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Abstract. Australian terranes concealed beneath Mesozoic
cover record complex Precambrian tectonic histories in-
volving a successive development of several Proterozoic to
Palaeozoic orogenic systems. This study presents an inte-
grated approach combining K–Ar, 40Ar–39Ar, and Rb–Sr
geochronologies of Precambrian authigenic illites from the
recently discovered Millungera Basin in north-central Aus-
tralia. Brittle deformation and repeated fault activity are evi-
dent from the sampled cores and their microstructures, prob-
ably associated with the large-scale faults inferred from in-
terpretations of seismic surveys. Rb–Sr isochron, 40Ar–39Ar
total gas, and K–Ar ages are largely consistent in indi-
cating late Mesoproterozoic and early Proterozoic episodes
(∼ 1115± 26, ∼ 1070± 25, ∼ 1040± 24, ∼ 1000± 23, and
∼ 905±21 Ma) of active tectonics in north-central Australia.
K–Ar results show that illites from fault gouges and au-
thigenic matrix illites in undeformed adjacent sandstones
precipitated contemporaneously, indicating that advection of
tectonically mobilized fluids extended into the undeformed
wall rocks above or below the fracture and shear (fault
gouge) zones. Isotopic age data clearly indicate a Mesopro-
terozoic minimum age for the Millungera Basin and thus
previously unrecorded late Mesoproterozoic–early Neopro-
terozoic tectonic events in north-central Australia. This study
provides insight into the enigmatic time–space distribution of
Precambrian tectonic zones in central Australia, which are
responsible for the formation of a number of sedimentary
basins with significant energy and mineral resources.

1 Introduction

Direct dating of brittle faulting is crucial for determining
the absolute timing of the inscrutable time–space distribu-
tion of tectonothermal events in concealed Precambrian ter-
ranes. Over the last decade, the dating of illitic clay from
near-surface fault gouges has increasingly become a routine
approach to defining the timing of brittle deformations (van
der Pluijm et al., 2001; Uysal et al., 2006; Mutlu et al., 2010;
Zwingmann and Mancktelow, 2004, Zwingmann et al., 2010;
Duvall et al., 2011; Hetzel et al., 2013; Torgersen et al., 2014;
Mancktelow et al., 2016; Viola et al., 2016; Algea et al.,
2019; Babaahmadi et al., 2019). This technique has been par-
ticularly useful in better understanding the development of
convergent plate boundaries and continental collisions (e.g.
van der Pluijm et al., 2001; Duvall et al., 2011; Işik et al.,
2014; Algea et al., 2019; Babaahmadi et al., 2019), move-
ments along transform plate margins (Uysal et al., 2006;
Mutlu et al., 2009; Boles et al., 2015), and the formation of
orocline bending accompanied by regional strike-slip fault-
ing (Rosenbaum et al., 2015).

While fault gouges reported by earlier studies were mainly
from surface outcrops, dating of concealed fault systems is
more challenging due to the lack of direct structural ob-
servations. Although unknown fault systems buried under
thick sedimentary basins can be denoted by geophysical tech-
niques such 2D and 3D seismic reflections, cores from bore-
holes or tunnel sites intersecting fault zones can be used to
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date fault reactivation episodes (e.g. Viola et al., 2013; Ya-
masaki et al., 2013; Elminen et al., 2018). The current study
investigates fault rocks and the host sandstone intersected
in drill cores from the newly discovered Millungera Basin
in northern Queensland, north-central Australia (Fig. 1). It
demonstrates how illite geochronology in combination with
microstructural and mineralogical studies can be used to re-
veal a concealed, previously unrecorded Proterozoic tectonic
event. Prior to this study (Fig. 1), almost no geological infor-
mation was available on the Precambrian geology of large
parts of north-central Australia, including the Millungera
Basin except for some regional geophysical data (Korsch
et al., 2011, 2012) (Fig. 1). This is due to an extensive
cover of sediments of the Jurassic–Cretaceous Eromanga–
Carpentaria Basin (Fig. 1). Further uncertainties in the tec-
tonic interpretation of Australian Precambrian terranes arise
from the tendency for original tectonic information to be
masked by younger tectonics. Therefore, a major objective
of this study was to provide insight into the enigmatic time–
space distribution of middle to late Mesoproterozoic tectonic
zones in central Australia, which are responsible for the for-
mation of a number of sedimentary basins with significant
potential for energy and mineral resources (Korsch et al.,
2011, 2012).

Many previous studies have largely focussed on shallow
crustal faults that form at diagenetic temperatures below
200 ◦C. Fault gouges from such environments are assumed
to consist of (1) detrital illite/muscovite (2M1) derived from
wall rocks and (2) authigenic or in situ illite (1M/Md ) pre-
cipitated within the brittle fault zone during faulting (van der
Pluijm et al., 2001; Duvall et al., 2011). Based on a two end
member mixing model, quantified percentages of each illite
polytypes (1M and 2M1) in different clay size fractions and
their apparent 40Ar–39Ar ages are used to extrapolate the age
of the pure authigenic 1M/1Md illite polytype (IAA, illite
age analysis approach; e.g. van der Pluijm et al., 2001; Du-
vall et al., 2011). However, assuming that 2M1 illite is sys-
tematically of detrital origin can be misleading since the for-
mation of authigenic 2M1 illite in diagenetic to hydrothermal
conditions is also reported in the literature (e.g, Lonker and
Gerald, 1990; Clauer and Liewig, 2013), and brittle faulting
can produce authigenic 2M1 illite particularly in areas of ele-
vated geothermal gradients or deeper parts of exhumed faults
(Zwingmann et al., 2010; Viola et al., 2013; Mancktelow et
al., 2015). While successful isotopic dating of brittle fault-
ing within a single fault core was reported previously (Viola
et al., 2013), the present study integrating fault rocks from
different depths and locations is a new and challenging ap-
proach to help us better understand illite crystallization in
gouges during relatively low-temperature brittle fault reacti-
vation episodes in complex Precambrian tectonic settings.

2 Geological setting, sample locations, and sampling

2.1 Regional tectonic history

The study area, the Millungera Basin, is located in north-west
Queensland, Australia (Fig. 1a). The Millungera Basin is sur-
rounded by the Palaeoproterozoic–Mesoproterozoic Mount
Isa Province to the west and Neoproterozic–Ordovician
Georgina Basin to the south-west, which developed along the
eastern margin of the Proterozoic North Australian Craton.
Proterozoic Australia comprises three main tectonic units in-
cluding the North, West, and South Australian cratons. These
units were independently accreted from older crustal frag-
ments by ∼ 1830 Ma (Myers et al., 1996). The North Aus-
tralian Craton has Archean and/or early Palaeoproterozoic
cores that have been superimposed by later Palaeoprotero-
zoic orogenic belts and basins (1800–1575 Ma) such as the
Mount Isa and Etheridge provinces (Scott et al., 2000; With-
nall et al., 2013) (Fig. 1a). The Mount Isa Province is a
world-class mineralized terrain with large deposits of cop-
per, lead, and zinc, recording polyphase deformation and a
multi-staged metamorphism that affected the terrane during
the Isan orogeny between 1600 and 1500 Ma (O’Dea et al.,
1997).

Australian continental fragments amalgamated as an early
component of the Rodinian supercontinent between ∼ 1300
and 1100 Ma (de Vries et al., 2008; Li et al., 2008). The
North Australian Craton was first joined to the north-western
margin of the West Australian Craton. The combined West
and North Australian cratons were joined to the South Aus-
tralia Craton along the Albany–Fraser Orogen. The Musgra-
vian Orogen in central Australia was responsible for sub-
stantial crustal thickening and high-grade metamorphism at
∼ 1200–1150 Ma associated with granite intrusion (Evins et
al., 2010; Kirkland et al., 2013). Thereafter, uplift and ero-
sion were followed at ∼ 1080 Ma by the deposition and of
post-tectonic volcanism, accompanied by the intrusion of
widespread plutons (Giles Complex) during the extension
along the former collision zones (Schmidt et al., 2006; Evins
et al., 2010; Aitken et al, 2013). At the same time, major
swarms of dolerite intrusion (e.g. the Lakeview Dyke) were
emplaced into the North Australian Craton in the Mount Isa
Province (Tanaka and Idnurm, 1994).

During the Neoproterozoic, an extensive intracratonic
basin (Centralian Superbasin) developed over the junction
between the North, South, and West Australian cratons.
This was followed by the Rodinia break-up with a mantle
plume that initiated continental rifting (Walter et al., 1995;
Li et al., 1999). Rodinia’s break-up resulted in the gener-
ation of a number of fault-bounded sedimentary basins. It
has been proposed that the initial period of extension oc-
curred at about 900 Ma and was associated with igneous ac-
tivities (e.g. Stuart Dyke swarm; Black et al., 1980) and in-
tracratonic basin formation in north-central Australia (e.g.
Amadeus Basin; Korsch and Lindsay, 1989; Shaw et al.,
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Figure 1. (a) Simplified map of north-central Australia showing the interpreted subsurface distribution of the Millungera Basin. The surface
distribution of Cenozoic and Mesozoic sediments and the locations of the Proterozoic–Ordovician basins are also shown (modified from
Korsch et al., 2011). (b) Interpreted migrated seismic section for part of seismic line 07GA-IG1 across the Millungera Basin, showing
interpreted structures and sequence boundaries below the base Carpentaria unconformity (from Korsch et al., 2011).
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1991). The Georgina Basin, located in close proximity to
the Millungera Basin (Fig. 1a), represents another intracra-
tonic basin, which consists predominantly of late Neopro-
terozoic, Cambrian–Ordovician, and Devonian strata uncon-
formably overlying a Proterozoic crystalline basement (Shaw
et al., 1991; Greene, 2010). The oldest sedimentary unit of
the basin is considered to be ∼ 825 Ma (Greene, 2010, and
references therein). The southern Georgina Basin was de-
formed during the mid-Palaeozoic Alice Springs Orogeny
whereby the Neoproterozoic normal faults of the rift basin
were reactivated, which are now expressed as high-angle re-
verse faults (Greene, 2010).

2.2 The Millungera Basin and sampling

The Millungera Basin is a recently discovered sedimentary
basin in northern Queensland, Australia (Korsch et al., 2011,
Fig. 1a). It occurs to the east of the Palaeoproterozoic Mount
Isa Province and is covered by the thin Jurassic–Cretaceous
Eromanga–Carpentaria Basin (Fig. 1b). An angular uncon-
formity between the Eromanga and Millungera basins indi-
cates that the upper part of the Millungera Basin was eroded
prior to the deposition of the Eromanga–Carpentaria Basin
(Korsch et al., 2011) (Fig. 1b), allowing sampling of the
deeper part of the basin consisting of flat-lying to gently
dipping sedimentary strata (Fig. 1b), which are strongly de-
formed and faulted (see below). A marked angular unconfor-
mity is also interpreted between the basement of the gran-
ite and metasedimentary basement rocks and the base of the
Millungera Basin (Fig. 1b) The interpretation of gravity pro-
files indicates that the basin deepens to the south with a pos-
sible maximum thickness of 4000 m subsurface. The inter-
pretation of aeromagnetic data suggests that the basin might
have dimensions of up to 280 km by 95 km (Korsch et al.,
2011). Apart from geophysical data, almost no geological in-
formation exists on the basin. Prominent thrust fault systems
truncate both the western and eastern margins of the basin.
Particularly the eastern part of the basin has been cut by sev-
eral deep-penetrating, north-east-dipping thrust faults with
the associated development of hanging wall anticlines. Based
on SHRIMP U–Pb geochronology of detrital zircons from
the Millungera Basin sandstones, the maximum depositional
age of the Millungera Basin is constrained to 1574± 14 Ma
(Neumann and Kositcin, 2011); however, it is a minimum age
and not well constrained between the Cretaceous (overlying
sediments) and Mesoproterozoic.

Core samples were taken from the lower parts of boreholes
Julia Creek 1 (JC) and Dobbyn 2 (Dob), which were drilled
as part of a (Queensland) state-wide geothermal investiga-
tion. The wells are 150 km apart (Fig. 1a and Table 1) and
intersect the Mesozoic Eromanga–Carpentaria Basin in the
upper part. Julia Creek 1 intersected 320.05 m of the Ero-
manga Basin sequence and 179.97 m of the Millungera Basin
sequence; Dobbyn 2 intersected 332.40 m of the Carpentaria
Basin sequence and 155.64 m of the Millungera Basin se-

quence. It should be noted that the succession within the
Millungera Basin has not been formally defined. Accord-
ing to deep seismic reflection surveys, a number of large-
scale structures are interpreted as occurring as basin-bonding
and intra-basin fault systems (Fig. 1a–b) (see Korsch et al.,
2011). Small-scale faults and fractures have also been de-
scribed from the logging of the cores extracted from JC and
Dob (Faulkner et al., 2012; Fitzell et al., 2012). We collected
a total of nine Julia Creek 1 and six Dobbyn 2 fault gouge
samples which were all analysed for the< 2 µm clay mineral
content (Table 1; Fig. S1 in the Supplement) and some of
which have been selected for K–Ar, 40Ar–39Ar, and Rb–Sr
dating and trace element studies. We also sampled represen-
tative host rock samples adjacent to the fault gouge zones
(Table 1).

3 Analytical procedures

3.1 Clay characterization

Samples were prepared for clay-fraction separation by gen-
tly hand crushing the rocks to sand size to avoid artificially
reducing the grain size of detrital/primary mineral compo-
nents and then washed thoroughly by deionized water. Sam-
ples were then disaggregated in distilled water using an ul-
trasonic bath. Clay fractions were separated by the sedimen-
tation method (for < 2 µm) and centrifugation (for < 1 µm
subfractions to < 0.1 µm). Oriented slides were prepared by
pipetting the suspension onto a 30 mm× 30 mm glass slide to
give a concentration of about 3 mg cm−2 or more (Warr and
Rice, 1994). X-ray diffraction (XRD) on whole rock sam-
ples and clay separates of different size fractions was car-
ried out (Table 1). The XRD analyses were conducted on a
Bruker D4 ENDEAVOR and D8 Advance (CoKα and CuKα
radiation, respectively), operated at 40 kV and 30 mA at a
scanning rate of 1◦ 2θ per minute and 0.05◦ per step. Fol-
lowing XRD analysis of air-dried samples, the oriented clay-
aggregate mounts were placed in an ethylene–glycol atmo-
sphere at 30–40 ◦C overnight prior to additional XRD analy-
ses. For polytype analyses, clay fractions of random powder
from fault gouge samples (if a sufficient amount of material
was available) were scanned from 16 to 44◦ 2θ in the step-
scanning mode with a step size of 0.05◦ and a counting time
of 30 s per step.

Illite polytypes for randomly oriented pure illite samples
have been distinguished with the diagnostic peaks suggested
by Grathoff and Moore (1996). To determine the 2M1, 1M ,
and 1Md % contents of illite and/or muscovites, the ratios of
(2.80 Å− 3.0 Å)/(2.58 Å) and (3.07 Å)/(2.58 Å) peak areas
for 2M1 and 1M , respectively, were used, as proposed by
Grathoff and Moore (1996). The presence of 1Md illite was
detected by the presence of the illite hump around the illite
003 diffraction peak (Grathoff and Moore, 1996). WINFIT
decomposition by profile fitting was used for the determi-
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nation of areas of the specific peaks of polytypes. Polytype
absolute quantification errors are estimated at about ±5 %.

The Kübler index (KI) determinations are defined as the
width of the first order illite basal reflection (10 Å peak) at
half height and expressed in 12θ values. The Kübler in-
dex decreases with increasing illite crystallinity (a measure
of the ordering/thickness of illite crystallites), with temper-
ature being the most important controlling factor (Ji and
Browne, 2000, and references therein). The KI is a well-
accepted mineralogical indicator of anchizone, hydrother-
mal, and low-temperature regional metamorphism and ther-
mal conditions during fault activity (Merriman and Frey,
1999; Ji and Browne, 2000; Bense et al., 2014).

However, the Árkai index (AI) is becoming an additional
or alternative technique (particularly in mafic rocks) to eval-
uate palaeo-temperature conditions (Árkai, 1991; Warr and
Cox, 2016). The AI is determined through the measurement
of chlorite 002 peak width (Arkai, 1991). The KI and AI re-
sults of this study were calibrated against the Crystallinity
Index Standard (CIS) scale using the procedure and interlab-
oratory standards of Warr and Mählmann (2015).

3.2 Petrographic analysis

The thin sections were first examined under plane-polarized
light and cross-polarized light conditions using a Nikon
Eclipse LV100N POL and a Zeiss Axio Imager.A2m polar-
izing microscope. Further examination of the thin sections
was undertaken using a Philips XL 40 scanning electron mi-
croscope (SEM) equipped with an X-ray energy-dispersive
spectrometry (EDS) system for chemical spot analyses. The
sections were analysed using 30 kV accelerating voltage and
a working distance of 12 mm. Images were collected in back-
scattered electron mode. Additionally, clay separates were
carbon coated and examined using an EDS equipped Zeiss
Ultra Plus SEM qualitative phase identification. The samples
were analysed under high vacuum with a 15 kV accelerating
voltage and a working distance of 6 mm. Images of clay sep-
arate were collected in secondary electron acquisition mode.

3.3 Rb–Sr illite dating

For the Rb–Sr dating (conducted at the Radiogenic Iso-
tope Facility laboratory, RIF, and the University of Queens-
land, UQ), illitic clay separates were leached for 15 min at
room temperature in 1 N distilled HCl (Clauer et al., 1993).
Leachate and residue were separated by centrifuging. The
residue was rinsed repeatedly with Milli-Q® water, dried,
and reweighed. Acid leached residues and untreated sam-
ples were measured directly by Thermo Xseries 1 quadrupole
ICP–MS with a precision better than 0.5 % (1σ ). The
Sr-enriched fraction was separated using cation-exchange
resins. Sr isotopic ratios were measured on a VG Sector 54
thermal ionization mass spectrometer (TIMS). Sr was loaded
in TaF5 and 0.1 N H3PO4 on a tantalum or tungsten sin-

gle filament. Sr isotopic ratios were corrected for mass dis-
crimination using 86Sr/88Sr= 0.1194. Long-term (6 years)
reproducibility of statically measured NBS SRM 987 (2σ ;
n= 442) is 87Sr/86Sr= 0.710249± 0.000028. More recent
dynamically measured SRM 987 had 86Sr/88Sr ratios of
0.710222± 0.000020 (2σ ; n= 140). Rb–Sr isochron ages
were calculated using the Isoplot programme (Ludwig, 2012)
and decay constant recommended by Villa et al. (2015).
For isochron age calculation, standard errors of ±0.01 % for
87Sr/86Sr and of±1 % for 87Rb/86Sr ratios were assigned to
the results. Individual analytical uncertainties were generally
smaller than these values.

3.4 K–Ar illite dating

The K–Ar dating was performed at the CSIRO Argon facil-
ity in Perth, Australia, according to standard methods given
in detail by Dalrymple and Lanphere (1969). Potassium con-
tent was determined by atomic absorption. The error of K
determination of standards is better than 1.2 % (1σ ). The K
blank was measured at 0.50 ppm. Argon was extracted from
the separated mineral fraction by fusing the sample within a
vacuum line serviced by an online 38Ar spike pipette. The
isotopic composition of the spiked Ar was measured with
a high sensitivity, online, VG3600 mass spectrometer. The
38Ar was calibrated against standard biotite GA1550 (Mc-
Dougall and Roksandic, 1974). Blanks for the extraction line
and mass spectrometer were systematically determined, and
the mass discrimination factor was determined periodically
by airshots (small amounts of air for 40Ar/36Ar ratio mea-
surements). During the course of the study, 16 international
standards (8 HD-B1 and 8 LP-6) and 16 airshots were anal-
ysed. The results are summarized in Table 2. The error for
the 40Ar/36Ar value of the airshot yielded 296.08± 1.23,
(0.41 %; 1σ ). The general error for argon analyses is below
1.3 % (1σ ) based on the long-term precision of 330 mea-
surements of international Argon standards. The K–Ar age
was calculated using 40K abundance and decay constants
recommended by Steiger and Jäger (1977). The age uncer-
tainties take into account the errors during sample weighing,
38Ar/36Ar and 40Ar/38Ar measurements, and K analysis.

3.5 40Ar–39Ar illite dating

Four fault gouge illites were dated by the 40Ar–39Ar method
at the University of Michigan, United States. Illitic clay sam-
ples were re-suspended in 1 mL of deionized water, spun-
down at 10 000 rpm in a microcentrifuge, and carved into a
∼ 1 mm pellet following decanting. To avoid loss of 39Ar due
to recoil, clay pellets were placed in 1 mm ID-fused silica
vials prior to being sent for neutron irradiation for 90 MWh
in medium flux locations of the McMaster Nuclear Reactor
(hole 8C for irradiation 1, 8A for irradiation 2). Following
irradiation, samples were attached to a laser fusion system,
the vials were broken under a 1× 10–8 Torr vacuum, and

https://doi.org/10.5194/se-11-1653-2020 Solid Earth, 11, 1653–1679, 2020



1660 I. T. Uysal et al.: Precambrian faulting episodes and insights into the tectonothermal history of north Australia

Table 2. K–Ar standard and airshot data.

STANDARD K Rad. 40Ar Rad. 40Ar Age Error Percent difference from re-
ID (%) (mol g−1) (%) (Ma) (Ma) commended reference age

HD-B1-137 7.96 3.3431× 10−10 89.76 24.1 0.4 −0.01
LP6-151 8.37 1.9477× 10−9 97.28 129.4 1.8 1.19
HD-B1-139 7.96 3.4214× 10−10 92.33 24.6 0.3 1.73
LP6-153 8.37 1.9465× 10−9 97.32 129.3 1.7 1.12
HD-B1-140 7.96 3.3805× 10−10 92.39 24.3 0.3 0.50
LP6-154 8.37 1.9196× 10−9 97.39 127.6 1.6 −0.23
HD-B1-141 7.96 3.4399× 10−10 92.86 24.8 0.3 2.27
LP6-155 8.37 1.9304× 10−9 97.69 128.3 1.6 0.31
HD-B1-142 7.96 3.4500× 10−10 93.28 24.8 0.3 2.56
LP6-156 8.37 1.9285× 10−9 97.59 128.2 1.7 0.21
HD-B1-147 7.96 3.4124× 10−10 92.88 24.6 0.3 1.45
LP6-161 8.37 1.9257× 10−9 97.13 128.0 1.7 0.07
HD-B1-148 7.96 3.3633× 10−10 90.67 24.2 0.3 0.00
LP6-162 8.37 1.9236× 10−9 97.21 127.9 1.7 −0.03
HD-B1-149 7.96 3.3562× 10−10 90.93 24.2 0.3 −0.21
LP6-163 8.37 1.9234× 10−9 97.21 127.9 1.6 −0.04

Airshot ID 40Ar/36Ar ±

AS131-AirS-1 295.67 0.45
AS131-AirS-2 293.43 0.46
AS133-AirS-1 298.42 0.14
AS133-AirS-2 297.35 0.29
AS134-AirS-1 295.81 0.14
AS134-AirS-2 296.65 0.08
AS135-AirS-1 296.59 0.13
AS135-AirS-2 296.76 0.17
AS136-AirS-1 295.22 0.24
AS136-AirS-2 296.69 0.27
AS141-AirS-1 295.85 0.28
AS141-AirS-2 296.53 0.23
AS142-AirS-1 294.87 0.23
AS142-AirS-2 296.52 0.18
AS143-AirS-1 294.16 0.20
AS143-AirS-2 296.81 0.17

HD-B1 from Hess and Lippolt (1994). LP-6 from Odin et al. (1982). Recommended 40Ar/36Ar value: 295.5 (Steiger and Jäger, 1977). The
accepted age value of HD-B1 is 24.21± 0.32 Ma and of LP6 127.9± 1.5 Ma.

the samples were step heated in situ using a defocused beam
from a 5 W Coherent INNOVA continuous Ar-ion laser op-
erated in multi-line mode. Argon isotopes were then anal-
ysed using a VG1200S mass spectrometer equipped with
a Daly detector operated in analogue mode using methods
by Hall (2014). Ages in this study are calculated relative to
an age of 520.4± 1.7 Ma for standard hornblende MMhb-1
(Samson and Alexander, 1987). The total gas age obtained
from the vacuum encapsulated sample is equivalent to a con-
ventional K–Ar age and quoted at 1σ .

3.6 Illite trace element analysis

For the trace element analysis conducted in the Radiogenic
Isotope Laboratory at the University of Queensland (RIF,
UQ), clay samples were dissolved with a mixture of HF and
nitric acids on a hotplate, then evaporated to dryness, re-
fluxed twice with nitric acid, and dissolved in 2 N nitric acid.
Aliquots of the solutions were spiked with internal standards,
diluted, and analysed on a Thermo X-series 1 quadrupole
inductively coupled plasma mass spectrometer (ICP-MS).
Sample preparation and analytical procedures used were sim-
ilar to those of Eggins et al. (1997) except that Tm was not
used as an internal standard and duplicate low-pressure di-
gestions of United States Geological Survey W-2 diabase
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standard and a known concentration profile (pre-analysed by
laboratory) were used for calibration (Li et al., 2005). The
156CeO/140Ce ratio for the run was 0.016. Long-term pre-
cision (RSD, relative standard deviation) was based on du-
plicate analyses of the duplicate digestions of AGV1, whilst
precision for the run was based on five duplicate analyses of
W-2, which were better than 3 % for most elements except
for Li, Zn, Mo, Cd, and Cs, which ranged between 5 % (Li,
Cd, and Cs) and 15 % (Zn).

4 Results

4.1 Sample description and microstructures

4.1.1 Core descriptions

The undifferentiated Millungera sequence intersected in Julia
Creek 1 and Dobbyn 2 comprises medium- to coarse-grained,
pink to dark red quartzose sandstone with minor interbeds
of micaceous clay siltstone and claystone. These sandstone
intervals are fractured and faulted throughout the sequence
and show evidence of pervasive hydrothermal alteration, par-
ticularly near the cracks (Fig. 2a; see also Faulkner et al.,
2012; Fitzell et al., 2012). Alteration products are a very fine-
grained clay-rich material that contains angular clasts from
the main rock (Fig. 2b). Clay-rich layers show mostly differ-
ent colours (grey, beige, red) relative to the sandstone wall
rock (Fig. 2b–e). Numerous open cracks coated with green
clay are observed throughout the cores (Fig. 2c). The clay-
rich material occurs along the fault planes and in cracks as
single vein or complex networks of partially consolidated
material (Fig. 2c–d). They also exist as relatively thick lay-
ers (up to 30 cm) within the sandstone cores (Fig. 2e), with
a sharp transition in the host rock (Fig. 2a–f), and contain
commonly slickenside surfaces at the contact with the host
rock (Fig. 2f–h).

4.1.2 Petrographic and microstructural analysis

Thin section photomicrographs and SEM images of repre-
sentative samples are shown in Fig. 3a–f. Microscopic ob-
servations show that the undeformed host rock sandstones
consist of mainly quartz, some muscovite, and minor K-
feldspar. Petrography, in combination with XRD analysis,
shows that kaolinite, illite, and chlorite are present as a pore-
and fracture-filling cement in the sandstones (Fig. 3a–b),
while detrital mica occurs in large elongate grains with al-
teration in illite along its edges (Fig. 3b–c). Chlorite does not
show any coarse detrital grains and only occurs authigenet-
ically in very fine grains dispersed and mixed with illites as
pore-filling mineral phases (Fig. 3a).

Faulted specimens from Julia Creek 1 show a character-
istic S–C foliation (e.g. Berthe et al., 1979) under the opti-
cal microscope (Fig. 4a, b and c) with an anastomosing net-
work of phyllosilicate defining the C shear oriented parallel

to the shear direction. The S shears include planes of insolu-
ble minerals oriented oblique to the sense of shear (Fig. 4c)
and quartz fragments embedded in a fine-grained, illite-rich
matrix as shown by electron microscopy imaging (Fig. 4d
and e). These quartz grains have an angular shape with in-
tensely serrated grain boundaries and are slightly elongated
with their long axis parallel to the orientation of the S sur-
face. Booklets of kaolinite partially replaced by illite are also
visible in the deformed specimens (e.g. Fig. 4d and e).

Faulted hand specimens from Dobbyn 2 exhibit planar to
slightly arcuate fault surfaces with a high gloss and display
evident slickenside surfaces decorated by short wavelength
(200–500 µm) striations (Fig. 5a). The sense of shearing and
offset on the faults is difficult to assess due to lack of mark-
ers visible in the cores. Domains of foliated and brecciated
cataclasite can be distinguished on hand specimens (Fig. 5b)
and in thin sections (Fig. 5c). Both domains are characterized
by hematite-rich injection veins emanating from the slip sur-
faces and oriented at approximately right angles to them with
sharp contacts with the surrounding material (Fig. 5d, e). The
domains are bounded by sharp contacts defined by slicken-
side surfaces constituted by thin layers (50–100 µm thick) of
iso-oriented phyllosilicates (Fig. 5d, f). The foliated catacl-
asite domains are characterized by a set of conjugate shears
referred to as S–C–C′ structures visible at the microscale us-
ing scanning electron microscopy (Fig. 5e). Oblique to the
shear direction, S surfaces are defined by the preferred align-
ment of elongated phyllosilicate minerals and are oriented
approximately perpendicular to the maximum flattening of
the strain ellipsoid.

C and C′ represent discrete shear surfaces; the former is
parallel to the macroscopic slip surface, and the latter de-
flects the S foliation by disrupting the grains into a plane
composed of ultra-fine comminuted grains oriented at a small
angle (∼ 20◦) to the macroscopic shear surface but with the
opposite sense of obliquity relative to the S surfaces (Fig. 5e).
The cataclasite domain shows the original rock fabric of de-
trital quartz grains and pore-filling diagenetic kaolinite dis-
rupted by a pervasive network of hematite-filled intragranu-
lar microfractures (Fig. 5g).

4.1.3 XRD and SEM clay mineral analysis

Illite is the most abundant clay mineral in the majority of
samples, with kaolinite and chlorite being present in many
samples. The latter minerals are more abundant than illite in
sample Dob-449.3 (Table 1; Fig. S1). XRD analysis shows
that the 001 peak position of the illite does not change af-
ter ethylene glycol treatment, which indicates that smectite-
like clays are not present or their amount is insignificant
(Srodon and Eberl, 1984). There is also no noticeable change
in KI values after the ethylene glycol treatment of the sam-
ples. KI measurements for < 2 µm size fractions normal-
ized to the standards of Warr and Rice (1994) range from
0.17 to 1.001◦2θ and from 0.46 to 1.011◦2θ for samples
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Figure 2. Photos of sampled cores showing fault gouges investigated in this study. Foliated and veined clay-rich fault gouges with light grey–
green colour distinctive from adjacent brown hematite-rich sandstone host rock (a–e). Fault gouge veins are characterized by an ultra-fine-
to fine-grained matrix and angular to subangular fragments of host sandstone of various sizes, ranging from submicrons to centimetres (b).
Ultra-cataclastic veins are common, which are observed as simple veins, complex lenses, and networks (c–d). Foliated fault gouge zone with
alternating red hematite-rich and grey–green layers (e). Slickenside structure is a commonly seen at the sharp contact between the clay-rich
fault gouge layers and the host rock (f–g).

from Dobbyn 2 and Julia Creek 1, respectively (Table 1). We
also measured KI values of > 2 µm size fractions of some
fault gouge samples. Such non-clay fractions contain mostly
parallel-oriented mica-type inherited and/or detrital miner-
als representing the pre-fault protolith. Coarser (> 2 µm) size
fractions of samples JC-408, Dob-441, Dob-449.3, and Dob-
476.6 KI give values of 0.421◦2θ , 0.361◦2θ , 0.141◦2θ ,
and 0.261◦2θ , respectively, whereas < 2 µm fractions of
the same samples provide considerably higher KI values
of 0.601◦2θ , 0.421◦2θ , 0.191◦2θ , and 0.331◦2θ , respec-
tively. KI values of < 2 µm size fractions of the host rock
range between 0.18 and 0.231◦2θ and 0.46 and 0.681◦2θ
for Dobbyn 2 and Julia Creek 1 samples, respectively (Ta-
ble 1). The normalized chlorite crystallinity values (AI) of
< 2 µm for samples free of kaolinite range from 0.35 to
0.421◦2θ (Table 1).

Non-oriented random powder XRD analysis of < 2, 2–
1, < 1, and < 0.5 µm fractions for samples from borehole
Julia Creek 1 (JC) confirm the mixture of 2M1, 1M , and
1Md polytypes of illite, while samples from borehole Dob-
byn 2 consist largely of 2M1 illite with some 1Md illite up
to 20 % for some samples (Table 1; Fig. S1). SEM analy-
sis of < 2 µm fractions show 2M1 illites forming large eu-
hedral crystal plates with sharp edges that occur together
with smaller 1M/1Md illite plates (Fig. 3c–f). A number
of previous studies (e.g. Clauer and Liewig, 2013) showed

that detrital illitic clay particles rarely have straight edges
but rather occur in particles with diffuse-blurred and irreg-
ular edges (Fig. 3c, like the white material on the right-hand
site). Samples Dob-441 and Dob-476.6 have generally larger
crystal sizes (Fig. 3c–d) than samples JC-408 and JC-360.7
(Fig. 3c–d). The abundance of 2M1 illite represented by these
larger crystal plates in samples Dob-441 and Dob-476.6 is
confirmed by XRD random powder polytype analysis (Ta-
ble 1; Fig. S1). Dob samples, however, are poorly sorted in
terms of crystal size distribution with the presence of a num-
ber of much smaller crystals (Fig. 3c–d). Such small crystals
are mostly rounded (see the arrow in Fig. 3d).

4.2 Illite geochronology

4.2.1 40Ar–39Ar dating

Four fault gouge illite samples of < 2 µm fraction were anal-
ysed for 40Ar–39Ar geochronology (Table 1 and Fig. 6).
Based on their illite crystallinity values, these samples rep-
resent deep diagenetic to upper anchizonal metamorphic
grades with 2M1 illite varying between 62 % and 100 %.
Samples had 5 %–12 % low temperature 39Ar recoil loss,
which is characteristic of well-crystallized illite grains (Hall
et al., 1997). Age data (1σ ) are obtained as total gas ages
(Table 1 and Fig. 6) (cf., Dong et al., 1995). Samples JC-
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Figure 3. Thin section photomicrographs (a–b) and SEM images
(c–f) illustrating fault gouge illites from the Millungera Basis. (a) Il-
lite plates (white) occur in voids within detrital quartz grains and
as pore-filling clay together with chlorite between detrital grains.
Note green–yellow chlorite shown by the red arrow. (b) Alteration
of detrital muscovite in illite. Note illite plates at the ends of the
mica-filling pores. (c) SEM image of sample Dob-441. Note the
large detrital mica grain (> 2 µm) with diffuse-blurred and irregu-
lar edges (the white material on the right-hand side), while authi-
genic illites occur in smaller crystals (< 2 µm) with straight edges.
SEM image of upper anchizone and epizone sample Dob-476.6.
Note the rounded smaller crystals (arrows), which occur partly as
a constituent of larger illite plates (dashed arrows). (e–f) SEM im-
ages of samples JC-408 and JC-360.7, respectively. Note the euhe-
dral (hexagonal) and anhedral crystal plates with sharp and straight
edges of these JC samples, which occur in a smaller crystal size in
comparison to the Dob samples. Smaller crystal size is consistent
with higher KI values of JC samples (see Table 1).

360.7, JC-408, Dob-441, and Dob-446.6 yield total gas of
1038.1±2.9 Ma, 1040.0±2.3 Ma, and 1068.1±1.8 Ma, and
994.6±2.2 (Table 1; Fig. 6). The analyses do not show well-
developed plateaux, which can be explained by recoil and
varying ages of individual crystals (cf., Clauer et al., 2012).

4.2.2 K–Ar dating

K–Ar ages of fault gouge and sandstone illites of different
size fractions from > 2 to < 0.1 µm from boreholes Julia
Creek 1 and Dobbyn 2 are presented in Table 1 and Fig. 7. A
histogram of all K–Ar results obtained from gouge zones is
shown in Fig. 7a. K–Ar size fraction ages for fault gouge and
host rock matrix illite and their interpretation in relation to
the tectonic history are shown in Fig. 7b and c, respectively.
Due to the sample nature, it was not possible to extract suf-
ficient material for < 0.1 or < 0.5 µm fractions from some
fault rock samples, especially from those samples from Dob-
byn 2 with illites with low KI values (0.4212θ or lower for
< 2 µm).

Size fractions from < 2 to < 0.1 µm of fault gouge sam-
ples JC-343, JC-360.7, and JC-440.5 from Julia Creek 1
yield consistent ages (Table 1) with a mean (average) of
1036.2±9.7, 1025±17.7, and 1028.9±17.3 Ma (1σ ), respec-
tively. The mean age of 1025±17.7 Ma for sample JC-360.7
is identical with the Ar–Ar total gas age of 1038.1± 2.9 Ma
of < 2 µm of the same sample. Various size fractions from
2–1 to < 0.5 µm of another fault gouge sample from Julia
Creek 1 (JC-408) give also consistent but older ages with a
mean of 1114.2±6.9 Ma. However, a younger 40Ar–39Ar to-
tal gas age of 1040.0±2.3 Ma is obtained for< 2 µm fraction
of sample JC-408 (Table 1; Fig. 6). The > 2 µm fraction of
sample JC-408 yields, by contrast, a distinctively different
and older K–Ar of 1243.2± 29.1 Ma (Table 1).

The K–Ar ages of different fault gouge illites from Dob-
byn 2 are more variable (Fig. 5a). The 2–1, < 2, 1–0.5,
and 0.5–0.1 µm fractions of sample Dob-389.6 yield con-
sistent ages (Table 1; Fig. 7b) with a mean of 1061±
19.5 Ma, whereas < 0.5 µm and < 0.1 µm give younger ages
of 981.8± 22.6 and 905.4± 20.9 Ma, respectively.

Smaller 2 and < 1 µm fractions of fault sample Dob-441
give inconsistent but close K–Ar ages of 1148.7± 26.9 and
1086.5± 25.1 Ma, respectively. The 40Ar–39Ar total gas age
of 1068.1± 1.8 Ma for this sample is consistent with the K–
Ar age of 1086.5±25.1 Ma of the < 1 µm fraction. A signif-
icantly older K–Ar age of 1312.3± 30.7 Ma is obtained for
the > 2 µm fraction of sample Dob-441 (Table 1; Fig. 7b).

Samples Dob-449.1 and Dob-449.3 were taken from a
clay-rich fault rock zone, with the former and latter repre-
senting beige–light grey and hematite-rich red varieties, re-
spectively. The 2–0.5, < 2, 1–0.5, and < 0.5 µm fractions of
sample Dob-449.1 yield younger but concordant ages with a
mean of 922.4± 19.9 Ma. However, illite fractions of sam-
ple Dob-449.3 (just 20 cm below) yield scattering K–Ar ages
regardless of the grain size. K–Ar ages of size fractions 2–
1, 1–0.5, 0.5–0.2, and < 0.5 µm for sample Dob-449.3 are
1047.7± 24.2, 1117.2± 25.8, 950.9± 22.0, and 1004.4±
23.2 Ma, respectively. The coarser> 2 µm fraction being rich
in detrital mica gives a much older age of 1259.0± 29.1 Ma
(Table 1; Fig. 7b).
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Figure 4. Microstructures of a faulted sample from Julia Creek 1 well (depth 360 m); petrographic thin section is cut parallel to the inferred
shear direction. (a) Whole thin section image collected using an optical microscope in plane polarized light showing composite S–C foliation
(dashed red lines illustrate the orientation of the S plane). (b) Optical microscope image in cross-polarized light showing phyllosilicate
enriched C planes and the oblique S foliation. (c) Optical microscope image in cross-polarized light showing alignment of opaque insoluble
minerals along the S plane (highlighted by the red arrows) indicative of pressure solution. (d, e) Scanning electron microscope images of the
deformed rock showing corroded boundaries in detrital quartz (Qtz) highlighted by the red arrows, authigenic kaolinite and illite (Kln; Ill)
and detrital muscovite (Ms) aligned along the C plane.

The K–Ar age of the 2–1 µm fraction and K–Ar and 40Ar–
39Ar total gas ages of < 2 µm fraction of the deepest fault
rock sample from Dobbyn 2 (Dob-476.6) yield identical ages
within analytical errors of 975.7± 22.2, 983.7± 23.0, and
994.6±2.2 Ma, respectively, with a mean of 984.7±9.5 Ma.
A much older age of 1170.4± 27.4 Ma is obtained for the
> 2 µm fraction of this sample (Table 1; Fig. 7b).

The K–Ar and 40Ar–39Ar results of all size fractions (ex-
cept > 2 µm) from fault gouges listed in Table 1 are pre-
sented as a histogram and probability density distribution
plot (Fig. 7a). Isotopic dates define distinct age clusters at

∼ 1070, ∼ 1040, and ∼ 995 Ma. There are also less pro-
nounced but noticeable age clusters at∼ 1115 and∼ 905 Ma
(Fig. 7a).

K–Ar ages of different size fractions of illitic clay miner-
als that occur as a matrix in undeformed, adjacent sandstones
(see Figs. 2 and 3) are also presented in Table 1 and Fig. 7c.
Three different size fractions of three different samples, Dob-
449.4, JC-500, and JC-360.6, yield the same ages within er-
ror, averaging at 1047±21, 1079±13, and 1062±7 Ma (1σ ),
respectively (Table 1 and Fig. 7c). The < 0.2 fine fractions
of JC-360.6 and JC-500 yield within error identical younger
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Figure 5. Faulted sample from Dobbyn 2 well (depth 441 m). (a) Hand specimen showing green–beige slickenside surface with striations
due to frictional movement along the surface. (b) Polished face of the hand specimen cut parallel to the shear direction as inferred from the
striation direction shown in (a). (c) Whole thin section image collected using an optical microscope in plane polarized light. The position of
the thin section with respect to the hand specimen is shown by the red rectangle in (b). The dashed yellow line marks different microstructural
domains of the fault rock defined as (i) foliated cataclasite and (ii) cataclasite. White boxes indicate the location of the following images.
(d) Optical microscope image in plane polarized light showing the slickenside surface (bound by the dashed yellow line) of the samples
composed of iso-aligned phyllosilicates. Also shown is a hematite-rich injection vein. (e) Scanning electron microscope image of the foliated
cataclasite portion of the samples and the characteristic S–C–C′ texture (see text for details). The dashed white line highlights the orientation
of the S planes. (f) Optical microscope image in plane polarized light showing a slip surface (bound by the dashed yellow line) at the
boundary between the foliated and non-foliated cataclasite domains. (g) Optical microscope image in plane polarized light showing a network
of hematite-filled intra-crystalline microfractures in the cataclasite domain of the fault rock, mainly composed of quartz (white grains) and
pore-filling clays.

ages of 928.3±47.6 and 878.3±45.1 Ma, respectively, which
might indicate the cessation of illite formation or partial reset
due to the final faulting with the early Neoproterozoic defor-
mation events and associated fluid flow.

4.2.3 Rb–Sr isochron dating

Rb–Sr data for the untreated, acid-leached residues and
leachates of different < 2 µm clay fractions for the fault
gouge illites collected from different stratigraphic levels in
Julia Creek 1 and Dobbyn 2 are presented in Table 3 and in
Fig. 8. The data show three parallel, well-defined linear rela-
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tionships indicating similar isochron ages but with different
initial 87Sr/86Sr values (Fig. 8a). Some samples plot between
these lines (Fig. 8a) possibly because they have different ini-
tial 87Sr/86Sr values, and these samples are not considered
for isochron age calculation. Samples from Dobbyn 2 plot
on the two upper isochron lines with higher 87Sr/86Sr ini-
tial values (Fig. 8a). Residue of samples JC-360.7B< 0.5 µm
plot also on one of these lines (the middle line in Fig. 8a). All
other Julia Creek 1 samples define a separate Rb–Sr isochron
line with lower 87Sr/86Sr initial values (the lower line in
Fig. 8a).

Leachates are accessory acid-soluble non-silicate phases
(mostly carbonate minerals and amorphous grain coatings
of FeO(OH) (Clauer et al., 1993). However, Rb–Sr isotopic
systematics of the acid-soluble leachate are not in equi-
librium with that of the illites since the leachates plot off
the Rb–Sr lines. Lower 87Sr/86Sr values of the leachates
(mostly< 0.72) in comparison to highly radiogenic (ele-
vated) initial 87Sr/86Sr of illites indicate the interaction of
rocks with some late-stage fluids from which acid-soluble
non-silicate phases were formed.

The data of untreated fractions with residues of < 2 µm
from Julia Creek 1 samples define a linear relationship from
which the slope yields a Rb–Sr errorchron age of 1041±
46 Ma (initial 87Sr/86Sr= 0.7194± 0.0011, MSWD= 27;
MSWD – mean square weighted deviation) (Fig. 8b). How-
ever, as apparent from the 87Rb/86Sr vs. 87Sr/86Sr plot in
Fig. 8a–b, untreated aliquots of samples JC-387.8 and JC-
440.5 plot slightly at the lower part of the line leading to
a large analytical error and MSWD value. This is proba-
bly caused by the effect of the leachable components that
were not in isotopic equilibrium with the clays, as dis-
cussed above. When these two untreated samples are omit-
ted, the data scatter is reduced significantly with a well-
defined regression line (MSWD= 2.3) and corresponding
isochron age of 1023±12 Ma (initial 87Sr/86Sr= 0.72009±
0.00025) (Fig. 8c). Residue and untreated aliquots of <
2 µm fractions from Dob-449, Dob-441A, and Dob-389.6
and residue of JC-360.7B< 0.5 µm yield an analytically
indistinguishable age of 1033± 25 Ma (initial 87Sr/86Sr=
0.72326± 0.00094, MSWD= 2.5) (Fig. 8d). A somewhat
younger Rb–Sr age of 1000± 12 Ma (initial 87Sr/86Sr=
0.72841± 0.00030, MSWD= 0.065) was obtained for Dob-
476.6< 2 µm (untreated and residue) and Dob-389.6 2–1 and
0.5–0.1 µm (residue) (Fig. 8e).

4.3 Trace elements

Rare earth element (REE) data and Th, U, and Sc contents of
illites (< 2 µm clay-size fractions) from the fault gouge sam-
ples are given in Table 4. Chondrite-normalized REE pat-
terns of illites from the fault gouges are shown in Fig. 9a.
In addition, the REE pattern of post-Archean average shale
(PAAS; Taylor and McLennan, 1985) is included in the REE
diagram. The fault gouge illites are substantially enriched

in light REEs (LREEs) relative to PAAS with La contents
as high as 10 times PAAS. The illites are, however, some-
what depleted in heavy REEs (HREEs) relative to LREEs
(Fig. 9a). The chondrite-normalized (La /Lu)c ratios of the
illites are significantly higher (up to 76) than the (La /Lu)c
ratio of PAAS (10) (Table 4). Fault gouge illites are also en-
riched in Th and U (up to 10 times) in comparison to PAAS
(Table 4).

5 Discussion

5.1 Faulting, fluid–rock interactions, and clay
generation

Brittle deformation and faulting are evident from cores in
the sampled intervals in Julia Creek 1 and Dobbyn 2, which
are probably associated with the large-scale faults inferred
from interpretations of seismic surveys (Fig. 1). Under upper
crustal conditions, fault zones accommodate intense shear
strain often localized in bands of cataclastic deformation
formed by friction-dominated faulting within the seismo-
genic regime (Sibson, 1977; Schmid and Handy, 1991).
While cataclastic fault rocks are generally considered to dis-
play random fabric, foliated fault rocks such as fault gouge
and foliated cataclasites have also been reported in different
lithologies ranging from crystalline rocks to siliciclastic- and
carbonate-dominated sediments at different burial or defor-
mation depths (Chester et al., 1985; Rutter et al., 1986; Lin,
1999; Ujiie et al., 2007; Laurich et al., 2004; Delle Piane et
al., 2017; Nicchio et al., 2018). Frictional sliding and abra-
sion are common processes during repeated fault movements
and result in a strong grain size reduction in the fault rocks
with respect to the constituting minerals in the undeformed
portion of the host rocks. The abundant presence of micro-
sized and nanosized particles in cataclasites and gouges may
result from combined effects of cataclasis and pressure solu-
tion precipitation during deformation in the presence of fluids
(e.g. Vrolijk and van der Pluijm, 1999; Solum et al., 2005).
Foliated cataclasites have also been observed at very shallow
depths in siliciclastic sediments (< 500 m; e.g. Balsamo et
al., 2014) and carbonate rocks (< 2 km; e.g. Smeraglia et al.,
2016) as the result of cataclasis, clay smearing, and/or pres-
sure solution precipitation in the presence of fluids during
deformation. The corroded grain boundaries of quartz grains
in faulted samples from Julia Creek 1 (Fig. 4) and the pres-
ence of the injection veins and hydrothermal hematite in the
cataclasites from Dobbyn 2 (Fig. 5) indicate that deforma-
tion occurred in a fluid-rich environment that promoted de-
trital muscovite dissolution and the new growth of illite. The
small injection veins that are observed to cut through the fo-
liated cataclasites and the detrital quartz grains (Fig. 5) may
represent the effect of hydraulic fracturing due to a fast in-
crement of fluid pressure in the fault zone during a seismic
slip (e.g. Sibson, 1989; Cowan et al., 2003; Ujiie et al., 2007;
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Table 3. 87Rb–86Sr data for the untreated (U) and acid leached residues (R) of different clay fractions from the Millungera Basin fault
gouges.

Sample Size fraction Rb Sr 87Rb/86Sr 87Sr/86Sr ±2σ
(µm) (ppm) (ppm)

JC-343.3U < 2 263.8 244.7 3.14 0.771035 0.000008
JC-360.7Ub–c < 2 270.5 303.9 2.59 0.757396 0.000009
JC-360.7Rb–c < 2 253.7 269.0 2.74 0.759576 0.000009
JC-360.7R 2–1 279 361.1 2.25 0.754344 0.000008
JC-360.7L 2–1 61.96 914.2 0.196 0.715331 0.000006
JC-360.7Rd < 0.5 288.7 222.1 3.79 0.778401 0.000005
JC-360.7L < 0.5 68.94 906.2 0.220 0.715632 0.000006
JC-387.8Ub < 2 203.7 564.6 1.05 0.734125 0.000009
JC-387.8Rb–c < 2 201.6 537.4 1.09 0.735621 0.000007
JC-408U < 2 273.0 259.4 3.06 0.768788 0.000009
JC-440.5Ub < 2 206.8 637.0 0.941 0.733108 0.000007
JC-440.5Rb–c < 2 213.2 627.4 0.986 0.734396 0.000009
JC-440.5R < 0.5 279.2 240.1 3.38 0.765505 0.000006
JC-440.5L < 0.5 26.75 378.4 0.205 0.716576 0.000006
Dob-389.6Ud 2 239.5 184.5 3.78 0.778229 0.000009
Dob-389.6Re 2–1 255.0 254.5 2.92 0.769394 0.000006
Dob-389.6Re < 0.5 268.6 201.0 3.89 0.783259 0.000008
Dob-389.6L < 0.5 22.08 612.8 0.10 0.712000 0.000006
Dob-441Ud < 2 134.8 121.6 3.23 0.770115 0.000008
Dob-441R 2–1 200.7 203.4 2.87 0.767702 0.000006
Dob-441R < 1 202.1 201.8 2.91 0.768636 0.000007
Dob-441L < 1 20.5 399.5 0.149 0.720827 0.000006
Dob-449.1Ud < 2 214.7 337.0 1.85 0.750186 0.000009
Dob-449.1Rd < 2 218.9 326.1 1.95 0.751971 0.000014
Dob-449.1Rd 2–1 242.0 378.8 1.86 0.749952 0.000006
Dob-449.1L 2–1 13.59 265.7 0.148 0.718102 0.000006
Dob-476.6Ue < 2 190.0 521.6 1.06 0.744176 0.000009
Dob-476.6Re < 2 200.2 517.7 1.12 0.744209 0.000007

U signifies untreated, R signifies residue, and L signifies leachate. Samples with superscript b, c, d, and e are used in
Fig. 8b, c, d, and e, respectively.

Figure 6. Ar–Ar dating results and argon release diagrams for il-
lites from the fault gouges of < 2 µm size fraction for sample Dob-
476.6 (a), Dob-441 (b), JC-408 (c), and JC-360.7 (d). Note consis-
tent Ar–Ar total gas ages except for sample Dob-476.6.

Rowe et al., 2012). At the core scale, some samples show
no shearing-related fabrics in the sandstone cores (fresh and
hard) adjacent to clay-filled cracks (Fig. 2a–d). This may be
a result of the precipitation of clay-rich material and the in-
jection of granular material from seismically mobilized cir-
culating fluids (cf., Smeraglia et al., 2016).

K–Ar results show that illites from fault gouges and matrix
illites in undeformed adjacent sandstones precipitated con-
temporaneously (Fig. 7). In some tectonically active regions,
mineral assemblages from the fault rocks and their parent
rocks are significantly different whereby parent rocks do not
contain any alteration minerals, with new mineral growth be-
ing restricted to the fault rocks. This indicates that the heat
and fluid flows associated with mineral authigenesis were
not controlled by regional tectonic events in these regions
but were rather confined to the areas within the fault zone
(e.g. Uysal et al., 2006; Işik et al., 2014; Babaahmadi et al.,
2019). However, the relation between large-scale fluid flow
and seismic events has long been reported (e.g. Bruhn et al.,
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Figure 7. (a) Histogram for K–Ar and Ar–Ar ages and probability distribution of ages for fault gouge illites. Curves show relative proba-
bilities calculated using Isoplot 7 for Excel (Ludwig, 2012). (b) K–Ar and Ar–Ar dates (no error bars due to small errors) for different size
fractions of fault gouges and (c) matrix illites from host rocks and their interpretation in relation to tectonic history.
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Figure 8. (a) Rb–Sr data of the different size fractions and the untreated leachate and residue separates of each size fractions from samples.
Parallel linear relationships correspond to similar isochron age but with different initial 87Sr/86Sr values. (b) Rb–Sr plot for untreated
fractions with residues of of< 2 µm from most Julia Creek 1 samples. (c) Well-defined isochron for Julia Creek 1 samples after omitting two
untreated aliquots, (d) Rb–Sr isochron diagrams for an assemblage of Dobbyn 2 samples (including JC-360.7B< 0.5 µm), and (e) another
group of Dobbyn 2 samples with a younger age.

1994; Eichhubl et al., 2010; Faulkner et al., 2010; Lupi et
al., 2010; references therein). Brittle faulting in the upper
crust involves episodic changes in the stress level that can
expel large volumes of fluids, leading to the generation of hy-
drothermal/geothermal systems (e.g. Maffucci et al., 2016).
Faults and veins and their immediate surroundings represent
zones of fluid passage and the transfer of mass through those
fluids (e.g. Sibson, 1987). Mineral alteration in slip zone
gouges extends outward from the fault zone into the unde-
formed wall rock (e.g. Parry et al., 1991; Craw et al., 2009).
The wall rock alteration is attributed to the diffusion and ad-

vection of fluids and hence chemical mass and heat transfer
associated with deformation. For example, metasomatic al-
teration zones develop around fluid pathways by advection
with mineral dissolution and precipitation increasing towards
the conduit and dictated by infiltrating fluids (Ferry and Dip-
ple, 1991; Rossetti et al., 2011; Maffucci et al., 2016). Meta-
somatic mineral alteration is common in sedimentary basins
contemporaneous with regional extensional tectonics. Alter-
ation is driven by the reactivity of sandstone host rocks, with
illitic clay minerals, K-feldspar (adularia), hematite, calcite,
and quartz being some common minerals precipitating from
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Table 4. Trace element data (ppm) for the fault gouge illites.

Sample JC-360.7 JC-387.8 JC-440.5 Dob-449.1 Dob-476.6 PAAS

La 89.8 281.5 242.3 328.0 396.2 38.0
Ce 193.9 619.1 519.4 591.8 773.3 80.0
Pr 19.9 63.1 54.3 73.1 80.2 8.90
Nd 69.1 225.6 187.3 257.0 271.5 32.0
Sm 12.8 39.1 32.2 44.5 46.3 5.60
Eu 2.22 4.32 4.22 7.30 7.01 1.10
Gd 9.27 24.3 21.2 29.8 28.7 4.70
Tb 1.05 2.07 2.59 3.70 3.23 0.77
Dy 5.09 7.22 12.9 20.2 15.9 4.40
Ho 0.94 1.17 2.42 4.36 3.29 1.00
Er 2.59 3.27 6.66 14.2 10.5 2.90
Tm 0.37 0.43 0.97 2.47 1.74 0.40
Yb 2.36 2.81 6.29 18.0 12.3 2.80
Lu 0.35 0.41 0.93 2.87 1.93 0.43
Th 80.8 110.9 83.6 107.7 149.1 14.60
U 7.54 8.43 18.6 32.2 40.3 3.10
Sc 20.7 10.2 11.2 91.4 58.1 16.00
(La/Lu)c 29 23 76 13 29 10
Th/Sc 3.9 10.9 7.5 1.2 2.6 0.9
Th/U 10.7 13.2 4.5 3.3 3.7 4.7

Figure 9. REE patterns of the fault gouge illites. Note that the illites
are substantially enriched in light REEs (LREEs) relative to PAAS.

tectonically mobilized K-bearing basin brine (Fedo et al.,
1995; Michalski et al., 2007; Eichhubl et al., 2010; Rossetti
et al., 2011). Similarly, in this study, sandstone immediately
above or below the fracture and shear (fault gouge) zones
represents zones of the alteration of detrital minerals to illite
by tectonically moved fluids.

5.2 Geochronology: comparison between K–Ar,
40Ar–39Ar, and Rb–Sr ages

Fault gouges from the Millungera Basin in Australia (Fig. 1)
contain a mixture of coevally formed 1M/1Md and 2M1 il-
lite from which the crystallization age was determined by a

combined application of Rb–Sr, 40Ar–39Ar, and K–Ar tech-
niques. It is demonstrated that applying both the Rb–Sr and
K–Ar (40Ar–39Ar) techniques for dating the same fault gouge
minerals provides more robust and complementary age con-
straints on faulting episodes and minimizes the inherent dis-
advantages for each isotopic system. A common drawback of
Ar geochronology when dating white mica is that Ar appar-
ent ages are either significantly older or younger than the Rb–
Sr isochron ages of the same samples (Kelley, 2002; Di Vin-
cenzo et al., 2006). Rb–Sr isotopic systematics may remain
unaffected because Rb–Sr resetting requires higher closure
temperatures and sufficient fluids in the system to facilitate
recrystallization (e.g. Di Vincenzo et al., 2006). However,
a potential pitfall of the Rb–Sr dating technique could re-
sult from heterogeneous initial 87Sr/86Sr ratios on a mineral
scale (cf., Davidson et al., 2005). In this study, as discussed in
Sect. 4.2.3, we minimized the effect of mineral-scale initial
isotopic heterogeneity by analysing different aliquots (un-
treated, leachates, and residues) and different sub-size frac-
tions of one clay sample. Indeed, different sub-size fractions
and aliquots of some samples plot on different isochron lines
indicating different 87Sr/86Sr ratios (Fig. 8; see the discus-
sion below). Illites from the Millungera Basin fault gouges
display well-developed linear data arrays on Rb–Sr isochron
diagrams which we interpret as reflecting statistically valid
late Mesoproterozoic ages (Fig. 8).

Numerous case studies, as discussed in detail below, indi-
cate that such linear relations can result either from a mix-
ing between different mineral populations with different ini-
tial 87Sr/86Sr ratios or from a complete isotopic equilibra-
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tion of the entire mineral assemblage at a given time. In
the former case, the linear relationship between 87Rb/86Sr
and 87Sr/86Sr could have developed from a mixing line of
two end members with potentially no genetic relationship
and therefore without meaningful age information, whereas
the latter relation provides a valid isochron whose slope
yields the age of illitic clay generation during a fault reac-
tivation event. However, valid and geologically significant
isochrons and mixing lines can also be obtained simulta-
neously from samples with different mineral populations,
comprising minerals with different Rb/Sr ratios but iden-
tical initial 87Sr/86Sr ratios. In this case of identical initial
Sr-isotopic compositions of two components of a mixture at
time t = 0, the two components and mixtures thereof define
a horizontal line both in a classic isochron diagram (which is
the key condition for validity of calculated Rb–Sr isochron
ages) and in the 87Sr/86Sr vs. 1/86Sr diagram commonly
used for the evaluation of binary isotopic and compositional
mixing (cf. Wendt, 1993; Schneider et al., 2003, for theo-
retical background). In sedimentary basins or hydrothermal
systems, samples with various Rb/Sr ratios can precipitate
from a chemically homogeneous basinal fluid that can yield
the same isotopic composition across the entire sedimentary
basin (e.g. Uysal et al., 2001; Golding et al., 2013). Fault
gouge clay separates from the Millungera Basin contain a
mixture of illites and other authigenic clay minerals such as
chlorite and kaolinite (see the Sect. 4.1.2) and minor car-
bonates, which include considerable amounts of Sr but no
or very little Rb (in contrast to illite). Since samples used
for Rb–Sr analysis contain these different minerals in var-
ious amounts, the obtained linear relations can be consid-
ered to have evolved from (initially horizontal) mixing lines,
but they simultaneously represent geologically meaningful
isochron correlations. The isochron ages are consistent with
K–Ar ages of the same clay-size fractions of the correspond-
ing samples, which provides further strong support in favour
of isochrons with meaningful age information (see below).
Similarly, valid Rb–Sr ages based on linear relations repre-
senting both isochrons and mixing lines were commonly ob-
tained from leachate, untreated, and residue aliquots of fault
gouge and matrix illites (Clauer and Chaudhuri, 1995; Mutlu
et al., 2010; Uysal et al., 2011; Golding et al., 2013; Işik et
al., 2014; Middleton et al., 2014; Rosenbaum et al., 2015;
Babaahmedi et al., 2019).

The Rb–Sr isochron ages of JC samples are concordant
with K–Ar ages of the same samples (Table 1). However,
K–Ar and Rb–Sr ages are not consistent for a number of
Dob samples. K–Ar ages of Dob-389.6 and Dob-441 sam-
ples are older than the corresponding Rb–Sr isochron ages,
while K–Ar ages of all different size fractions for sam-
ple Dob-449.1 are lower (925 to 913 Ma) than the Rb–Sr
isochron age (Fig. 8b–d; Table 1). The Rb–Sr isochron age of
1000± 12 Ma for < 2 µm of sample Dob-476.6 (along with
the acid-leached residues of Dob-441B and Dob-389.6 for
2–0.5 to 0.5–0.1 µm fractions) is consistent with K–Ar ages

of the same sample for coarser size fractions (975.7± 22.2
and 983.7± 23.0 Ma) within analytical errors. The < 1 µm
fraction of sample Dob-476.6 yields a consistent K–Ar age
(922.2± 21.2 Ma) with clays of all size fractions of sample
Dob-449.1 (Table 1).

In summary, all JC samples with their various size frac-
tions yield consistent Rb–Sr isochron and individual K–Ar
ages. This finding is similar to those reported by some recent
studies that present robust and comprehensive Rb–Sr, 40Ar–
39Ar, and K–Ar age data for deep diagenetic and anchizonal
fault gauge illites (e.g. Middleton et al., 2014; Rosenbaum
et al., 2015; Babaahmadi et al, 2019). Discrepancy in Rb–Sr
and K–Ar ages for Dob samples, e.g. Dob-441 < 2 µm (K–
Ar age is older) and Dob-449.1 (K–Ar ages are younger),
and the internal inconsistency of K–Ar ages among differ-
ent size fractions of sample Dob-4449.3 (e.g. 1048± 24 Ma
for 2–1 µm and 1117±26 Ma for 1–0.5 µm fractions; see Ta-
ble 1) may result from sample heterogeneity (hand specimen
and microscale; see Figs. 4 and 5) as a result of more than
one illite generation due to multiple faulting episodes (see
Sect. 5.4).

The mixing of different generations is possible on a small
scale as a result of variable degrees of isotopic resetting of
a single illite generation during subsequent faulting events.
Pervasive overprinting and recrystallization can be hindered
even on a microscale, which may result from a lack of per-
meability and/or limited availability of fluids (e.g. Bröcker et
al., 2013).

5.3 Implication of Sr isotope and trace element
compositions for the evolution of fault-related fluids

The trace element composition of authigenic clay minerals
reflects the mineral–fluid partition coefficients for different
elements, as well as the composition of fluids from which
the clays precipitated. Trace element contents and concen-
trations, as well as some element ratios, can be used to trace
the origin of basinal and hydrothermal fluids (e.g. Uysal and
Golding, 2003; Uysal et al., 2005, 2011). The fault gouge
illites analysed in this study are highly enriched in LREE
and other incompatible elements such as Th and U relative to
PAAS (Fig. 9a and Table 4). This geochemical characteristic
indicates precipitation of the illites from fluids that must have
interacted with rocks of the upper crust enriched in incom-
patible and heat-producing elements. This is also consistent
with initial 87Sr/86Sr values of fault gouge illites that reflect
the Sr isotope composition of fluids from which the illites
precipitated. The radiogenic initial 87Sr/86Sr ratios of about
0.72 indicate the involvement of fluids that equilibrated with
old Rb-rich crustal rocks. The trace element and Sr isotope
data are in agreement with seismic and potential field data
by Korsch et al. (2011), which are interpreted as indicating
the occurrence of granites with a thickness of up to 5.5 km
below the Millungera Basin. The inferred granites may be a
part of the granite (Williams Supersuite) exposed just to the
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west in the Mount Isa Inlier, which is enriched in Th, U, and
K (Korsch et al., 2011 and references therein).

Different 87Sr/86Sr initial values of illites of the parallel
isochron lines corresponding to the same Rb–Sr age in Fig. 8
and scatter of Rb–Sr data points for some samples indicate
separate circulation pathways for seismically mobilized flu-
ids that might have restricted to unconnected fault planes and
fracture systems in different areas of the Millungera Basin.

5.4 Changes in illite crystallinity in relation to K–Ar
ages

A valid interpretation of illite isotopic ages in relation to de-
formation history is subject to a solid mineralogical char-
acterization of samples. Particularly, information about the
illite crystallinity and illite polytype data are critical in as-
sessing the illite crystallization temperature and a possible
contamination of samples by metamorphic detrital muscovite
from the undeformed host rock. Illite crystallinity is com-
monly used to identify the transitional anchimetamorphic
zone between the diagenesis and epimetamorphic zone of
low-grade metamorphism. The boundary limit from diage-
netic to anchimetamorphic conditions has been reported to be
at 0.52◦ 2θ , whereas the anchizone–epizone boundary is set
at 0.25◦12θ (Warr and Mählmann, 2015). Accordingly, KI
values of< 2 and 2–1 for Julia Creek illitic clays indicate di-
agenetic and anchizone metamorphic conditions. Since these
illites occur as a discrete phase (containing no expandable
layers) and contain both 1M/M1 and 2M1 polytypes, they
indicate formation temperatures of about 200 ◦C and higher
(cf., Hoffman and Hower, 1979; Walker and Thompson,
1990). Although the 2M1 polytype has been known to ap-
pear usually at temperatures higher than 250 ◦C (Srodon and
Eberl, 1984), its occurrence at lower temperatures of about
200–250 ◦C in co-existence with 1M/Md has also been re-
ported (Walker and Thomson, 1990, Chen and Wang, 2007;
Hejing et al., 2008). KI values show considerable differ-
ences between samples from Julia Creek and Dobbyn ar-
eas (Fig. 10), which clearly indicate different palaeo-thermal
conditions in different areas. The < 2 µm fractions of Julia
Creek fault gouge samples show similar KI values with in-
significant changes with depth except a spike for the sample
at 440.5 m (Fig. 10). Samples from Dobbyn 2 are charac-
terized by lower KI values and the dominance of 2M1 illite
(Fig. 10; Table 1).

Our interpretation of the significance of K–Ar ages for
fault gouge and matrix illite is based on K–Ar age versus
grain size and KI relationships (Figs. 7b and 11a, b, c). This
relationship can represent either an inclined or a parallel age
spectrum. The parallel age spectrum results from identical
K–Ar ages of different size fractions within error, represent-
ing internal consistency, which is regarded as geologically
meaningful (e.g. Clauer and Chaudhuri, 1995; Torgersen et
al., 2014). The inclined age spectrum can arise from the pres-
ence of multiple illite generations, such as either an earlier

Figure 10. KI values versus present depth from boreholes Julia
Creek 1 and Dobbyn 2.

authigenic illite generation or inherited (detrital) components
mixing with younger authigenic illites. The slope of the spec-
trum is a function of the age difference between the two age
end members.

Plotting KI values vs. K–Ar ages, fault gouge samples
from Julia Creek 1 indicate almost flat spectra with identical
(within error) or slightly decreasing ages between 1049± 25
and 1006± 23 Ma for most of the JC samples and at ∼
1100 Ma for sample JC-408 (Fig. 11a). These concordant K–
Ar ages of samples with changing grain size (Fig. 7b) and KI
values can thus be considered meaningful in indicating the
timing of major deformation events. Similarly, an age clus-
tering around 1060 Ma of samples with changing grain sizes
and KI values is evident for matrix illites (Figs. 7c and 11c).

There are two different KI values vs. K–Ar age popula-
tions of Dobbyn 2 fault gouges, displayed by the shallow
(above 441 m) and deeper (below 441 m) samples, which are
distinguished by higher and lower KI values, respectively.
They show two parallel trends with reasonably strong nega-
tive correlations (Fig. 11a), which may be considered as the
mixing of two possible end members. These may be repre-
sented by an earlier illite generation at ∼ 1100 Ma (similar
age as various size fractions of sample JC-408; see above)
and a later illitization or isotopic resetting at ∼ 900 Ma. The
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Figure 11. Correlations between K–Ar ages and KI values for fault
gouge illites for samples from Dobbyn 2 (a), Julia Creek 1 (b), and
matrix illites from sandstone host rocks (c) (> 2 µm fractions were
not included). Analytical errors of K–Ar ages were disregarded for
the regression lines. Exponential trends were obtained for the best fit
of the regression lines for Dobbyn 2 samples (a). Note the flat trends
that are obvious for Julia Creek 1 samples for fault gouges (b) and
matrix illites (c).

correlations in Fig. 11b can also be interpreted as indicating
the effect of numerous and superimposed slip episodes dur-
ing discrete faulting events. A similar K–Ar age range but
different extent for KI values of Dobbyn 2 fault gouges in-
dicate that different thermal conditions prevailed in the shal-
lower and deeper parts (see the discussion above for the il-
lite crystallinity) and occurred in the same time period. Al-
though decreasing K–Ar ages with increasing KI values of
Dob samples could be due to a decreasing amount of detri-
tal illite/muscovite with decreasing grain size, K–Ar ages for
different size fractions and KI values of sample Dob-389.6
(2–1, < 2, 1–0.5, and 0.5–0.1 µm), Dob-449.1 (2–0.5, < 2,
1–0.5, and < 0.5 µm), and Dob-476.6 (2–1 and < 2 µm) are
consistent within analytical error. This, together with authi-

genic mineral textures of illites (Fig. 3), suggests that the
presence of detrital muscovite in < 2 fractions is unlikely.

The lowest K–Ar ages associated with the highest KI val-
ues indicate the later recrystallization of illites in finer crys-
tals or the isotopic resetting of finer illites at relatively lower
temperatures not affecting the coarser size fractions. Ther-
mally activated volume diffusion in clay minerals leading to
40Ar loss can cause decreasing K–Ar ages with decreasing
grain sizes of clays (e.g. Torgersen et al., 2014; Lerman et
al., 2007). The finest clay size fractions are more susceptive
to younger thermal events due to poor radiogenic argon re-
tentivity because of a smaller diffusion radius and less crys-
tallinity. Consequently, the reheating of the finest particles,
formed earlier, during a later thermal event to a temperature
high enough to enable 40Ar diffusion from the crystal struc-
ture could cause the partial or complete resetting of the K–
Ar isotopic systematics (Clauer and Chaudhuri, 1999). Al-
ternatively, the finest fraction represents the last clay growth
of newly crystallized tiny illite crystallites, which can occur
during fluid flow events related to tectonically active regimes
(e.g. Zwingmann and Mancktelow, 2004; Uysal et al., 2006).
The size of authigenic clay minerals can be a function of both
the duration of crystal growth and the crystallization temper-
ature (Frey, 1987; Cashman and Ferry, 1988). The ages of
the finest grain size fractions therefore date either to the time
of the last, short-lived thermal and/or fluid flow events (cf.,
Torgersen et al., 2014) or to cooling events after a prolonged
burial and mineral growth, which took place in the Neopro-
terozoic at the latest.

5.5 Significance for regional tectonics

North-east Australia lies on a cratonic margin that has had
a complex crustal history involving the successive develop-
ment of several Proterozoic to Palaeozoic orogenic systems
(Fig. 12). Age data from the faults defining the margins of
the Millungera Basin are thus important in revealing con-
cealed major Proterozoic tectonic zones in Australia, which
contain energy and mineral resources (Korsch et al., 2011).
The age data from the fault gouges provide clear evidence
for a late Mesoproterozoic minimum age for the Millungera
Basin and are in accordance with the early–middle Mesopro-
terozoic maximum depositional age of the Millungera Basin
as constrained from zircon ages for Millungera Basin sand-
stones (Neumann and Kositcin, 2011).

The fault gouge ages clustering at ∼ 1115± 26, ∼ 1070±
25, ∼ 1040± 24, ∼ 1000± 23, and ∼ 905± 21 Ma (Fig. 7)
may be related to the regional extension and associated major
thermal event that occurred across Australia at 1120–900 Ma
(e.g. Musgrave Orogeny and subsequent Giles Event) due to
interactions between Australia and other continents during
the assembly of the supercontinent Rodinia (De Vries et al.,
2008; Li et al., 2008; Evins et al., 2010). This Australia-wide
tectonothermal event that largely developed along former
(Mesoproterozoic) collision zones led to the emplacement of
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Figure 12. Summary of the geological history of the Millungera Basin region and isotopic age clusters of the illites.

widespread dyke swarms, sills, and associated granite plu-
tons in the Central and North Australia cratons largely in a
time frame between ∼ 1040 and ∼ 1090 Ma (Schmidt et al.,
2006; Evins et al., 2010; Aitken et al., 2013). The Musgrave
Orogeny involving the widespread emplacement of granite
and mafic–ultramafic bodies was recorded in central Aus-
tralia at 1220 and 1120 Ma (Evins et al., 2010; Kirkland et
al., 2013). Major swarms of dolerite intrusions in the North
Australian Craton are dated at 1116± 12 Ma (Lakeview Do-
lerite; Tanaka and Idnurm, 1994), and associated hydrother-
mal events were recorded in Mount Isa Province (adjacent
to the study area; Fig. 1) (Uysal et al., 2004). The illite ages
clustering around ∼ 1100 Ma coincide with the latest stage
of the Musgrave Orogeny (Figs. 7b, 12).

Another cycle of mafic intrusions in central Australia oc-
curred during the extensional Giles Event between ∼ 1078
and 1068 Ma (Evins et al., 2010; Aitken et al., 2013; ref-
erences therein), which was followed by granite magma-
tism and accompanying felsic volcanism between ∼ 1050
and ∼ 1040 Ma (Evins et al., 2010, and references therein).
The latest phase of the Giles Event is represented by the fel-
sic Smoke Hill Volcanics yielding an age of 1026± 26 Ma.
The K–Ar ages clustering around ∼ 1040 Ma of different il-
lite size fractions from the fault gouges and sandstones are
consistent with the timing of the later stage of the Giles event.

Orogenic events post-dating the Giles event are repre-
sented by mafic dykes and rare pegmatites emplaced at about
1000 Ma (Evins et al., 2010). Further, a Rb–Sr age of 897±
9 Ma is reported for dolerite from the Stuart Dyke Swarm
in the southern part of the Arunta Block, Northern Territory
(Black et al., 1980). The Rodinia supercontinent was assem-
bled through worldwide orogenic events by 900 Ma. Stresses
induced by the ca. 900 Ma event probably caused the reacti-
vation of older orogens within Rodinia (Li et al., 2008). The
Amadeus Basin in north-central Australia was initiated at
∼ 900 Ma in the late Proterozoic by crustal extension, proba-
bly in association with mafic intrusions being correlated with
the Stuart Dyke Swarm (Korsch and Lindsay, 1989). Fault
gouge K–Ar ages of∼ 950–900 Ma for various size fractions

from sample Dob-449.1 and the finest fraction (< 0.1 mm)
from Dob-389.6 coincide with the timing of deformation as-
sociated with these early Neoproterozoic igneous and defor-
mation events (Fig. 7b).

The dated faults of the Millungera Basin may be as-
sociated regionally with a series of fault systems bound-
ing rift basins in the southern Georgina Basin. Those fault
zones (e.g. Burke River Structural Belt, Pilgrim Fault Zone;
Greene, 2010) which are in close proximity to and run paral-
lel with the dated faults framing the Millungera Basin occur
extensively in the adjacent Mount Isa Inlier (Greene, 2010;
Korsch et al., 2011). The Pilgrim Fault Zone was estab-
lished in a Mesoproterozoic structural boundary within the
Mount Isa Inlier (Greene, 2010). The southern Burke River
Fault, just to the west of the Millungera Basin (Fig. 1), rep-
resents a rift-bounding normal fault, and it was reactivated
and inverted to reverse faults during the mid-Palaeozoic Al-
ice Springs Orogeny (∼ 400–350 Ma) (Greene, 2010). Sim-
ilarly, samples from this study were taken from thrust faults
at the margin of the Millungera Basin. However, the K–
Ar, 40Ar–39Ar, and Rb–Sr ages of the fault gouge illites
have been essentially preserved, and no tectonic event after
about 905 Ma has reset the isotopic systematics of these fault
gouges (Fig. 12). This can be explained by the lack of sig-
nificant fluid or heat flow events allowing recrystallization or
40Ar diffusion from illites. In conclusion, our geochronolog-
ical age data constrain the timing of fault activity associated
with the late Mesoproterozoic and early Neoproterozoic em-
placement of the intrusions and crustal regional extension in
north-central Australia.

6 Conclusions

A new integrated study was conducted employing radiomet-
ric age dating (K–Ar, 40Ar–39Ar, and Rb–Sr) of illitic clay
minerals from fault gouges and Neoproterozoic host sand-
stones bounding the recently discovered Millungera Basin
in north-central Australia. Rb–Sr isochron, 40Ar–39Ar to-
tal gas, and K–Ar ages are consistent indicating late Meso-
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proterozoic and early Proterozoic episodes (∼ 1115± 26,
∼ 1070±25,∼ 1040±24,∼ 1000±23, and∼ 905±21 Ma)
of active tectonics in north-central Australia. These faulting
episodes correspond to the timing of regional extensions and
associated major thermal events that occurred across Aus-
tralia at 1120–900 Ma due to interactions between Australia
and other continents during the assembly of the supercon-
tinent Rodinia. Sr isotope and trace element data indicate
that fault gouge illites precipitated from fluids that interacted
with a deep granitic basement enriched in heat-producing el-
ements. This study provides insight into the inscrutable time–
space distribution of Precambrian tectonic zones in central
Australia, which are responsible for the formation of a num-
ber of sedimentary basins with significant energy and mineral
resources. Investigating core samples with preserved isotopic
signatures of Proterozoic fault rocks avoids the effect of sur-
face weathering of old geological terranes.
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