmad 
& Munson, 2013; Rawlings, 1999; Yang, Collins, Blades, 
et al.,  2020). Intriguingly, the basin hosts considerable 
hydrocarbon reserves derived from Mesoproterozoic 
source rocks, which have been preserved to the present 
day (Cox et al.,  2016, 2022; Jackson et al.,  1986). While 
extensive research has been undertaken characterising 
the hydrocarbon source, chemistry and maturity (e.g., 
Cox et al.,  2022; Crick et al.,  1988; George et al.,  1994; 
Jackson & Raiswell, 1991; Lanigan et al., 1994; Summons 
et al.,  1988), the timing of hydrocarbon maturation re-
mains poorly resolved. Consequently, the preservation 
of hydrocarbons produced from Mesoproterozoic source 
rocks in the McArthur Basin remains a fundamental and 
unresolved question.

A key parameter in understanding this hydrocarbon 
preservation is the post-depositional thermal history 
of the basin. Yet, only very limited direct assessment of 
basin thermal evolution has been undertaken (Duddy 
et al.,  2004), which does not resolve the basin thermal 
history prior to the Mesozoic. Consequently, estimates for 
the timing of hydrocarbon maturation within the basin 
vary considerably. Some maturation models favour hydro-
carbon generation prior to cessation of Mesoproterozoic 
sedimentation (Crick et al., 1988; Dutkiewicz et al., 2007), 
others invoke Neoproterozoic hydrocarbon generation 
following deposition of the overlying Jamison sand-
stone (Taylor et al.,  1994; Warren et al.,  1998), while 
other models suggest peak hydrocarbon maturation in 
the Palaeozoic (Dutkiewicz et al., 2007; Faiz et al., 2021; 
RobSearch Australia, 1998; Taylor et al., 1994), or a com-
bination thereof. Hence, the timing of hydrocarbon gen-
eration remains debated and is further clouded by a lack 
of independent basin low-temperature thermal history 
models, which must be addressed in order to advance un-
derstanding of the basin system.

A common thermochronological method applied to 
petroleum prospective basins is apatite fission track (AFT) 
analysis. The low closure temperature in the AFT system 
(ca. 120–60°C; Gleadow et al.,  1986; Wagner & Van den 
Haute, 1992) is comparable with the oil window and, to 
a lesser extent, the gas window (oil window ≈ 120–50°C; 

gas window ≈ 150–120°C; Barker, 1989; Tissot et al., 1974; 
Waples, 1980), and is, therefore, a suitable method to in-
vestigate thermal events relevant to hydrocarbon genera-
tion. Crucially, inverse thermal history models generated 
using AFT data provide constraints on both the timing 
and magnitude of thermal events which are otherwise dif-
ficult to resolve. In this study, we present new AFT data 
from 20 sites within the McArthur Basin (Figure 1), using 
a combination of outcrop and sub-surface samples to pro-
vide the most spatially comprehensive published ther-
mal history study of the basin to date. Inverse modelling 
(Gallagher, 2012) of the new thermochronological dataset 
was conducted for both surface and sub-surface samples 
which retained sufficient confined tracks for reliable in-
version, and has been augmented by one-dimensional 
modelling of the thermal state of the basin in response to 
surficial heating by basaltic lavas to quantify the effect on 
AFT resetting.

2   |   GEOLOGICAL BACKGROUND

2.1  |  Basin history

The McArthur Basin is an extensive Palaeoproterozoic–
Mesoproterozoic sedimentary basin exposed in the 
northern North Australian Craton, which unconform-
ably overlies Palaeoproterozoic basement terranes of 
the Murphy Province, Arnhem Province and Pine Creek 
Orogen (e.g., Ahmad & Munson,  2013; Munson,  2016; 
Rawlings,  1999). Regional correlatives of the McArthur 
Basin have been proposed to the south of traditional 
basin exposure, in the Birrindudu Basin, Beetaloo Sub-
Basin, South Nicholson Basin and Tomkinson Province 
that have led to the concept of a ‘greater’ McArthur 

Highlights
•	 Eruption of the Kalkarindji Large Igneous 

Province drove rapid heating across the 
McArthur Basin.

•	 Initial heating of shallow basin was short-
lived but potentially linked to hydrocarbon 
maturation.

•	 Thickest preserved Kalkarindji lavas in the 
Beetaloo Sub-basin correlate with elevated hy-
drocarbon maturity.

•	 Cooled Kalkarindji lavas caused prolonged 
heating of underlying basin through thermal 
insulation.
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Basin (Close, 2014; Yang, Collins, Blades, et al., 2020), a 
current informal term for a regionally contiguous depo-
sitional system. The basin stratigraphy consists of five 
major unconformity-bounded depositional packages 
of sedimentary and minor volcanic rocks, deposited/
erupted periodically between ca. 1820 and 1310 Ma, ini-
tially in a fluvial environment but transitioning to a domi-
nantly shallow marine setting in later sequences (Ahmad 
& Munson,  2013; Rawlings,  1999; Yang, Collins, Cox, 
et al.,  2020). The Wilton and Glyde Packages (ca. 1650–
1400 Ma) in the upper McArthur Basin are of particu-
lar interest as they preserve organic carbon-rich black 
shales, and host significant hydrocarbon reserves de-
rived from some of the oldest source rocks yet observed 
(Cox et al., 2016, 2022; Jackson et al., 1986). Source rocks 
within the basin have been identified as the Velkerri and 
Kyalla formations of the Roper Group within the Wilton 
Package, and the Barney Creek, Lynott and Yalko forma-
tions of the underlying McArthur Group of the Glyde 
Package (Crick et al., 1988; Jackson et al., 1988). Of these, 
the Velkerri and Barney Creek formations are considered 
the most prospective, preserving total organic carbon 

values up to 12% (e.g., Cox et al., 2022; Crick et al., 1988; 
Lanigan et al., 1994).

The youngest preserved sedimentation in the 
McArthur Basin is no younger than ca. 1310 Ma 
(Yang, Collins, Blades, et al.,  2020; Yang, Collins, Cox, 
et al., 2020), after which the region is unconformably over-
lain by the Neoproterozoic Kiana Group of the Victoria 
Basin, including the Bukalara Sandstone and pres-
ently informally named Jamison sandstone (Anderson 
et al.,  2019; Lanigan et al.,  1994; Yang et al.,  2018). 
The McArthur Basin region was then unconformably 
overlain by the Cambrian (ca. 510 Ma) Kalkarindji 
Large Igneous Province (LIP) lava flows (Ahmad & 
Munson, 2013; Evins et al., 2009; Glass & Phillips, 2006; 
Jourdan et al.,  2014; Macdonald et al.,  2005), which 
are infrequently preserved across the McArthur Basin 
(Figure 1). It is likely, however, that the lavas from the 
Kalkarindji LIP once extended across the majority of 
the basin prior to widespread erosion (Figure 1; Jourdan 
et al., 2014), with a maximum observed thickness of ca. 
440 m within the basin (Hibbird, 1993b). There is, how-
ever, no observed evidence of sub-surface sills associated 

F I G U R E  1   Sample locations collected for apatite fission track study within the McArthur Basin. Samples obtained at depth from drill-
holes are shown in white, while outcrop samples are differentiated in red. The majority of samples did not provide sufficient data for robust 
thermal modelling, however, four wells and one outcrop sample that produced sufficient data for thermal history modelling are denoted by 
star symbols. Additional wells not analysed for AFT but discussed in text are shown for reference. The base of this overview is the SEEBASE 
depth to basement map showing depocentres and major structural highs (after Frogtech Geoscience, 2018). The overlain McArthur Basin 
extent includes the surface expression of McArthur sediments and the inferred sub-surface extent of strata from the Mesoproterozoic 
Wilton Package (Munson, 2016). The surface extent of the Kalkarindji LIP is complemented by occurrences of sub-surface Kalkarindji lavas 
intersected in drill holes. All latitudes and longitudes are given in the GDA94 system.
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with the LIP intruding the McArthur region (Nixon, 
Glorie, Collins, Blades, et al.,  2021). Extrusion of sub-
aerial mafic lavas of the Kalkarindji LIP covered much 
of the western North Australian Craton and northern 
West Australian Craton, reaching maximum preserved 
thickness of ca. 1100 m in the West Australian Craton 
(Mory & Beere, 1988). In the North Australian Craton, 
the Kalkarindji volcanic sequences generally thin to-
wards the east away from the probable eruption centre 
to the west, and overlie Proterozoic basement and sed-
imentary rocks (e.g., Ahmad & Munson, 2013; Glass & 
Phillips, 2006; Mory & Beere, 1988).

Sedimentary rocks of the Cryogenian–Devonian 
intra-cratonic Georgina Basin are present across much 
of northern Australia, and were deposited in terres-
trial to shallow marine environments (e.g., Ahmad & 
Munson, 2013; Dunster et al., 2007; Walter et al., 1995). In 
the McArthur Basin, only Phanerozoic successions of the 
Georgina Basin are preserved, where Mid–Late Cambrian 
sequences unconformably overlie Kalkarindji lava flows 
or, where absent, Proterozoic rocks of the McArthur Basin 
or Kiana Group (Ahmad & Munson, 2013). Thickest se-
quences are preserved away from the McArthur Basin in 
the southern North Australian Craton, where Cambrian–
Devonian rocks reach a maximum thickness of ca. 2.2 km 
(Smith et al., 2013), although many units observed in the 
southern Georgina Basin are absent in the McArthur 
Basin (Ahmad & Munson, 2013; Dunster et al., 2007). The 
McArthur and Georgina basins were subsequently uncon-
formably overlain by the Jurassic–Cretaceous Carpentaria 
Basin (Abbott et al.,  2001; Ahmad & Munson,  2013; 
Carson et al., 1999; Dunn, 1963; McConachie et al., 1990; 
Sweet et al., 1999), which thinly overlies much of the on-
shore North Australian Craton.

Following deposition of the Georgina Basin, the 
North Australian Craton was subject to prolonged defor-
mation during the ca. 450–300 Ma Alice Springs Orogeny 
(e.g., Bradshaw & Evans, 1988; Hand et al., 1999; Mawby 
et al., 1999; Shaw & Black, 1991). Intracontinental oro-
genesis associated with north-south shortening and 
metamorphism expressed in the Amadeus Basin and 
Aileron and Irindina provinces (Haines et al.,  2001; 
Shaw et al.,  1992; Shaw & Black,  1991) is contempo-
raneous with large-scale structural disturbances and 
erosional events which extend far beyond the orogenic 
centre. Low-temperature cooling during the Alice 
Springs Orogeny is frequently observed in both basement 
(Boone et al., 2016; Glorie, Agostino, et al., 2017; Glorie 
et al., 2019; Hall et al., 2016, 2018; Nixon, Glorie, Collins, 
Whelan, et al.,  2021; Quentin de Gromard et al.,  2019; 
Reddy et al.,  2015; Spikings et al.,  2006) and basin 
(Tingate & Duddy,  2002; Wells,  1970) regions within 

both the North and South Australian cratons, implying 
the existence of a continental-scale thermal perturbation 
coincident with this event. The presence of widespread 
syn-deformational sedimentation has been observed 
across numerous central Australian basins (Haines 
et al.,  2001), which demonstrates a complex deforma-
tional regime in which regions of uplift and erosion were 
spatially separated from contemporaneous siliciclastic 
deposition.

2.2  |  Thermal history and maturation

Despite the high prospectivity for hydrocarbon explora-
tion, the thermal and maturation history of the McArthur 
Basin remains poorly resolved. Hydrocarbon generation is 
generally considered to have occured as a response to bur-
ial in the Mesoproterozoic (Crick et al., 1988; Dutkiewicz 
et al., 2007), with earliest hydrocarbon generation proposed 
in the McArthur Group during maximum burial below 
McArthur and Nathan group sediments (ca. 1600 Ma; 
Kositcin et al.,  2017; Rawlings,  1999), followed by later 
burial-related maturation in the Roper Group (ca. 1400–
1300 Ma; Yang et al., 2018). Observations of linearly increas-
ing hydrocarbon maturity below the Jamison sandstone 
suggest much of the hydrocarbon generation occurred prior 
to deposition of the Jamison sandstone (maximum deposi-
tional age of 959 ± 18 Ma; Yang et al.,  2018), which over-
lies the source rocks in the McArthur Basin (Dutkiewicz 
et al., 2007; Taylor et al., 1994; Warren et al., 1998). While 
the Jamison sandstone provides a minimum constraint 
on Proterozoic hydrocarbon maturation, regional uplift 
and erosion associated with emplacement of the ca. 1330–
1295 Ma Derim Derim Dolerite (Bodorkos et al.,  2021; 
Nixon, Glorie, Collins, Blades, et al., 2021; Yang, Collins, 
Cox, et al.,  2020) appears the most likely termination of 
sedimentation in the Mesoproterozoic. Today, preserved 
McArthur Basin stratigraphy exceeds thicknesses of 
10 km in the major depocentre of the Beetaloo Sub-basin 
(Figure 1; Frogtech Geoscience, 2018), although this was 
likely even greater prior to erosion following Derim Derim 
Dolerite intrusion. In addition to burial-induced matura-
tion models, some wells exhibit increasing hydrocarbon 
maturity proximal to the Derim Derim Dolerite sills, indi-
cating that sill emplacement likely contributed to the ther-
mal maturation of hydrocarbons (Crick et al., 1988; George 
& Ahmad, 2002; Taylor et al., 1994). While only intrusive 
sills of the Derim Derim Dolerite remain preserved, Crick 
et al. (1988) note that in some cases hydrocarbons mature 
upwards approaching the unconformity top of the Roper 
Group, suggesting the presence of now eroded surface lava 
flows in the Mesoproterozoic that further promoted thermal 
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maturation. Such a scenario is consistent with an influx of 
juvenile material preserved in the Kyalla Formation of the 
upper Roper Group, which was likely sourced from the 
eroding mafic lava flows (Yang, Collins, Cox, et al., 2020).

While the majority of hydrocarbon maturation is 
presently attributed to a period of ca. 1400–950 Ma, prior 
to structural inversion and uplift within the McArthur 
Basin and deposition of the Jamison sandstone (Crick 
et al., 1988; Dutkiewicz et al., 2007; Taylor et al., 1994; 
Warren et al.,  1998), a subsequent Palaeozoic matura-
tion phase cannot be discounted. Strata of the Velkerri 
Formation in the Altree 2, McManus 1 and Walton 2 
wells (Figure 1) were structurally offset by basin defor-
mation following Jamison sandstone deposition, and 
demonstrate maturation profiles related to present-day 
offset depths (RobSearch Australia,  1998). This would 
suggest preserved hydrocarbons were generated in the 
Cambrian or later, after McArthur Basin structural in-
version, a phenomenon also observed in the nearby 
Beetaloo Sub-basin (Faiz et al., 2021; Taylor et al., 1994). 
Unpublished AFT data referenced by Crick et al. (1988) 
suggest Roper Group sedimentary rocks emerged from 
the oil window (ca. 120–50°C) in the middle Palaeozoic, 
however, this is yet to be verified. A further published 
AFT study conducted on the Broadmere 1 well (Figure 1) 
in the eastern McArthur Basin (Duddy et al., 2004) pre-
dicts a complex Mesozoic thermal evolution. Duddy 
et al.  (2004) propose cooling from >105°C between ca. 
240–125 Ma, followed by a reheating peak of ca. 95–80°C 
in the Late Cretaceous, in response to deeper burial. In 
this model, subsequent cooling was facilitated by ero-
sion of sedimentary overburden. These Mesozoic events 
have not been connected to any episodes of hydrocar-
bon generation within the basin, and do not appear to 
correlate with complementary deposition in adjacent 
basins.

3   |   METHODS

3.1  |  Sampling strategy

Samples were collected across the McArthur Basin from 
a combination of surface outcrop and drill hole mate-
rial to provide both geographical and vertical resolution 
across the basin. A total of 19 drill core samples were 
taken from 15 wells within the McArthur Basin, in-
cluding one of the deepest wells drilled in Australia at 
almost 4 km depth, Tanumbirini 1 (Table  1; Figure  1). 
Where possible, multiple samples were taken at differ-
ent depths within the same well to capture thermal his-
tories across a vertical profile, and modelled together to 

produce internally consistent models and better resolve 
the thermal evolution. Well samples were supplemented 
with an additional five outcrop samples to improve 
spatial coverage. Most sedimentary rocks in the Roper 
Group are notably deficient in detrital apatite, hence 
many samples have been collected from the ca. 1330–
1295 Ma Derim Derim Dolerite sills, which intrude 
throughout the basin (Abbott et al.,  2001; Bodorkos 
et al., 2021; Nixon, Glorie, Collins, Blades, et al., 2021; 
Yang, Collins, Cox, et al., 2020) and experienced a shared 
thermal history with the host sedimentary rocks follow-
ing emplacement in the Mesoproterozoic. Additional 
samples were taken from McArthur Basin sedimentary 
rocks or Palaeoproterozoic crystalline basement, where 
available.

Apatite grains were liberated at the University of 
Adelaide using conventional crushing procedures, fol-
lowed by panning, Frantz magnetic separation and im-
mersion in liquid lithium heteropolytungstate (LST), 
diluted to specific gravity of 2.85 g/cm3. Mounts were 
ground with #2000 silicon carbide paper to expose grain 
cores and polished with 3 and 1 μm diamond paste (e.g., 
Glorie, Alexandrov, et al., 2017), and subsequently etched 
with 5 M HNO3 at 20 ± 0.5°C for 20 ± 0.5 s to reveal spon-
taneous fission tracks.

3.2  |  Apatite fission track determination

Apatite grains were imaged with a Zeiss AXIO Imager 
M2m Autoscan microscope system prior to microprobe 
and laser analysis. Fission track densities and confined 
track lengths were manually identified using FastTracks 
v3.0.19 software, and samples were ground and repolished 
following laser ablation and irradiated with a 252Cf source 
at the University of Adelaide for ca. 20 min and re-etched 
to reveal additional confined tracks for use in thermal 
modelling (Donelick & Miller, 1991).

3.3  |  Electron probe micro analysis

Apatite major and minor elemental concentrations were 
determined by electron probe micro analysis (EPMA) at 
Adelaide Microscopy using a Cameca SXFive Electron 
Microprobe fitted with LTAP, PCO, LLIF and two LPET 
crystals. Analysis was conducted in a single stage analyti-
cal protocol with a 5 μm beam diameter at an accelerating 
voltage of 10 kV and beam current of 15 nA, using identical 
analytical conditions as in Nixon, Glorie, Collins, Whelan, 
et al.  (2021). Full analytical parameters are provided in 
Appendix S1. Samples were analysed across two analytical 
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T A B L E  1   Locations and depth of McArthur Basin samples

Sample Well Unit Lithology Latitude Longitude

Surface 
elevation 
(m)

Sample 
depth (m)

UR14CJE001 Field sample Derim Derim 
Dolerite

Dolerite −14.1638 133.8054 133 0

UR14CJE008 Field sample Derim Derim 
Dolerite

Dolerite −14.6935 134.2541 99 0

UR14TJM0043 Field sample Derim Derim 
Dolerite

Dolerite −14.7017 134.4432 20 0

91779016 Field sample West Branch 
Volcanics

Rhyolite −14.3673 133.2791 198 0

91779025 Field sample Urapunga 
Granite

Granite −14.6885 134.4829 19 0

La1-1 Lawrence 1 Derim Derim 
Dolerite

Dolerite −14.9758 133.8918 106 204.65–206.82

Fri1-1 Friendship 1 Derim Derim 
Dolerite

Dolerite −14.8744 133.9112 62 304.60–306.59

GSD07-01 GSD-7 Sly Creek 
Sandstone

Sandstone −17.2356 136.1785 226 384.30–384.50

GGD001-04 GGD001 Mamadawerre 
Sandstone

Sandstone −12.5656 134.0664 91 461.90–462.44

TMB-3 Tanumbirini 1 Bukalara 
Sandstone

Sandstone −16.3991 134.7038 210 480.00–580.00

TMB-6 Tanumbirini 1 Bukalorkmi 
Sandstone

Sandstone −16.3991 134.7038 210 1205.00–1295.00

TMB-10 Tanumbirini 1 Moroak 
Sandstone

Sandstone −16.3991 134.7038 210 2080.00–2180.00

Bor2-1 Borrowdale 1 Derim Derim 
Dolerite

Dolerite −15.1217 133.81670 128 489.26–491.68

We1-03 WE1 Masterton 
Sandstone

Sandstone −16.8196 136.4671 136 590.00–590.50

We1-07 WE1 Masterton 
Sandstone

Sandstone −16.8196 136.4671 136 808.90–809.35

Br-12 Broughton 1 Katherine River 
Group

Sandstone −14.3600 133.6261 110 692.00–692.51

Br-09 Broughton 1 Katherine River 
Group

Sandstone −14.3600 133.6261 110 865.90–866.53

Mb1-1 Manbulloo S1 Fraynes 
Formation

Tuff −14.9277 132.2684 149 758.90–758.95

Sv1-1 Sever 1 Derim Derim 
Dolerite

Dolerite −15.2465 132.8440 175 800.64–802.54

Wal2-2 Walton 2 Derim Derim 
Dolerite

Dolerite −15.9319 133.6679 204 911.08–913.41

DAD6-1 DAD0006 Oenpelli Dolerite Dolerite −13.5476 133.3761 382 1139.86–1143.00

BC1-4 Birdum Creek 1 Derim Derim 
Dolerite

Dolerite −15.6305 133.1444 182 1445.00–1475.00

TS3-1 Tarlee S3 Derim Derim 
Dolerite

Dolerite −15.6324 132.8260 191 1508.93–1511.29

Alt2-1 Altree 1 Derim Derim 
Dolerite

Dolerite −15.9236 133.7866 216 1696.39–1698.72

Note: All coordinates are provided in the GDA94 system. Surface Elevation is the point elevation of surface following the Global Multi-resolution Terrain 
Elevation Data (GMTED) topographic imagery (Danielson & Gesch, 2011), while Sample Depth is the depth from which samples were taken below this point.
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sessions (sessions EPMA-19 and EPMA-21). Durango 
apatite was interspaced within analytical sequences and 
served as an accuracy standard (Chew et al., 2016; Marks 
et al., 2012).

3.4  |  LA-ICP-MS analysis

Uranium and other trace element concentrations were 
acquired by LA-ICP-MS using a RESOlution LR 193 nm 
excimer laser connected to an Agilent 7900x ICP-MS at 
Adelaide Microscopy. Full analytical parameters are pro-
vided in Appendix  S1. Durango apatite was interspaced 
as a secondary standard throughout analytical sessions to 
ensure quality of data (Chew et al., 2016). Data collection 
was performed in five analytical sessions (sessions LA-17, 
LA-18, LA-19a, LA-19b and LA-20). Geochemical data were 
reduced using the ‘X_Trace_Elements_IS’ data reduction 
package of Iolite v3.32 software (Paton et al., 2011), using 
NIST610 as the primary standard (Jochum et al., 2011).

3.5  |  Apatite fission track age calculation

Fission track ages were calculated using the LA-ICP-MS 
method (Hasebe et al.,  2004, 2013; Vermeesch,  2017), 
using 238U concentrations and fission track densities to 
calculate single grain ages. Single grain and population 
central ages were calculated using IsoplotR software 
(Vermeesch,  2018) and calibrated to a session-specific 
Zeta calculated from parallel analysis of a Durango apatite 
standard (Vermeesch, 2017).

3.6  |  Thermal history modelling

Thermal history modelling was undertaken with QTQt 
software (Gallagher, 2012), using inputs of AFT single 
grains ages, confined track length distributions, and 
using chlorine concentration as the kinetic parameter 
(Green et al.,  1986). No c-axis projection was applied 
for confined tracks in modelling or track length pro-
filing. Mapped and sub-surface geology was also con-
sidered and included as model constraints to further 
refine the reconstructions (e.g., Green & Duddy, 2021). 
Unconformable contacts between stacked basins and 
volcanics provide a means to constrain sample depth 
immediately preceding deposition of an overlying unit, 
and allow for inference of sample palaeotemperature 
during thermal history modelling, assuming an un-
disturbed thermal gradient. During inverse thermal 
modelling, sample temperatures were constrained to 
calculated palaeotemperatures at unconformities prior 

to emplacement and deposition of the Kalkarindji lava 
flows, and sediments of the Georgina and Carpentaria 
basins, following the stratigraphy outlined in Figure  2 

F I G U R E  2   Stratigraphy of modelled thermal history wells 
in the McArthur Basin following Allison and Sheehan (1982), 
Torkington and Ledlie (1988), Adderly (2015) and Pangaea 
Resources (2015b). Depth intervals of samples used for AFT 
modelling are provided to the left of each stratigraphic column.

Tanumbirini 1

WE1

Corcoran Formation

Abner Sandstone

Arnold Sandstone
Crawford Formation

Mainoru Formation

Limmen Sandstone
Mount Rigg Group

Katherine River
Group

Broughton 1

Bukalara Sandstone

Mara Dolostone
Leila Sandstone

Tooganinie Formation

Mallapunya Formation

Masterton Sandstone

McArthur Group
(undifferentiated)

Myrtle Sandstone

Top Springs 
Limestone

Bukalara Sandstone

Bukalorkmi Sandstone

Kyalla Sandstone

Moroak Sandstone

Velkerri Formation

Bessie Creek
Sandstone

Chambers River
Formation

Carpentaria Basin

Tindal Limestone

Kalkarindji volcanics

Bukalara Sandstone

Reward Dolostone

Fraynes Formation

Blue Hole Formation

Kunjia Siltstone
Mallabah Dolostone

Amos Knob Formation

Campbell Springs
Dolostone

McArthur Group
(undifferentiated)

undifferentiated Cenozoic

Manbulloo S1

D
ep

th
 (m

)

0

500

1000

1500

2000

2500

3000

3500

TM
B-

3
TM

B-
6

TM
B-

10

D
ep

th
 (m

)

0

500

1000

D
ep

th
 (m

)

0

500

1000

Br
-1

2
Br

-0
9

Mb
1-

1
W

e1
-0

3
W

e1
-0

7

D
ep

th
 (m

)

0

500

undifferentiated Cenozoic

Cenozoic

Carpentaria Basin

Victoria Basin

Kalkarindji volcanics

unconformity

McArthur Basin 
(and equivalents)

Georgina Basin

 13652117, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bre.12691 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [28/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  1943
EAGE

NIXON et al.

(Adderly,  2015; Allison & Sheehan,  1982; Pangaea 
Resources,  2015b; Torkington & Ledlie,  1988). Where 
these units are absent, their position was inferred using 
local geology to ensure reconstructions are produced 
using consistent prior constraints. Extended modelling 
rationale and derivation of constraints, as well as mod-
elling outcomes using only unconformable horizons in 
each well, are provided in Appendix  S1, following the 
recommendations by Flowers et al. (2015).

3.7  |  One-dimensional thermal  
modelling

One-dimensional thermal modelling was undertaken 
for the McArthur Basin following the eruption of the 
Kalkarindji LIP, using the Tectotherm program by 
Hasterok et al. (in prep.), available at https://github.com/
dhast​erok/tecto​therm. This program simulates tectono-
magmatic scenarios with user-defined sedimentation and 
erosion history. TectoTherm solves the one-dimensional 
heat conduction equation using the Crank-Nicholson fi-
nite difference method. The boundary conditions are set 
to a fixed surface temperature of 25°C, consistent with 
the position of the North Australian Craton at equato-
rial latitudes during the Cambrian (Merdith et al., 2021) 
during a period of relatively elevated global surface 
temperatures (Hearing et al.,  2018; Wotte et al.,  2019), 
with a user-defined heat flow at the base of the litho-
sphere (30 m/Wm2). The initial geotherm is computed 
as a steady-state geotherm computed in a manner simi-
lar to Chapman  (1986) with pressure and temperature-
dependent physical properties. We selected a depth node 
spacing of 0.1 km and a time step of 0.001 million years, 
using thermal properties of sandstone and shale litholo-
gies in the upper 10 km of the crust overlying crystalline 
basement and mantle rocks (detailed in Appendix  S1). 
TectoTherm replaces rock types with physical properties 
provided in a database drawn from published measure-
ments and average physical properties computed from a 
global geochemical dataset (Gard et al., 2019). The physi-
cal properties are adjusted for temperature and pressure 
effects as the model evolves. To simulate a volcanic flow, 
models were run in which volcanic layers with thickness 
of 0.5, 0.75 and 1 km were added to the top of the model 
at a melt temperature of 1000°C. The temperatures at the 
top and bottom of the lava flow are smoothed slightly (a 
distance ±1/8 of the flow thickness) to reduce numerical 
artefacts while reducing the cooling time only slightly. 
The high-resolution models were to run for a modelling 
time of 2 million years, while additional models were run 
for each thickness at a depth node spacing of 0.1 km and 
a time step of 0.02 million years over a simulation time of 

5 million years to model the steady-state conditions of the 
basin after lavas had completely cooled.

4   |   OBSERVATIONS AND RESULTS

4.1  |  Geochemistry

4.1.1  |  Data accuracy

Durango apatite was analysed as a secondary standard to 
confirm data reliability and monitor possible instrument 
drift. Durango apatite returned weighted mean chlorine 
abundances of 0.43 ± 0.01 wt% (Session EPMA-19) and 
0.37 ± 0.01 wt% (Session EPMA-21) in different crystals in 
each session, and no obvious drift was observed between 
sessions. Chlorine weighted mean plots for Durango sec-
ondary standards are provided in Appendix S1. The meas-
ured range of Durango apatite chlorine concentrations 
across analytical sessions is consistent with published 
concentrations of ca. 0.46–0.37 wt% (Chew et al.,  2016), 
suggesting chlorine data from these sessions are reli-
able. The full standard elemental dataset is provided in 
Appendix S2.

4.1.2  |  Geochemistry results

Apatites from sampled McArthur Basin sedimentary and 
igneous rocks display a dominantly fluorapatite chemis-
try. Average chlorine concentrations are relatively low in 
all samples, ranging between 0.51 and 0.04 wt%, biased 
slightly higher towards apatites sourced from dolerites. 
Furthermore, intra-sample chlorine variations are minor 
(Figure  3), and do not exhibit a clear correlation with 
single-grain AFT ages.

4.2  |  Apatite fission track data

4.2.1  |  Data accuracy

Single-grain AFT ages were calibrated using a session-
specific Zeta factor based on Durango apatite AFT data, 
following Vermeesch (2017). Analysed Durango apatite re-
turned weighted mean AFT ages of 30.9 ± 4.3 Ma (Session 
LA-17), 31.3 ± 2.1 Ma (Session LA-18), 32.8 ± 5.2 Ma 
(Session LA-19a), 30.0 ± 1.6 Ma (Session LA-19b) and 
28.1 ± 4.8 Ma (Session LA-20), all of which are within 
uncertainty of the published standard 40Ar/39Ar age 
(31.44 ± 0.18 Ma; McDowell et al., 2005). Younger stand-
ards such as Durango can sometimes have the effect of 
propagating larger than expected errors to older geological 
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F I G U R E  3   AFT radial plots for the McArthur Basin samples, with a single statistically identified age population (central age) calculated 
for each sample (Vermeesch, 2018). Single-grain ages are coloured by EPMA derived Cl content. p(χ2) denotes the chi-square value for the 
central age population.
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F I G U R E  3    (Continued)
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samples, although should not meaningfully skew the 
calculated age so data are nevertheless considered reli-
able. The full standard elemental dataset is provided in 
Appendix S2.

4.2.2  |  Apatite fission track results

Radial plots exhibit low single-grain age-dispersion and 
no significant age variation corresponding to chemistry 
(Figure 3), and do not display ‘open-jaw’ age characteristics 
(O'Sullivan & Parrish, 1995). Although two samples do fail 
the chi-square test (We1-07 and TMB-10), this test has often 
been found unsuitable for use more precise AFT age deter-
minations on old, high U bearing apatites such as these by 
LA–ICP–MS methodology (McDannell, 2020), and coupled 
with the lack of ‘open-jaw’ spread it is concluded all samples 
reveal a single, central age population, which range from 
555 to 84 Ma (Table 2; Figure 3). Due to the low number of 
apatite grains and commonly small grain sizes, particularly 
in dolerite samples, only six samples yielded sufficient con-
fined tracks (>60) for confident interpretation. For these 
samples, confined track distributions are unimodal with 
broad, weakly negatively skewed distributions, with the ex-
ception of sample TMB-6, which exhibits a positively skewed 
distribution (Figure 4). Mean track lengths (MTL) generally 
decrease with increasing depth, from 12.2 ± 1.4 μm at the 
surface to 10.2 ± 1.7 μm at ca. 2180 m depth (Table 2).

The samples exhibit progressively decreasing AFT 
central ages with increasing depth and temperature 
(Figure  5), consistent with the current geothermal gra-
dient of ca. 35–30°C/km. These trends, however, show 
disparity across different regions of the basin. The young-
est ages are consistently retained in what can broadly be 
termed the central McArthur Basin (Figure 5), as well as 
the northernmost sample, taken proximal to north-south 
striking faults (GGD001; Figure  1). Samples from this 
group preserve AFT central ages between 403 ± 27 Ma and 
281 ± 11 Ma at the surface, decreasing to 109 ± 23 Ma in the 
deepest sample at ca. 1700 m depth. Moderately older ages 
are preserved in the northwestern McArthur Basin that 
overlies shallower basement bordering the Pine Creek 
Orogen (Figures 1 and 5), and preserve AFT central ages 
of 424 ± 41 Ma at the surface to 331 ± 57 Ma in the deep-
est sample at ca. 1140 m. Samples from the Tanumbirini 
1 well, in one of the deepest regions of the McArthur 
Basin (Figure 1), yield surprisingly little decrease in AFT 
ages with depth, with ages varying between 408 ± 34 Ma 
and 319 ± 21 Ma across a depth range of ca. 2180–480 m 
(Figure 5). The oldest preserved central age of 555 ± 41 Ma 
was obtained from a depth of ca. 384 m in the GSD7 well, 
which overlies shallow basement in the southeastern 
McArthur Basin (Figures 1 and 5).

While McArthur Basin sedimentary rocks were de-
posited in the Palaeoproterozoic–Mesoproterozoic, pre-
served AFT ages are exclusively Palaeozoic–Mesozoic in 
age, and hence do not allow for investigation of the low-
temperature history prior to the Phanerozoic. Thermal 
history models are displayed in Figure 6, with individual 
model variants and residuals provided in Appendix  S1. 
No models yield sufficient data for robust determination 
of the palaeogeothermal gradient required for estimation 
of palaeotemperatures across a vertical profile away from 
sampled strata, hence the timing of thermal events has 
been emphasised over absolute temperatures experienced 
in the region. Thermal history models for the Broughton 1 
and WE1 wells and the 91779025 outcrop sample demon-
strate similar, yet complex, thermal histories. Modelling 
predicts heating of sediments during emplacement of the 
Kalkarindji LIP at ca. 510 Ma, and continuing following 
burial below the Georgina Basin. Subsequent slow cool-
ing initiated at ca. 390 Ma. While unable to be thermally 
modelled, AFT central ages for samples in the central 
McArthur Basin are similar to those of modelled samples 
from Broughton 1, WE1 and 91779025 (Table 2; Figure 5), 
consistent with comparable thermal histories for samples 
in this region. A similar thermal history is also predicted 
for the Manbulloo S1 well in the northwestern McArthur 
Basin, however, more rapid cooling is observed at ca. 390–
360 Ma, which is not observed for the central McArthur 
samples (Figure  6). The northwestern McArthur Basin 
samples DAD6-1 and 91779016 preserve older AFT cen-
tral ages than observed for central McArthur Basin sam-
ples, as does sample Mb1-1, which further indicates that 
the northwestern samples share comparable thermal his-
tories to each other.

The Tanumbirini 1 well preserves a significantly differ-
ent Palaeozoic thermal history than observed elsewhere 
in the McArthur Basin (Figure  6). The Tanumbirini 1 
model reveals rapid and intense heating immediately 
after the eruption of the ca. 510 Ma Kalkarindji Province, 
which was followed quickly by a thermal rebound to pre-
heating temperatures. Devonian–Carboniferous cooling 
recognised in other McArthur Basin wells appears absent 
in Tanumbirini 1, indicating this well was not exposed to a 
significant thermal event after cooling from the Cambrian 
thermal maximum.

4.3  |  One-dimensional thermal  
modelling

One-dimensional modelling of the thermal response to ba-
saltic lavas emplaced on the surface of the McArthur Basin 
was used to test the hypothesis of Kalkarindji flows im-
parting sufficient heating to disturb fission track retention 
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(Figure 7). Presently, the most extensive Kalkarindji flows 
within the McArthur Basin reach a thickness ca. 440 m 
(Hibbird, 1993b), and reach a maximum preserved thick-
ness of ca. 1100 m in the West Australian Craton (Mory 
& Beere,  1988). It is likely, however, that significant 
thicknesses of Kalkarindji lavas have been eroded since 
emplacement, as evidenced by the presence of a regional 
erosional unconformity across the upper surface of the 
flows (Ahmad & Munson, 2013; Kruse et al., 1994), mak-
ing it difficult to resolve the original volume of extruded 
lava. Because the original thickness of extruded lava is 
uncertain, we consider multiple scenarios with an origi-
nal thicknesses of 500 m (scenario 1), 750 m (scenario 2) 
and 1000 m (scenario 3). Based on these models, all thick-
nesses of lava would have caused significant heating of the 
shallow basin (Figure 7) and rapid resetting of AFT ages 
over a time span of thousands of years in the upper ca. 
1 km (scenario 1) to ca. 2 km (scenario 3). The models fur-
ther predict that the magmatic-induced high-magnitude, 
shallow dispersion heating subsequently transitioned to 
a new steady-state geothermal gradient, which in moder-
ate scenarios elevated the temperature of the sub-surface 
basin sediments by ca. 24°C in scenario 1 (500 m lava 
eruption) and ca. 33°C in scenario 2 (750 m lava eruption) 
due to insulation by low thermal conductivity basalts 
(Gard et al., 2019). In a more extreme scenario of 1000 m 

of lava extrusion sediments were predicted to experience 
heating by additional ca. 47°C (scenario 3). These elevated 
temperatures were maintained until the Kalkarindji ba-
salts and any subsequent Georgina Basin overburden was 
removed, likely persisting long enough to anneal the AFT 
system in the more conventional partial annealing zone of 
ca. 120–60°C over millions of years (Gleadow et al., 1986; 
Laslett et al., 1987; Wagner & Van den Haute, 1992).

5   |   DISCUSSION

5.1  |  Kalkarindji volcanism

The thermal history models from this study reveal heat-
ing in the basin coincident with LIP volcanism, which 
is most rapid in the Tanumbirini 1 well (Figure  6), and 
is likely also responsible for AFT resetting in the GSD-7 
well in the east of the basin (Figure 5). Hence, we inter-
pret the abrupt heating as a response to the Kalkarindji 
event, during which time the basin was overlain by thick 
lava flows coinciding with regional lithospheric thinning 
(Glass,  2002). Deposition of Georgina Basin sediments 
followed extrusion of Kalkarindji lavas in the McArthur 
Basin, further insulating the sub-surface and preventing 
rapid thermal rebound across most of the basin. Thermal 

F I G U R E  4   Confined fission track histograms for all McArthur Basin samples yielding sufficient confined tracks (>60) for 
interpretation. MTL is the mean confined track length for each sample and associated 1σ uncertainty. nl is the number of confined track 
lengths in each sample.
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rebound is observed, however, in Tanumbirini 1 proxi-
mal to the Beetaloo Sub-basin, suggesting only minor 
Palaeozoic sedimentation occurred in this region follow-
ing Kalkarindji magmatism, where presently Georgina 
Basin sediments are only ca. 150 m thick (Adderly, 2015).

The heating event observed in the QTQt models for 
the Tanumbirini 1 well is coincident with extrusion of 
the Kalkarindji LIP (Figure 6) and consistent with heat-
ing below ca. 750 m of Kalkarindji flood basalts (Figure 7). 
Such volumes of lava would have rapidly heated the 
upper ca. 2 km of this vertical sequence and reset AFT 
sample TMB-3 at temperatures >240°C maintained for 
10,000 years, and TMB-6 at temperatures >140°C for 
30,000 years (Laslett et al., 1987). In this scenario, sample 
TMB-10 did not experience the short-lived elevated tem-
peratures reached at shallower samples, with the AFT 

system instead reset at temperatures of ca. 105°C reached 
during subsequent steady-state conditions caused by in-
sulation by cooled basaltic lavas (Figure 7). This different 
mechanism of heating and partial reset may at least par-
tially explain the anomalously older AFT age preserved by 
this sample (Figure 5). Basaltic overburden in this region 
must have subsequently been removed in the following 
20 million years, prior to deposition of the overlying Top 
Springs Limestone (Figure  2; Ahmad & Munson,  2013; 
Dunster et al., 2007). A similar scenario is predicted in the 
southeastern McArthur Basin, where sample GSD07-01 
preserves an AFT age of 555 ± 41 Ma, overlapping with 
the age of the Kalkarindji eruption. This shallow sam-
ple would have been totally reset by sub-surface heating 
from ca. 500 m of lava flows and does not record subse-
quent insulation-driven long-term heating and associated 
AFT annealing (Figure 7), and likely defines a minimum 
easterly extent of the Kalkarindji LIP. Conversely, the 
Manbulloo S1, Broughton 1 and WE1 wells in the cen-
tral and northwestern McArthur Basin display a more 
prolonged heating event in their thermal history models, 
which initiated during Kalkarindji emplacement and per-
sisted throughout the Cambrian to Devonian (Figure 6). 
Both basalts of the Kalkarindji LIP and relatively uncon-
solidated sediments of the Georgina Basin possess very 
low thermal conductivities (Gard et al., 2019), and would 
thus have served as effective thermal insulators of the 
underlying basin. This protracted residence at elevated 
temperatures is, therefore, more consistent with insula-
tion by low thermal conductivity basalts and sediments 
of the Georgina Basin (Ahmad & Munson,  2013; Kruse 
et al., 1994; Kruse & Radke, 2008), rather than short-lived 
heating observed in the Tanumbirini well. This region 
might have been covered by thinner lava flows than ob-
served around Tanumbirini 1 (Figure 7), however, burial 
below the Georgina sediments allowed these flows to be 
preserved for longer thus resetting samples at lower tem-
perature due to prolonged residence at these temperatures 
(Figure 7).

Preserved Kalkarindji lava flows are notably thicker 
in the central Beetaloo Sub-basin than elsewhere in the 
McArthur Basin (Figure 8a; Markov et al., 2021), evidenced 
most strikingly in the Chanin 1, Ronald 1 and Burdo 1 
wells, which intersect preserved basaltic packages of 440–
270 m thickness (Hibbird,  1993a, 1993b; Menpes,  1993). 
While the presence of a basin-wide erosional unconfor-
mity at the upper surface of the Kalkarindji LIP (Ahmad 
& Munson, 2013; Kruse et al., 1994) makes accurate esti-
mation of regional lava thicknesses problematic, observa-
tion of greater volumes of lava in the Beetaloo Sub-basin 
is consistent with more pronounced thermal and hy-
drocarbon maturation trends within the sub-basin. The 
significant heating pulse observed in the Tanumbirini 1 

F I G U R E  5   Plot of AFT central ages and associated 1σ 
uncertainty of McArthur Basin samples against depth below 
surface, coloured by average sample Cl content. AFT central ages 
typically decrease with depth, due to temperature increase with 
depth following the geothermal gradient. Samples have been 
grouped to geographical regions of the ‘central McArthur Basin’, 
‘northwestern McArthur Basin’, ‘Tanumbirini’ and ‘southeastern 
McArthur Basin’ as shown in inset, and demonstrate different AFT 
versus depth trends between these regions.
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well is consistent with models of peak hydrocarbon gen-
eration in the Beetaloo Sub-basin during the Cambrian 
(Faiz et al.,  2021; RobSearch Australia,  1998; Taylor 
et al., 1994), when source rocks in the Velkerri Formation 

(Figure 2) in or near the oil window were elevated into the 
gas window. Basin heating driven by burial below high-
temperature lavas and potential associated lithospheric 
thinning (Glass, 2002) provided a mechanism for raising 

F I G U R E  6   Low-temperature thermal history models for the McArthur Basin, produced using QTQt software (Gallagher, 2012). 
Solid lines denote the ‘expected’ thermal history, while associated envelops provide the 95% confidence interval. Blue paths represent the 
modelled thermal history of the shallowest sample, orange the intermediate and red the deepest (where applicable). Regional geology 
has been considered in modelling processes (Green & Duddy, 2021), where unconformities below the Kalkarindji LIP (Evins et al., 2009; 
Glass & Phillips, 2006; Jourdan et al., 2014; Macdonald et al., 2005) and Carpentaria Basin (Krassay, 1994) have been used to constrain 
sample temperature immediately prior to deposition of these units. The timing of magmatism of the Kalkarindji LIP (ca. 510 Ma) has been 
indicated, as well as the durations of deformational episodes of the Alice Springs Orogeny, including the Rodingan Event (ca. 450–440 Ma; 
Hand et al., 1999; Mawby et al., 1999; Shaw & Black, 1991), Pertnjara-Brewer Event (ca. 390–360 Ma; Ahmad & Munson, 2013; Bradshaw & 
Evans, 1988; Jones, 1972) and Mount Eclipse Event (ca. 340–320 Ma; Ahmad & Munson, 2013; Bradshaw & Evans, 1988). The apatite partial 
annealing zone between temperatures of 120–60°C (Gleadow et al., 1986; Wagner & Van den Haute, 1992) is indicated on each model.
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source rock temperatures into the oil and/or gas windows, 
and is further supported by observation of primary bi-
tumen in sediment associated with Kalkarindji lavas in 
the Beetaloo Sub-basin (Matthews, 2008), although only 
source rocks very close to lava flows and reaching tem-
peratures of ca. 200°C would have experienced signifi-
cant hydrocarbon maturation across at the ka time-scale 
(Waples,  1980). Hence, we suggest that Kalkarindji ex-
trusion, and more importantly subsequent Palaeozoic 
insulation heating, was likely to have instigated a second 
phase of hydrocarbon generation at least within and near 
the Beetaloo Sub-basin, following proposed initial genera-
tion in the Mesoproterozoic (Crick et al., 1988; Dutkiewicz 
et al., 2007; Taylor et al., 1994; Warren et al., 1998).

Thickened lava sequences observed in the east-
ern Beetaloo Sub-basin (Figure  8a) may be merely a 

consequence of greater local preservation, however, 
it is possible they are indeed reflective of differential 
Cambrian accumulation conditions. The shallowest 
depths to the erosional surface below the Kalkarindji 
lavas (normalised to remove Mesozoic–Cenozoic cover) 
in the northern Beetaloo region (Figure  8b) are coinci-
dent with thinner lava deposits (Figure 8a), while thick-
est lavas are correlated with deeper erosional horizons in 
the central Beetaloo Sub-basin (Hibbird,  1993a, 1993b; 
Menpes, 1993). If these correlations are representative of 
contemporary environments and flow thicknesses, it is 
plausible that the central Beetaloo Sub-basin was a sub-
aerial topographic low during Kalkarindji LIP volcanism, 
while northern and eastern regions were elevated. This 
model would result in less magnitude of heating at the 
sub-basin margins from lava overburden, consistent with 

F I G U R E  7   One-dimensional transient thermal modelling of McArthur Basin sediments in response to Kalkarindji LIP emplacement 
for lava thicknesses of (a) 500 m, (b) 750 m and (c) 1000 m. For each Kalkarindji thickness the one-dimensional thermal profile has been 
provided for time intervals following lava emplacement at time = 0 ka, such that the thermal profile for time = 5 ka represents crustal 
temperatures at 5 ka following initial lava extrusion, and so on. Additional geotherms for the thermal state prior to lava emplacement 
and steady-state geotherm expected with completely cooled lava overburden have further been shown. Temperature ranges required for 
100%–50% annealing of tracks in apatite have been provided for multiple time durations, as calculated from fanning Arrhenius annealing 
model (Green et al., 1986; Laslett et al., 1987). Additionally, a lower temperature boundary for long-term partial annealing of fission tracks 
in apatite has provided at ca. 60°C (Gleadow et al., 1986; Wagner & Van den Haute, 1992). Vertical depth of drill hole samples have further 
been provided; for wells which preserve an unconformity between pre- and post-Kalkarindji strata samples have been normalised to reflect 
depth at time of Kalkarindji emplacement, while in wells which do not preserve Kalkarindji basalts or any post-Kalkarindji sediments the 
present day sample depth has been provided. It is possible, however, that these samples were deeper than present day-depth at time of the 
Kalkarindji eruption.
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observation of gas generation in the central Beetaloo Sub-
basin and lower temperature oil generation at sub-basin 
edges (RobSearch Australia,  1998). Furthermore, such a 
model suggests that the Tanumbirini 1 well was situated 
in slightly elevated topography on the eastern margin of 
the sub-basin, and therefore, basaltic flows may have been 
more easily eroded from this area (Figure 6). It remains 
unclear from hydrocarbon maturation data whether the 
Kalkarindji lavas similarly sparked renewed hydrocarbon 
generation beyond the Beetaloo Sub-basin (Dutkiewicz 
et al., 2007; Warren et al., 1998) however, our thermal his-
tory models for the central and northwestern McArthur 
Basin (Figures 5 and 6) suggests this as a distinct possibility.

The comparatively deep erosional horizon below the 
Kalkarindji LIP in the southern Beetaloo Sub-basin is 
not, however, matched by a thickening of sub-aerial lava 
flows as would be expected in a pure accommodation-
space driven model (Figure 8a,b). This region of lower to-
pography may therefore have been a peritidal to shallow 
marine environment opening towards the shallow ma-
rine depocentre of the southern Georgina Basin (Dunster 
et al., 2007; Kennard, 1991; Kruse & West, 1980), where 
oceanic waters largely prevented the continued flow of 
subaerial lavas as they would commonly crystallise rap-
idly to unconsolidated glass (Figure 8c; Moore et al., 1973). 
Kalkarindji lava emplacement in this region would have 
been controlled by local relative sea level, only advancing 
southwards during periods of marine regression.

5.2  |  Palaeozoic denudation

Following eruption of the Kalkarindji LIP and heat-
ing to Cambrian peak temperatures, the Manbulloo S1, 
Broughton 1 and WE1 wells and field sample 91779025 
experienced slow cooling between ca. 390–300 Ma 
(Figure  6). The timing of this cooling phase is broadly 
coincident with propagation of far-field stresses from the 
plate margins during the central Australian Alice Springs 
Orogeny (e.g., Buick et al., 2008; Haines et al., 2001; Hand 
et al., 1999; Raimondo et al., 2010; Shaw et al., 1992); spe-
cifically the later deformational episodes of the Pertnjara-
Brewer Event (ca. 390–360 Ma; Ahmad & Munson, 2013; 
Bradshaw & Evans,  1988; Jones,  1972), and the Mount 
Eclipse Event (ca. 340–320 Ma; Ahmad & Munson, 2013; 

F I G U R E  8   (a) Empirical Bayesian kriging interpolation for 
sub-surface thickness of Kalkarindji LIP lavas in the Beetaloo 
Sub-basin region, using thickness of lavas intersected by drill cores. 
(b) Empirical Bayesian kriging interpolation of sub-surface depth 
to the basal horizon of the Kalkarindji lava flows below Mesozoic–
Cenozoic cover, as defined as the unconformable surface above the 
Kiana Group, or where absent, the unconformable surface above 
the McArthur Basin. Data for figures (a) and (b) were gathered 
from published drilling and log reports from the Beetaloo area 
(Adderly, 2015; Gaughan, 2013; Hibbird, 1993a, 1993b; Hibbird & 
Slater, 1992; Hokin, 2015; Lanigan, 1992; Lanigan & Ledlie, 1990a, 
1990b; Lanigan & Torkington, 1991; Mackinlay, 2016; 
Menpes, 1992; Menpes, 1993; Origin Energy Resources, 2015a, 
2015b, 2016; Pangaea Resources, 2014a, 2014b; Pangaea 
Resources, 2015a, 2015b; Pangaea Resources, 2016a, 2016b, 2016c; 
Torkington et al., 1989; Torkington & Derrington, 1992; Torkington 
& Lanigan, 1991). Cambrian regions of peritidal/shallow marine, 
subaerial and elevated subaerial topography have been inferred for 
the local environment during eruption of the Kalkarindji LIP. (c) 
Cartoon of Cambrian topography during eruption of Kalkarindji 
LIP, depicting relative lava flow thickness across the Beetaloo Sub-
basin. 
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Bradshaw & Evans, 1988). The Manbulloo S1 well, near 
the Mallupunya Fault bordering the Pine Creek Orogen 
(Figures  1 and 6) records initiation of cooling contem-
poraneous with a ca. 400–350 Ma rapid cooling phase in 
the Pine Creek Orogen (Nixon, Glorie, Collins, Whelan, 
et al., 2021). Although the model records primarily slow 
cooling, we suggest that the initiation of cooling may be 
linked with reactivation of the Mallupunya Fault during 
the Pertnjara-Brewer Event (Ahmad & Munson,  2013; 
Bradshaw & Evans, 1988; Jones, 1972). The DAD0006 well 
and 91779016 field sample overlying shallow basement in 
the northwestern McArthur Basin (Figure  1) yield AFT 
central ages consistent with that of the Manbulloo S1 well 
(Figure 5), and likely also experienced accelerated denu-
dation and cooling during the Pertnjara-Brewer Event 
with reactivation of structures associated with the Pine 
Creek Orogen basement.

Field sample 91779025 and the Broughton 1 and WE1 
wells experienced cooling rates of ca. 0.3–0.2°C/Ma from 
ca. 390–300 Ma which are much slower than those typi-
cally observed in uplifted or incised terrains, but higher 
than for quiescent cratonic regimes (e.g., Fairbridge 
& Finkl,  1980; Summerfield & Hulton,  1994). Given 
these slow cooling rates, the samples from the central 
McArthur Basin appear to have not been significantly in-
fluenced by the Alice Springs Orogeny, and contrast with 
many thermal history profiles documented across north-
ern Australia (e.g., Glorie, Agostino, et al., 2017; Nixon, 
Glorie, Collins, Whelan, et al., 2021; Spikings et al., 2006). 
Instead, we attribute Devonian–Carboniferous cool-
ing in the central McArthur Basin to gradual erosion 
of overlying sediments and volcanics of the Georgina 
Basin and Kalkarindji LIP, which are now only sparsely 
preserved within the McArthur Basin region (Abbott 
et al., 2001; Ahmad & Munson, 2013; Dunn, 1963; Glass 
& Phillips, 2006). Unlike major structural reactivation ob-
served in the adjacent Pine Creek Orogen and Murphy 
Province (Nixon, Glorie, Collins, Whelan, et al.,  2021; 
Spikings et al.,  2006), any Devonian–Carboniferous de-
formation in the McArthur Basin appears to have been 
minor, at most serving to elevate the region above the per-
itidal to shallow marine conditions experienced during 
Georgina Basin deposition (Kruse & Radke,  2008) and 
into subaerial exposure, without the creation of mean-
ingful topographic relief.

5.3  |  Mesozoic reheating

Thermal modelling for the Tanumbrini 1 and Broughton 
1 wells predicts a minor Cretaceous reheating event 
(Figure  6) coincident with deposition in the overlying 
Carpentaria Basin (Abbott et al., 2001; Carson et al., 1999; 

McConachie et al.,  1990). This heating event is rela-
tively minor, and most likely induced by insulation from 
Carpentaria Basin sedimentary rocks, which subse-
quent cooling facilitated by gentle erosion of these strata 
once the region became emergent. Onshore sequences 
of the Carpentaria Basin are generally thin (Ahmad & 
Munson,  2013; McConachie et al.,  1990), and coupled 
with thermal modelling results it thus appears unlikely 
that this sedimentation was responsible for any significant 
hydrocarbon maturation.

Our observations and interpretations of the 
Phanerozoic thermal history observed in this study are 
notably different to that proposed for the Broadmere 1 
well in the eastern McArthur Basin (Duddy et al., 2004). 
Caution should be emphasised, however, in comparing 
thermal history models generated using different model-
ling approaches. The investigation by Duddy et al. (2004) 
proposed Jurassic cooling, Late Cretaceous reheating and 
subsequent Cenozoic cooling in Broadmere 1 that is not 
observed in our data from the wider region, and may in-
stead be confined to the region approaching the Batten 
Fault Zone (Figure 1). Crick et al. (1988) note higher past 
heat flow and the presence of overmature hydrocarbons 
in the Batten Fault Zone, which similarly suggests the 
region experienced a contrasting thermal history to the 
wider basin. Mesozoic–Cenozoic denudation (Duddy 
et al., 2004) has stripped the majority of Phanerozoic sed-
iments proximal to the fault zone, including potentially 
thickened Kalkarindji LIP sequences, which may have 
contributed to the observed elevated temperatures and 
advanced maturation of hydrocarbons (Crick et al., 1988). 
Understanding of the thermal evolution around the Batten 
Fault Zone, however, remains incomplete, but at present 
appears distinct from much of the rest of the McArthur 
Basin.

6   |   CONCLUSIONS

New apatite fission track analysis has been conducted 
on 20 sample sites across the McArthur Basin, providing 
the most extensive thermal history study across the re-
gion yet conducted. Significant Cambrian heating asso-
ciated with widespread emplacement of the Kalkarindji 
LIP at ca. 510 Ma is observed across the McArthur 
Basin, and may be responsible for a secondary phase of 
hydrocarbon generation within the region. Preserved 
Kalkarindji lavas are thickest in the central Beetaloo 
Sub-basin where they likely stimulated gas production in 
stratigaphically deeper source rocks as the sub-basin ex-
perienced elevated temperatures, although flows likely 
once covered much of the basin surface. Thermal dis-
ruption of the basin due to lava emplacement occurred 
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across two distinct timescales, with initial shallow, 
high-magnitude heating of the sub-surface persisting for 
tens of thousands of years, while insulation of deeper 
basin sediments by basaltic flows equilibrated over mil-
lions of years. Subsequent deposition of Georgina Basin 
sediments above much of the McArthur Basin added to 
the thermal insulation of underlying strata, preserving 
elevated temperatures until widespread shallow erosion 
during the Devonian–Carboniferous. While initiation 
of cooling was coeval with the Alice Springs Orogeny, 
cooling was slow across most of the basin, and potential 
structural reactivation is only observed in the northeast-
ern McArthur Basin, proximal to basement of the Pine 
Creek Orogen.
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