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Abstract

The end-Permian mass extinction was the most profound extinction event in the
Phanerozoic. Massive volcanic activity from the Siberian Traps produced a large
amount of CO2 and other gases, causing global warming and subsequent global anoxia
and euxinia in the ancient seas. Photic zone euxinia (PZE) is established when the
euxinic (elevated Hz2S and anoxic) part of the water column overlaps with the sunlight
zone. Under PZE, anoxygenic sulfur bacteria are active and live in a distinct vertical
zonation of communities: purple sulfur bacteria at the top of the chemocline, green-
green sulfur bacteria beneath, and green-brown sulfur bacteria beneath green-green
sulfur bacteria. These bacteria make characteristic carotenoid pigments that give rise
to specific biomarkers (okenane: purple sulfur bacteria, chlorobactane: green-green
sulfur bacteria, and isorenieratane: green-brown sulfur bacteria) in sediments and
petroleum samples. However, microbial mats (microbialites as lithofacies) are also
known to contain anaerobic sulfur bacteria with abundant purple sulfur bacteria and

green-green sulfur bacteria.

In the northern Perth Basin, the Kockatea Shale was deposited during the Late
Permian to Early Triassic. Interpretation of seismic data suggests that basin geometry
during the Early Triassic was largely inherited from Permian rifting and that intra-
basinal structural highs controlled the distribution of the Lower Triassic sediments.
Core and wireline logs provide details of the lithofacies present in the basal section of
the Lower Triassic Kockatea Shale. The lateral distribution of the lithofacies,
combined with organic geochemical signatures (biomarkers, stable carbon and sulfur

isotopic data) shows the lateral extent of corresponding paleoenvironments.

The presence of carotenoid biomarkers derived from sulfur bacteria and other
biomarkers related to anoxia and water column stratification show that dark coloured
mudstones were deposited in the deeper part of the basin under PZE. Microbial mats
developed in shallow water settings on intra-basinal structural highs away from basin
margins. These mats also have carotenoid biomarkers derived from sulfur bacteria and

developed under both oxic and PZE conditions. Cyanobacteria become more abundant
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in the mats developed under oxic conditions compared with the mats developed under
PZE. On the other hand, light coloured mudstones were deposited under oxygenated

tidally influenced conditions in shallow water settings near the basin margins.

The source rock potential of both dark coloured mudstone and microbialite facies
is demonstrated by total organic carbon (TOC) values between 0.3 and 3.4 % and
hydrogen index (HI) values between 39 and 579 mg/gTOC. The light coloured
mudstones, deposited under more aerobic tidal settings, have no to poor source rock
potential and TOC values between 0.2 and 0.5% and HI values between 59 and 127
mg/gTOC.

Similar patterns of variations in biomarker abundances can be correlated between
petroleum exploration wells, defining a chemo-isotope stratigraphy, which suggests
cyclic fluctuation of PZE and oxic conditions. This can be explained by the fluctuation
of the depth of the chemocline (the boundary between oxic and anoxic/euxinic
conditions). When the chemocline is shallow, PZE develops basin-wide, but when the
chemocline is deep, PZE is limited to deeper water or is absent altogether. This
periodic fluctuation in PZE could correspond to the periodic anoxic episodes after the

end-Permian mass extinction recognized in other basins globally.

Microbialites and PZE share similar biomarker features. However, several organic
geochemical features differentiate microbialites and PZE. Microbialites have a higher
relative abundance of okenane and Cs3 m-alkylcyclohexane (n-Cs3 ACH), and
isotopically lighter values of '°Com and &**S of pyrite compared with PZE. Purple
sulfur bacteria are more abundant in microbialites compared to PZE. Purple sulfur
bacteria utilize the C3 pathway of photosynthesis for their carbon fixation, which is
relatively depleted in '*C, while green sulfur bacteria utilize the reversed TCA
(tricarboxylic acid) cycle for their carbon fixation which is relatively enriched in *C.
The source of n-C33 ACH is uncertain, but the high abundance of this compound in
microbialites suggests that it is associated with microbialite facies. The fractionation
of §°*S values between PZE and microbialites appears to indicate that the difference
of microbial community including the relative abundance of purple sulfur bacteria is a
cause for the fractionation related to the difference of metabolism of each microbe as

identified in other basins.
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In this thesis, the petroleum samples from the Northern Carnarvon Basin are also
analysed. The Northern Carnarvon Basin is located on the north-west margin of
Australia and shares a similar evolution to the northern Perth Basin. Many of the
analysed petroleum samples from both the Perth and Northern Carnarvon basins
contain carotenoids (okenane, chlorobactane and isorenieratane) derived from sulfur
bacteria, suggesting that their source rocks were deposited under conditions of PZE
and/or derived from microbialites. In the northern Perth Basin, the major lithofacies
contributing to the source rock are dark coloured mudstone associated with PZE and
microbialite lithofacies. In the southern Perth Basin, there is a potential source in
Permian strata based on the low concentrations or absence of carotenoids and 7-Cs3
ACH. There is also a strong possibility that the Lower Triassic Locker Shale (the
equivalent of the Lower Triassic Kockatea Shale in the Perth Basin) is one of the
source rocks for the petroleum in the Tubridgi field on the Peedamullah Shelf of the
Northern Carnarvon Basin, based on the similarity of biomarkers to the Kockatea
Shale, and Perth Basin petroleum. However, the possibility of charge from the Upper

Jurassic Dingo Claystone cannot be excluded.

This thesis presents a practical integration of geology and organic geochemistry to
investigate the basin-scale paleogeography and paleoenvironmental depositional
conditions of the Early Triassic in the northern Peth Basin, and the application of them
to source rock evaluation in the Perth and Northern Carnarvon basins. In addition, the
integrated organic geochemical research reveals the organic geochemical difference
between PZE and microbialites. This work shows the importance of understanding
basin-scale paleoenvironmental conditions for comparing paleoenvironments between

basins and predicting potential source rocks in a basin.
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brown: fluvial to deltaic sediments, bluish green (Nangetty Fm.): open marine
glacial sediments, yellowish green (Eneabba and Woodada Fms.): fluvial to
deltaic sediments. Fm.=Formation, Fms=Formations, Sst.=Sandstone, and
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Figure 3-3. Well correlation panel of the basal section of the Kockatea Shale from
Cliff Head 4, Dongara 4, Hovea 3, Beharra Springs 2, Woolmulla 1 and Jurien 1.

Core lithology is based on core observation (Taniwaki et al., 2021), gamma ray
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1 Objectives

The end-Permian mass extinction is the most profound extinction event in the
Phanerozoic and is characterized by anoxic, euxinic and photic zone euxinic (PZE)
conditions caused by volcanic eruptions from the Siberian Traps. In this period,
microbial mats (microbialite as lithofacies) were also extensively developed due to the

establishment of harsh conditions for other organisms.

The aims of this research are to investigate the basin-scale extent of anoxic and
euxinic conditions during the Early Triassic in the northern Perth Basin, Western
Australia, by integrating organic geochemistry and geology, and to establish the
contribution of microbialites to organic geochemical signatures, which share similar

organic geochemical characteristics to PZE.

2 Mass extinctions during the Phanerozoic and end-Permian mass extinction
2.1 Mass extinction events in the Phanerozoic

The history of life on Earth shows a series of mass extinction events and recoveries
from them (Figure 1-1) (Raup & Sepkoski, 1982; Twitchett, 2006; Whiteside & Grice,
2016). Many species were wiped out during mass extinctions, but the empty niches
allowed surviving species to evolve and diversify during the subsequent period. Five
large mass extinction events have been recognized in the Phanerozoic: the end
Ordovician, Late Devonian, end-Permian, end-Triassic and end-Cretaceous. Several
possible reasons for each extinction have been identified such as glaciation (end
Ordovician), CO:2 reduction due to the rise of terrestrial plants (late Devonian),
volcanic activity (end-Permian and end-Triassic), and asteroid impacts (end-

Cretaceous). The severity of extinction differs in each event.
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Figure 1-1. The diversity of life during Phanerozoic and the five major mass extinction

events (after Raup and Sepkoski, 1982). Cm = Cambrian, O = Ordovician, S = Silurian,

D = Devonian, C = Carboniferous, P = Permian, Tr = Triassic, J] = Jurassic, K =

Cretaceous, T = Tertiary, Cz = Cenozoic.

2.2 End-Permian mass extinction event

The end-Permian mass extinction event is the most profound extinction event of

the Phanerozoic, and occurred between 251.94 and 251.88 Ma spanning 60 kyr (Figure
1-1) (Benton, 2016; Erwin, 1994; Hofman, 2016; Twitchett, 2006; Whiteside & Grice,

2016). Almost 95% of marine and 70% of terrestrial species were wiped out during
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this event. The cause of this extinction event is believed to be the massive volcanic
activity associated with the Siberian Traps, which released large amount of CO2 and
other gasses leading to global warming (Burgess & Bowring, 2015; Georgiev et al.,
2020; Grasby et al., 2017; Herndon, 2017; Reichow et al., 2009; Sanei et al., 2012;
Shen et al., 2019a, b; Sial et al., 2020; Thibodeau et al., 2016; Tian et al., 2014; Wang
et al., 2019; Whiteside & Grice, 2016). Mercury (Hg) concentrations are high globally
in this period (Grasby et al., 2017; Sanei et al., 2012; Scaife et al., 2017; Shen et al.,
2019; Sial et al., 2020; Thibodeau et al., 2016; Wang et al., 2019). The main causes of
high Hg concentration are considered to be volcanic activity, terrestrial input, and
incorporation of atmospheric-derived Hg into sulfide precipitation in the water column
(Cui et al., 2020; Grasby et al., 2017; Scaife et al., 2017; Shen et al., 2019a,b; Sial et
al., 2020; Them et al., 2019; Wang et al., 2019). The globally high Hg concentration
around the Permian-Triassic boundary is generally considered to be the result of
atmospheric transport associated with volcanic activity from the Siberian Traps (Sanei
et al., 2012). During this period, global warming resulted in sluggish water column
conditions and the ocean became anoxic. This also resulted in increased activity of
sulfate-reducing bacteria at the sediment-water interface, causing high concentrations
of HzS, resulting in euxinic conditions (Algeo et al., 2011; Fenton et al., 2007; Knoll
etal., 1996; Kump et al., 2005; Pfenning, 1978; Song et al., 2014; Wignall & Twitchett,
1996; Zaton et al., 2016). After the end-Permian mass extinction, anoxic conditions
were established periodically until the beginning of the Middle Triassic. As a result,
the recovery from the mass extinction took around 8-9 million years. This is a longer
recovery period compared with other extinction events, and consequently biodiversity
was profoundly damaged. However, local oxygenated shallow water settings are good
refuges for biotic recovery (Beatty et al., 2008; Benton, 2016; Chen et al., 2012; Chen
& Benton, 2012; Foster et al., 2015; Hallam, 1991; Hofmann et al., 2011; Kaiho et al.,
2016; Knaust, 2010; Payne et al., 2004; Retallack et al., 1996; Sahney & Benton, 2008;
Sedlacek et al., 2014; Shen et al., 2015; Shen et al., 2019a,b; Song et al., 2014;
Twitchett et al., 2004; Wei et al., 2015; Woods et al., 1999; Zaton et al., 2016; Zhang
et al., 2014; Zhang et al., 2017).
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Some authors have proposed a meteorite impact as a cause of the end-Permian
mass extinction such as a possible impact on the Bedout High in the Roebuck Basin,
offshore north western Australia (Becker et al., 2004). However, a meteorite impact
cannot explain the periodic global anoxia and the protracted recovery after the mass
extinction. Recovery after the end-Cretaceous mass extinction caused by a meteorite
impact was rapid compared with recovery after the end-Permian mass extinction
(Lowery et al., 2018). The interpretation of the Bedout High as an impact structure is
also questioned (Miiller et al., 2005).

PZE was developed globally in this period by overlapping of the photic zone and
shallow euxinic conditions (Summons & Powell, 1987; Grice et al., 1996; Clifford et
al., 1998; Pedentchouk et al., 2004; Grice et al., 2005a,c; Cao et al., 2009; Maslen et
al., 2009; Nabbefeld et al., 2010; Sousa Junior et al., 2013; Tulipani, 2013; French et
al., 2015; Zhou et al., 2017; Connock et al., 2018; Fox et al., 2020; Schaefer et al.,
2020). Within the PZE interval, anoxygenic photosynthetic bacteria such as sulfur
bacteria occur near the chemocline (transition between oxic and euxinic conditions).

Details of PZE are described in 4.3.

Paleozoic fauna was replaced by modern fauna across the end-Permian mass
extinction (Benton, 2016). Major Paleozoic fauna such as brachiopods, rugose and
tabulate corals, cephalopods, crinoids, trilobites, graptolites, and tetrapod synapsids
became extinct, and many modern fauna such as neoselachians (modern sharks),
neopterygians (modern fishes), teleosts (modern fishes), mammals, turtles, lepidosaurs
(modern lizards), and archosaurs (dinosaurs and birds) emerged. On the other hand,
major flora groups survived the end-Permian mass extinction and modern seed ferns,
conifers and flowering plants emerged and expanded in the Cretaceous. Distinct
characteristics of the end-Permian mass extinction are the “coral gap” and “coal gap”.
After the extinction, coral reefs were missing for 10 million years until recovery in the
Middle Triassic, and the coral types were replaced by modern scleractinian corals
across the coral gap, indicating that harsh environments for coral building organisms
continued for a longer time after the extinction. Coal beds are also missing for 10
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million years after the extinction, indicating the absence of forests or a massive loss of

plants at least near shorelines in this period.

The development of microbialites is another important feature following the
extinction (Foster et al., 2020; Kershaw et al., 2012; Luo et al., 2018; Woods, 2014).
Microbialites are generally common in the Proterozoic, but are also commonly
recognized globally from the Lower Triassic. This indicates that severe conditions
existed during and after the mass extinction which were not suitable for other
organisms (Forel, 2013; Foster et al., 2020; Kershaw et al., 2012; Luo et al., 2018;
Woods, 2014).

3 Geological setting

The study areas for this research are the northern Perth and Northern Carnarvon
basins (Figure 1-2), with the main focus being the northern Perth Basin. These basins
developed during several phases of rifting and uplift related to the break-up of the
Pangea and Gondwana continents as part of the Eastern Gondwana Interior Rift
(EGIR) (Domeier and Torsvik, 2014; Matthews et al., 2016; Olierook et al., 2019;
Scholle et al., 1995).

3.1 The northern Perth Basin, Western Australia

The northern Perth Basin is the major focus of this thesis. It is located in Western
Australia and has a north-south elongate basin geometry. In the basin, the Kockatea
Shale was deposited during the Late Permian to Early Triassic, recording the end-
Permian mass extinction and its recovery (Georgiev et al., 2020; Grice et al., 2005;
Metcalfe et al., 2008; Thomas et al., 2004), and is one of the good quality source rocks
in the basin (Boreham et al., 2000; Grosjean et al., 2017; Langhi et al., 2014; Scott,
1994; Thomas, 1979; Thomas et al., 2004). The basin developed as a narrow seaway

between the Indian and Australian continents associated with the EGIR (Figure 1-3)
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(Domeier and Torsvik, 2014; Matthews et al., 2016; Olierook et al., 2019; Scholle et
al., 1995).

The regional structural trend in the basin is defined by NNW-SSE striking normal
faults, parallel to the Darling Fault system which separates the Perth Basin from the
Yilgarn Craton in the east (Jones et al., 2011; Song & Cawood, 2000). The basin is
divided into sub-basins generally based on the present-day basin geometry (Hall &
Kneale, 1992). For instance, the Beagle Ridge is a prominent intra-basinal high located
near the present-day coastline. The Turtle Dove Ridge is an offshore structural high
parallel to the Beagle Ridge. The Dandaragan Trough is the structural low between the

Beagle Ridge and the eastern basin margin.

The tectonic evolution from the Devonian to Early Cretaceous has been described
by many authors (Figure 1-4) (Cadman et al., 1994; Crostella, 1995; Crostella &
Backhouse, 2000; Elders et al., 2018; Hall et al., 2017; Jablonski & Saitta, 2004; Jones
& Hall, 2002; Mory, 1994; Norvick, 2004; Orlov et al., 2017; Owens et al., 2018;
Playford et al., 1976; Quaife et al., 1994; Tupper et al., 2016). The Late Permian rifting
and subsequent Late Permian Unconformity are significant geological features. The
Lower Permian Nangetty Formation, Holmwood Shale, High Cliff Sandstone, Irwin
River Coal Measures and Carynginia Formation were deposited in open marine, fluvial
and deltaic settings, and are interpreted as pre-rift or syn-rift sequences (Mory & lasky,
1996; Mory et al., 2005). In parts of the basin, the Upper Permian Wagina Sandstone,
Beekeeper Formation and Dongara Sandstone were deposited in deltaic and shallow
marine settings as the first post-rift sediments overlying the Late Permian
Unconformity. Subsequently, in the Late Permian to Early Triassic, the thermal
subsidence phase of the rift produced a local marine transgression with deposition of
the Kockatea Shale facies in deeper water. At the same time, the Bookara Sandstone
was developed in the shallow water parts of the basin. Deltaic sediments of the Middle
Triassic Woodada Formation were deposited above the Kockatea Shale as a result of
subsequent regression. The overlying Late Triassic to Late Jurassic Lesueur, Eneabba,
Cattamarra Coal Measures, Cadda, and Yarragadee Formations were deposited during
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subsequent rift events. Extensive uplift and erosion was caused by the breakup of
Greater India in the Early Cretaceous (Jablonski and Saitta, 2004), and is especially
prominent in the offshore northern Perth Basin, resulting in a significant unconformity

that separates these sequences from the Lower Cretaceous Winning Group.

The Perth Basin is an oil and gas producing basin (Boreham et al., 2000; Crostella,
1995; Ellis & Bruce, 1998; Ghori, 2015, 2017; Jones et al., 2011; le Poidevin &
Lowden, 1994; Tupper et al., 2016). One of the main sources of oil is the Lower
Triassic Kockatea Shale (Boreham et al., 2000; Gorter et al., 2009; Grosjean et al.,
2017; Langhi et al., 2014; Scott, 1994; Thomas, 1979; Thomas et al., 2004; Torghabeh
et al., 2014). The source rock potential and organic geochemical characteristics of the
Kockatea Shale are well documented based on biomarker and stable carbon and
hydrogen isotopic studies (Dawson et al., 2005; Grice et al., 2007; Grice et al., 2005;
Grice et al., 2005; Grice et al., 2005; Mclldowie & Alexander, 2005; Thomas & Barber,
2004). A unique biomarker named “Cs3 n-alkylcyclohexane” (n-Cs3 ACH) has been
identified globally from the Lower Triassic, and is identified in the northern Perth
Basin (Grice et al., 2007; Grice et al., 2005a,b,c; Grotheer et al., 2017; Hays et al.,
2012; Mclldowie & Alexander, 2005; Nabbefeld et al., 2010; Thomas & Barber, 2004).
This compound is utilized for the source-oil correlation and to identify the contribution

of the Lower Triassic Kockatea Shale source rock to the petroleum system in the basin.

The basal section of the Lower Triassic Kockatea Shale is a good oil-prone source
rock with high TOC and HI (Grosjean et al., 2017; Thomas et al., 2004). The good
source rock interval corresponds to the development of PZE (Grice et al., 2005b;
Thomas et al., 2004), but several ichnofossils and body fossils were also identified
(Chenetal.,2012; Haigetal., 2015; Luo & Chen, 2014; Zhang et al., 2017), suggesting
oxic conditions were also present during the Early Triassic. Microbialites are identified
from the Kockatea Shale. These mats are well documented from outcrops in the Perth
Basin (Chen et al., 2014; Luo et al., 2018; Luo and Chen, 2014), although they are less
well-studied in the subsurface (Thomas et al., 2004).
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Figure 1-2. Locations of the northern Perth and Northern Carnarvon basins with
gravity anomaly map as background showing the basin geometry. The public domain
data used for the gravity map is published by the Scripps Institution of Oceanography
(after Sandwell & Smith, 2009; Sandwell et al., 2013; Sandwell et al., 2014).
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Figure 1-3. Paleogeography and Eastern Gondwana Interior Rift (EGIR) (after Rollet
etal., 2019).
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3.2 The Northern Carnarvon Basin, Western Australia

The Northern Carnarvon Basin is located in the western part of the North West
Shelf on the northern coast of Australia. In the basin, the Upper Jurassic Dingo
Claystone and the Lower Triassic Locker Shale are considered potential source rocks
(Grahame et al., 2017; Molyneux et al., 2016; van Aarssen et al., 1996; Volkman et
al., 1983). The Locker Shale of the Northern Carnarvon Basin is an equivalent to the
Lower Triassic Kockatea Shale in the northern Perth Basin and shares a similar
depositional age and depositional setting to the Kockatea Shale. The Northern
Carnarvon Basin is located on the eastern edge of the EGIR, bounded by the Sibmasu-
Argo blocks and the Neo Tethys Ocean (Figure 1-3) (Domeier and Torsvik, 2014;
Matthews et al., 2016; Minken et al., 2019; Scholle et al., 1995; Stephenson et al.,
1998).

The Northern Carnarvon Basin shares a similar tectonic evolution and stratigraphy
to the northern Perth Basin. The Locker Shale was deposited in a post-rift marine
transgression setting. Deltaic facies are suggested for the Middle Triassic Mungaroo
Formation in the Northern Carnarvon Basin (Figure 1-5) (Allgéwer and Lignum, 2019;
Baillie et al., 1994; Ferdinando et al., 2007; Grahame et al., 2017; I’ Anson et al., 2019;
lasky et al., 2002; Lech, 2013; Longley et al., 2002; Marshall and Lang, 2013; McGee
et al., 2017; Miiller et al., 2005; Smith et al., 1999; Tindale et al., 1998; Westphal and
Aigner, 1997). The regional structural trend in the basin is NE-SW striking normal
faults associated with small oblique faults responsible for lateral movement (Borel and
Stampfli, 2002; Iasky et al., 2002; Paschke et al., 2018; Stephenson et al., 1998;
Tindale et al., 1998; Yasin et al., 1998). The basin is divided into sub-basins generally
based on depocentre locations. The Exmouth, Barrow, Dampier and Beagle Sub-basins
are the main depocentres. On the other hand, the Enderby Terrace, Lambert and

Peedamullah Shelves form the shelf margin on the southeast flank of the basin.

Late Permian rifting and the Late Permian Unconformity are prominent

geological features in this basin (Minken et al., 2019). The Lower Triassic Locker
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Shale was deposited as a post-rift transgressive deep water sequence (McGee et al.,
2017; Tao et al., 2013). The Middle Triassic Mungaroo Formation and younger strata
were deposited during subsequent periods of subsidence and rifting. The Upper
Jurassic Dingo Claystone was also deposited in a deeper marine setting during a
global anoxic event (Hocking, 1992). The basin experienced significant uplift and
erosion in the Early Cretaceous, and the Valanginian Unconformity separates the

passive margin sequences from older sediments as in the northern Perth Basin.

Although the largest fields in the Northern Carnarvon Basin are condensate and
gas, the basin is also an oil producing basin (Bunt et al., 2001; Tasky et al., 2002; le
Poidevin and Lowden, 1994; Lech, 2013; Thompson et al., 2018). In the Northern
Carnarvon Basin, there are several potential source rocks. The Upper Jurassic Dingo
Claystone is recognised as a source rock in the Barrow and Exmouth sub-basins
(Tindale et al., 1998; van Aarssen et al., 1996; Volkman et al., 1983). The Lower
Triassic Locker Shale also has source rock potential with high TOC and HI (Molyneux
et al., 2016). Triassic or older strata have been cited as possible source rocks for the
Tubridgi Field on the Peedamullah Shelf (Bunt et al., 2001; Edwards and Zumberge,
2005).
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Figure 1-5. Stratigraphy of the Northern Carnarvon Basin (after I’ Anson et al., 2019).
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4  Significance of biomarkers and isotope analysis in organic geochemistry

Organic geochemistry is essential to investigate paleoenvironments and source
rock characteristics (Peters et al., 2004; Peters, 1986). In this research, TOC and Rock-
Eval, biomarker, stable carbon and sulfur isotope analyses are used. The principles of

their application are discussed here.
4.1 Biomarker analysis

Biomarkers are “molecular fossils” and originate from biolipids of living
organisms (Peters et al., 2004). These biolipids lose their reactive functional groups
such as carbon-carbon double bonds through the thermal maturation process, and their
basic carbon skeletons are preserved as biomarkers in sedimentary rocks and
petroleum (Figure 1-6). The biomarker compositions represent ecological
communities in geological time. The identification and quantification of biomarkers is
utilized for the reconstruction of paleoenvironments, thermal maturity evaluation, and
petroleum system analysis. Many biomarkers are produced by multiple organisms, but
some specific biomarkers are sourced from particular species and utilized for
paleoenvironment reconstruction. For instance, photosynthetic bacteria produce
specific carotenoids depending on species: okenone from purple sulfur bacteria
(Chromatiaceae), chlorobactene from green-brown sulfur bacteria (Chlorobiaceae),
and isorenieratene from green-green sulfur bacteria (Chlorobiaceae) (Brocks &
Schaeffer, 2008; Fox et al., 2020; Grice et al., 1997; Grice et al., 2005a; Schaefer et
al., 2020; Summons & Powell, 1987). These bacteria generally develop under PZE and
in microbialites. Biomarkers derived from these carotenoids (okenane, chlorobactane,

isorenieratane) are a good proxy for the identification of these conditions.
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4.2 Stable isotope analysis

Stable isotope data can also contribute to the reconstruction of paleoenvironments
in combination with biomarkers (Grice et al., 2007, 1998, 1997; Hayes et al., 1990;
Kuhn et al., 2010; Schouten et al., 1998).

Most elements have several stable isotopes. For carbon, '?C is dominant with minor
proportions of '*C. For sulfur, **S is dominant with **S, **S and **S as minor portions
(Table 1-1). The abundance of each stable isotope under natural conditions is relatively
constant. However, the isotope fraction changes slightly through physical, chemical
and biological processes such photosynthesis (Peters et al., 2004; Schidlowski, 1988)
(Figure 1-7).

Table 1-1. Stable isotope abundance of carbon and sulfur (Faure and Mensing, 2005).

Carbon Sulfur
2C98.90% S 95.02%
BC O 1.10% FS  0.75%

MS 421%
S 0.02%

16



Chapter 1

Biolipids from organisms

Burial and thermal maturation

Figure 1-6. Schematic concept of biomarker formation. Each biolipid represents

okenone, chlorobactene and isorenieratene from purple sulfur bacteria, green-green
sulfur bacteria and green-brown sulfur bacteria, respectively. These biolipids turn
into biomarkers (okenane, chlorobactane, and isorenieratane) through burial and

thermal maturation in sediments.

17



Chapter 1

513C (%o)
-40 -30 -20 -10 0
B c3
plants
L - C4
B ~ algae
phytopkankton
L cyanobacteria
anoxygenic _ W purple sulfur bacteria
photosynthetic
bacteria - green sulfur bacteria i
B
hydrocarbons
L

Figure 1-7. Approximate 6'°C range of plants, phytoplankton, sulfur bacteria and
hydrocarbons (after Schidlowski, 1988; Peters et al., 2004).

For example, compounds derived from sulfur bacteria have different values of
stable carbon isotope depending on the type of bacteria (Peters et al., 2004). Purple
sulfur bacteria (Chromatiaceae) are active in settings with dissolved inorganic carbon
depleted in '*C, and utilize the C3 pathway for carbon fixation through their
photosynthesis (Grice et al., 1997; Zyakun et al., 2009). Therefore, products from these
bacteria become relatively depleted in '*C. On the other hand, green sulfur bacteria
(Chlorobiaceae) utilize the reversed TCA (tricarboxylic acid) cycle for carbon fixation

through their photosynthesis, and their products are relatively enriched in '*C.

Sulfur isotope fractionation is influenced by microbial metabolism under oxic and

anoxic conditions and evaporite mineral formation (Bernasconi et al., 2017). For
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example, 6°*S values of pyrite in PZE are isotopically lighter compared to oxic
conditions (Bottcher et al., 2010; Canfield and Farquhar, 2009; Kaplan and Rittenberg,
1964; Schaefer et al., 2020). This difference follows the change in the sulfur isotope
composition of seawater sulfate. This is related to pyrite formation and burial under
anoxic conditions, and microbial sulfate reduction, due to the strong preference of *2S
over **S during this process. This trend is recognized globally around the Permian-

Triassic boundary (Bernasconi et al., 2017).

4.3 Reconstruction of paleoenvironments

Source-specific ~ biomarkers and stable isotopes can differentiate
paleoenvironmental conditions. PZE and microbialites are the main focus of this

research. The general conditions of each setting are described in this section.
4.3.1 Photic Zone Euxinia (PZE)

Under anoxic conditions with a stagnant water column, sulfate-reducing bacteria
become active around the sediment-water interface and produce H2S as a degradation
product (Manske et al., 2005; Pfenning, 1978; Sass et al., 2001), and euxinic conditions
are established with high H2S concentration. PZE is established when the chemocline
between oxic and euxinic water becomes shallow and occurs within the photic zone
(Figure 1-8). It is identified in present day lakes and oceans such as the Black Sea
(Jorgensen et al., 1991), Fayetteville Green Lake (Meyer et al., 2011) and North Sea
fjords (Anderson et al., 1988). PZE is sometimes associated with mass extinctions,
such as the Permian-Triassic boundary (Cao et al., 2009; Grice et al., 2005a; Hays et
al., 2007) and the Middle to Late Devonian (Connock et al., 2018; George et al., 2014;
Spaak et al., 2018).

Under PZE, anoxygenic photosynthetic bacteria such as sulfur bacteria become
active and produce layers of bacterial communities depending on tolerance to oxygen

(Brocks and Schaeffer, 2008; Cui et al., 2020; French et al., 2015, 2014; Hays et al.,
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2007; Meyer et al., 2011; Nabbefeld et al., 2010). Green-brown sulfur bacteria
(Chlorobiaceae) are located at the bottom, green-green sulfur bacteria
(Chlorobiaceae) are in the middle, and purple sulfur bacteria (Chromatiaceae) are
positioned at the top of the layer. Green sulfur bacteria (green-green and green-brown
sulfur bacteria) are strict anaerobic phototrophs, and utilize H2S as an electron donor
for photosynthesis. They produce specific biolipids such as carotenoid pigments
including chlorobactene from green-green sulfur bacteria, isorenieratene from green-
brown sulfur bacteria, and bacteriochlorophylls such as Bchls ¢, d and/or e. These
biolipids become biomarkers throughout thermal maturation: chlorobactane,
isorenieratane, methyl iso-butyl maleimides, and aryl isoprenoids (Clifford et al.,
1998; Grice et al., 1996; Grice et al., 2005a,b; Maslen et al., 2009; Nacher & Grice,
2015; Pedentchouk et al., 2004; Sousa Junior et al., 2013; Summons & Powell, 1987;
Tulipani et al., 2015). Green sulfur bacteria utilize the reversed TCA (tricarboxylic
acid) cycle for carbon fixation for their photosynthesis. Therefore, their products tend
to be relatively enriched in '3C (Grice et al., 1997). On the other hand, purple sulfur
bacteria also utilize H2S as an electron donor for photosynthesis but have more
tolerance to oxygen. They also produce specific biolipids: okenone as the carotenoid
pigment, and Bchl a and b as bacteriochlorophylls. Okenone becomes the carotenoid
biomarker okenane. Purple sulfur bacteria utilize the C3 pathway for carbon fixation
for their photosynthesis. Therefore, the products from them tend to be relatively

depleted in °C.

The & 3*S values of pyrite tend to be isotopically lighter in euxinic conditions
compared with oxic conditions (Bottcher et al., 2010; Canfield and Farquhar, 2009;
Kaplan and Rittenberg, 1964; Schaefer et al., 2020). Under euxinic conditions, pyrite
is formed under unlimited sulfate supply and preserves the large sulfur isotope
fractionation between the sulfate pool and pyrite (Georgiev et al., 2020). On the other
hand, under oxic conditions with limited sulfate supply, & **S values of pyrite tend to

be isotopically heavier (Georgiev et al., 2020).
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Figure 1-8. Schematic illustration of photic zone euxinia, associated microbial community, and representative carotenoid pigments of each

sulfur bacteria.
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4.3.2 Microbial mats (Microbialites)

Microbial mats are biogenic sediments composed of microorganisms such as
bacteria, and have been identified from the Proterozoic to the present day, although
these mats were more common in the Proterozoic (Noffke, 2010). The habitable zones
for microbial mats are extensive, and include conditions that are harsh for other
organisms such as high sulfate and hypersaline environments, geothermal springs and
tidal flats. For instance, in the present day, they develop in Shark Bay under
hypersaline conditions (Jahnert and Collins, 2013; Logan, 1974; Pagges et al., 2014)
and Fayetteville Green Lake under high sulfate conditions (Meyer et al., 2011). During
the Phanerozoic, microbialites have been identified around mass extinction events
such as in the Early Triassic after the end-Permian mass extinction (Chen et al., 2014;
Fosteretal., 2020; Kershaw et al., 2012; Luo et al., 2018; Luo and Chen, 2014; Thomas
et al., 2004; Woods, 2014), the End Triassic after the end- Triassic mass extinction
(Fox et al., 2020) and in the Chicxulub crater after the end- Cretaceous mass extinction

(Bralower et al., 2020; Schaefer et al., 2020).

The top layer of microbial mats contains oxygenic cyanobacteria and eukaryotic
algae (Figure 1-9) (Armitage et al., 2012; Noffke, 2010; Stal et al., 1985). Anoxic
conditions develop in the lower layers, and anaerobic sulfur bacteria become active
using the light which penetrates from the top layer (Brocks and Schaeffer, 2008; Fox
et al., 2020; Pages et al., 2014; Schaefer et al., 2020). The sulfur bacterial layers of
microbial mats share the same bacterial communities as PZE. Therefore biomarkers
from microbial mats are similar to the biomarker composition of PZE. However, in
general, purple sulfur bacteria and green-green sulfur bacteria are relatively more
abundant than green sulfur bacteria in microbial mats compared with PZE (Brocks and

Schaeffer, 2008; Meyer et al., 2011).
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Figure 1-9. General internal structure of microbial mats and related carotenoid pigments of each sulfur bacteria. Photo courtesy of Kliti

Grice.
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5 Project Design

Geology and organic geochemistry were both utilised in this research (Figure 1-
10). Seismic data, core and wireline logs were utilized for geological analyses, and
Rock-Eval, biomarker, stable carbon isotope and sulfur isotope analyses were

conducted for organic geochemistry analyses.
5.1 Geological analysis for the reconstruction of paleogeography

The reconstruction of basin geometry and paleogeography is based on geological
analyses such as seismic interpretation, wireline log and core analyses. Seismic data
with well calibrations define the tectono-stratigraphy, basin evolution and basin
geometry for each period of geologic time. Detailed observation of each package in
the seismic data indicates the timing of fault activity and their influence on the
deposition of sediments. Well correlations are utilized with seismic data, but are also
useful for understanding the tectono-stratigraphy of basins, especially when the quality

of seismic data is poor and/or the sediment thickness is less than seismic resolution.

Cuttings show the lithology of nearly all of the drilled intervals, but cannot provide
details of sedimentary structures or other features to evaluate sedimentary settings. On
the other hand, core data provide detailed lithofacies information required for the
investigation of depositional settings, although cores are generally limited to intervals
such as reservoirs. The comparison of core lithofacies with wireline log characteristics
can show the lateral distribution of lithofacies where core data is unavailable. In
addition, the boundary of each lithofacies and the paleogeography can be defined in

relation to the basin geometry established by seismic and well data.

Organic geochemistry is a useful tool for investigating paleoenvironmental
conditions, but combining it with geologic analysis is necessary to reconstruct the

basin-scale paleoenvironments and their geological controls.
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5.2 Organic geochemical analyses for the paleoenvironments

The analytical approach for the organic geochemical analysis applied in this
research is briefly described as follows (Figure 1-11). The detailed methodology of

each analysis is presented in subsequent chapters.

Rock samples of 10 to 30 grams were initially ground into a fine powder and
separated for different uses. TOC and Rock-Eval analyses were conducted by Intertek
(Intertek Group plc) in Welshpool, Western Australia, for determining the source rock

potential of each sample.

Soluble organic materials were extracted from powdered rock samples using
Soxhlet extraction with a mixture of dichloromethane (DCM) and methanol. The
extracted organic materials were eluted into saturated, aromatic, Ni-porphyrin, V=0-
porphyrin and polar fractions. Petroleum samples were fractioned into saturated,
aromatic and polar fractions. Short silica gel chromatography with appropriate
solvents for eluting each fraction were used for the separation. These preparations were

conducted at Curtin University.

For biomarker analysis, gas chromatography-mass spectrometry (GC-MS) & gas
chromatography-metastable reaction monitoring-mass spectrometry (GC-MRM-MS)
were used, and measured biomarkers were identified and quantified. D4-C27 aoa
cholestane was added as an internal standard for quantification of the GC-MRM-MS
analyses. GC-MS analysis was conducted at Curtin University and GC-MRM-MS

analysis was conducted at Massachusetts Institute of Technology in the United States.

The residual sediments were used for the stable carbon isotope and sulfur isotope
analyses. For the stable carbon isotope analysis, the bulk stable carbon isotope
composition (*C/'?C) of organic matter was measured. Carbonate minerals were
removed with hydrochloric acid (HCI). A Thermo Flash 2000 HT elemental analyser
(EA) connected to a Delta V Advantage isotope ratio mass spectrometer (irMS) via a
Conflo IV was used to measure the ratio of '*C and '“C of kerogen. Each sample was

analysed in triplicate. This analysis was conducted at Curtin University. Measured
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values were normalised to the Vienna Pee Dee Belemnite (VPDB) scale. The §'°C
values are the ratio of 1*C to '?C relative to the reference standard in %o (Equation 1).
This analysis was conducted at Curtin University.

8% Campte(%0) = (22 — 1)+ 1000 (Equation 1)

standard

The stable sulfur isotope composition (**S/32S) of the total reduced inorganic sulfur
(TRIS; considered to essentially represent pyrite (FeS2)) was also measured. A Thermo
Scientific Flash EA Isolink Elemental Analyzer, connected to a Thermo Finnigan
MAT 253 gas mass spectrometer via a Thermo Conflo IV split interface was used for
the extracted sulfur to measure the ratio of **S and **S of each sample. This analysis
was conducted at Leibniz-Institute for Baltic Sea Research (IOW) in Germany.
Measured values were normalised to the Vienna-Canyon Diablo Troilite (VCDT) scale.
The &3S values are the ratio of S to 32S relative to the reference standard in %o
(Equation 2). This analysis was conducted at the Leibniz Institute for Baltic Sea
Research (IOW) in Germany.

8%*Sgampte (%0) = (2222 — 1) 1000 (Equation 2)

Rstandard

34S

R=~r
3ZS

The Hg concentrations were measured using a Direct Mercury Analyser (DMA)-
90. Calibration was conducted with both the BCR 142 R CRM and SRM 2709
reference materials. Although it has been observed that Hg may bond to different
sedimentary phases such as organic matter, sulfides, or clay minerals (e.g., Shen et al.,
2020), normalized data only with reference to TOC were used in this research. This

analysis was conducted at IOW in Germany.

26



Chapter 1

6  Scope of the thesis

PZE has been identified by previous authors during the Early Triassic in the
northern Perth Basin (Grice et al., 2007; Grice et al., 2005a,b; Thomas & Barber, 2004),
and recognized as the conditions under which source rocks were deposited (Boreham
et al., 2000; Grosjean et al., 2017; Langhi et al., 2014; Scott, 1994; Thomas, 1979;
Thomas et al., 2004). However, the identification has been based on limited wells, and
the basin scale paleoenvironmental conditions have not yet been fully evaluated
(Dargahi and Rezaee, 2014). In addition, microbialites have been identified in the
Lower Triassic Kockatea Shale from both outcrop and in the subsurface (Chen et al.,
2014; Luo et al., 2018; Luo and Chen, 2014; Thomas et al., 2004), but their organic

geochemical characteristics and source rock potential have not been fully evaluated.

The main objectives of this research are to reconstruct the basin scale
paleoenvironmental conditions and investigate their controlling factors during the
Early Triassic in the northern Perth Basin by integrating organic geochemistry and
geology, and to distinguish between organic geochemical characteristics of PZE and/or
microbialites. A further aim is to investigate the petroleum system in the northern Perth
and Northern Carnarvon basins by applying the concept of paleoenvironmental
distribution and organic geochemical characteristics of PZE and/or microbialites to

petroleum samples.

Chapter 2 reconstructs the basin morphology and paleogeography during the Early
Triassic in the northern Perth Basin and investigates the controls on the distribution of
source rock facies. The facies distribution in the Lower Triassic Kockatea Shale is an
important factor for investigating the distribution of paleoenvironments and source
rock potential in this period. This research utilizes cores, wireline logs and seismic
data. The chapter focuses on the reconstruction of basin geometry and paleogeography
and the basin-scale distribution of source rock facies during the Early Triassic. This

chapter was prepared for submission to Marine and Petroleum Geology (accepted on
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29 August 2021 and published in volume 133 in November 2021). Some information

mentioned in other chapters is repeated here.

Chapter 3 investigates the basin-scale distribution of paleoenvironmental
conditions during the Early Triassic in the northern Perth Basin and the organic
geochemical difference between PZE and microbialites. Biomarker, stable carbon
isotopes of organic matter, sulfur isotopes of pyrite and Hg concentration analyses are
applied. This chapter focuses on the chemo-isotope stratigraphic description of organic
geochemical characteristics to investigate basin-scale paleoenvironments and to
identify the organic geochemical difference between PZE and microbialites. This
chapter was submitted to Geochimica et Cosmochimica Acta on 1 September 2021.

Some information mentioned in other chapters is repeated here.

Chapter 4 evaluates the potential source rocks in both the Perth and Northern
Carnarvon basins. Biomarker analysis (by GC-MRM-MS) is applied to petroleum
samples from both the Perth and Northern Carnarvon basins, especially for targeting
carotenoid biomarkers derived from sulfur bacteria related to the development of PZE
and/or microbialites. This chapter focuses on the investigation of the source rock facies
contributing to the petroleum system in the northern Perth Basin and the potential
source rocks for the petroleum samples in the Northern Carnarvon Basin, especially
the Tubridgi Field in the Peedamullah Shelf, applying source-oil and oil-oil correlation.
This chapter was submitted to Petroleum Geoscience on 26 March 2022. Some

information mentioned in other chapters is repeated here.

Chapter 5 concludes this thesis and discuss its significant findings. It compares the
major findings of this research to global characteristics of the end-Permian mass
extinction event such as the multiple episodes of harsh environmental conditions that
developed after the event and which have been identified globally. The comparison
with other basins suggests possible controls on Early Triassic source rock potential but
also indicates the importance of basin scale paleoenvironmental reconstruction even

for the comparison between basins. The potential source rock distribution in the
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Bedout Sub-basin in the North West Shelf, which has recent significant oil discoveries,
is presented by comparing the basin scale source rock quality between the Bedout and

the northern Perth basins.
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Figure 1-10. Workflow applied for this thesis, showing the integration of geology and organic geochemistry.
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Abstract

The facies distribution of the Lower Triassic Kockatea Shale in the northern
Perth Basin is an important factor for assessing the Lower Triassic source rock
potential in the basin. Seismic interpretation and well analyses demonstrate that
Permian-aged faults are responsible for the morphology of the basin in the Early
Triassic and created remnant topography that controls the deposition of Lower
Triassic sediments. Cores from petroleum wells and their correlated wireline logs
show the lithological variation and lateral distribution of facies across the base of the
Kockatea Shale. Darker coloured mudstones were deposited under anoxic conditions
in the deeper part of the basin, while lighter coloured mudstones and tidally
influenced sediments with bioturbation were deposited under oxic conditions in a
shallow marine setting. Microbial mats developed in shallower water depths on
structural highs (Beagle Ridge and Turtle Dove Ridge) in the anoxic parts of the

basin.

The distribution of microbial mats is controlled by two factors during the period
of ecological recovery from the end-Permian mass extinction: 1) the presence of
topographic highs and, 2) distance from the edge of the basin. The source rock
potential of both darker coloured mudstone and microbial mat facies is demonstrated
by TOC values between 0.3 and 3.4 % and HI values between 39 and 579 mg/gTOC.
On the other hand, the lighter coloured mudstones, deposited under more oxic tidal
settings, have poor source rock quality and TOC values between 0.2 and 0.5% and

HI values between 59 and 127 mg/gTOC.

1 Introduction

The Perth Basin is an oil- and gas-producing basin located on the western coast
of Australia (Crostella, 1995; Ghori, 2015; Jones et al., 2011). One of the main

sources of oil is the Lower Triassic Kockatea Shale (Boreham et al., 2000; Grosjean
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et al., 2017; Langhi et al., 2014; Scott, 1994; Thomas, 1979; Thomas et al., 2004),
the source rock potential and organic geochemical characteristics of which are well
documented based on biomarker and carbon and hydrogen stable isotopic studies
(Dawson et al., 2005; Grice et al., 2007; Grice et al., 2005a,b,c; Mclldowie &
Alexander, 2005; Thomas & Barber, 2004). The basal section of the Kockatea Shale
is distinctive and displays increased total organic carbon (TOC) and hydrogen index
(HI) values both of which are good indicators of oil source rock quality. Key
biomarker correlation confirms that this part of the Kockatea Shale is the primary
source of hydrocarbons in many fields of the Perth Basin (e.g. Hovea, North
Yardanogo, Dongara, Mt Horner, Jingemia and Woodada) (Thomas and Barber,

2004).

The Kockatea Shale was deposited from the Late Permian to the Early Triassic,
and therefore spans a part of the end-Permian mass extinction. The development of
anoxic condition and photic zone euxinia (PZE) around this mass extinction is
recognized globally, and is thought to be related to volcanic activity of the Siberian
Trap eruptions (Erwin, 1994; Grice et al., 2005a; Knoll et al., 1996; Nabbefeld et al.,
2010; Song et al., 2014; Twitchett et al., 2004; Whiteside & Grice, 2016; Wignall &
Twitchett, 1996). The presence of these conditions in the Perth Basin has been
established on the basis of biomarker analysis (Grice et al., 2005¢), and they played
an important role in the development of organic-rich source rocks in the Kockatea
Shale (Grosjean et al., 2017; Thomas and Barber, 2004). In addition, the
development of microbial mats following the mass extinction is recognized globally
and is an indication of the severe conditions that existed during and after the mass
extinction which were not suitable for other organisms (Foster et al., 2020; Kershaw
etal., 2012; Luo et al., 2018; Woods, 2014). Microbial mats are well documented
from outcrops of the Kockatea Shale in the Perth Basin (Chen et al., 2014; Luo et al.,
2018; Luo and Chen, 2014), although they are less well-studied in the subsurface
(Thomas et al., 2004).

34



Chapter 2

Although it is expected that the Kockatea Shale is widely distributed in the
northern Perth Basin, the lateral extent of organic matter-rich source rock facies
within the Kockatea Shale is poorly constrained (Crostella, 1995; Crostella &
Backhouse, 2000; Haig et al., 2015; Mory, 1994). Recognising the factors that
influence facies distribution, and microbial mat development in particular, will
contribute to understanding the controls on source rock distribution and quality, as
well as the impact of the end-Permian mass extinction on the Perth Basin. In this
study, we identify several lithofacies, including microbial mats, from the base of the
Kockatea Shale from a selection of petroleum exploration wells, and document
lithological variation in the Kockatea Shale from cores. Seismic data is utilized to
demonstrate the extent to which Permian rifting influenced basin geomorphology in
the Early Triassic. Core data is correlated to well logs to investigate the lateral
distribution of lithofacies and source rock quality. These results are integrated to
evaluate the paleogeography, and identify controls on microbial mat development
and distribution. Source rock analysis is also conducted to investigate the source rock

potential of these beds.

2 Geological setting

The northern Perth Basin (Figure 2-1) has experienced several rift, subsidence,
and uplift events from the Devonian to the Early Cretaceous (Jablonski and Saitta,
2004; Norvick, 2004). Late Permian rifting is one of the most prominent events in
the evolution of the basin (Jablonski and Saitta, 2004). The Lower Permian Nangetty
Formation, Holmwood Shale, High Cliff Sandstone, Irwin River Coal Measures and
Carynginia Formation were deposited in open marine, fluvial and deltaic settings,
and are interpreted as pre-rift or syn-rift sequences (Mory & lasky, 1996; Mory et al.,
2005) (Figure 2-2). The Late Permian Unconformity was developed regionally at the
end of this rift event (Jablonski and Saitta, 2004; Jones et al., 2011). In parts of the

basin, the Upper Permian Wagina Sandstone, Beekeeper Formation and Dongara
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Sandstone were deposited in deltaic and shallow marine settings as the first post-rift
sediments. Subsequently, in the Late Permian to Early Triassic, the thermal
subsidence phase of the rift produced a local marine transgression with deposition of
the Kockatea Shale facies in deeper water. At the same time, the Bookara Sandstone
was developed in the shallow water parts of the basin. Deltaic sediments of the
Middle Triassic Woodada Formation were deposited after deposition of the Kockatea
Shale as a result of subsequent regression. The overlying Late Triassic to Late
Jurassic Lesueur, Eneabba, Cattamarra Coal Measures, Cadda, and Yarragadee
Formations were deposited during subsequent rift events. Extensive uplift and
erosion caused by the breakup of Greater India in the Early Cretaceous is prominent
(Jablonski and Saitta, 2004), especially in the offshore northern Perth Basin,
resulting in a significant unconformity that separates these sequences from the Lower

Cretaceous Winning Group.

3 Data & Methodology
3.1 Seismic data

A large amount of public domain 2D and 3D seismic data is available from the
northern Perth Basin. The 3D seismic surveys used in this study are listed in Table 2-

1. In addition, the location of 2D and 3D seismic data is shown in Figure 2-1.

The quality of both 2D and 3D seismic data is generally good offshore and poor
to moderate onshore. Onshore 2D seismic lines were mainly acquired pre-2000.
Seismic resolution of both 2D and 3D seismic data is generally good enough for
interpretation as far down as the Late Permian Unconformity. However, the 2D
seismic data in the southern portion of the onshore basin is relatively poor. Therefore
it is difficult to identify horizons with a high degree of confidence in the regions

covered solely by 2D seismic data.
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Figure 2-1. Location of the study area within the northern Perth Basin, interpreted 3D seismic volumes, 2D seismic lines, calibrated wells,

core interpreted wells, and the location of lines used in subsequent figures.
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Figure 2-2. Stratigraphy of the northern Perth Basin (after Ferdinando et al.,
2007; Mory et al., 2005). Light and dark grey: deeper water mudstone, yellow:
shallow marine sandstone: brown: fluvial to deltaic sediments, bluish green
(Nangetty Fm.): open marine glacial sediments, yellowish green (Eneabba and

Woodada Fms.): fluvial to deltaic sediments.
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Table 2-1. Details of 3D seismic volumes used in this study
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Survey name Setting Year acquired  Area (km?) Record depth (s) Inline spacing (m) Crossline spacing (m)
Beharra Springs 3D Onshore 2002 210 3.8 20 20

Denison 3D Onshore 2004 580 4.2 20 20

Dongara North 3D Onshore 1994 70 4 12.5 12.5

Diana 3D Marine 2008 620 4 25 12.5

Macallan 3D Marine 2003 550 5.6 25 25
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3.2 Seismic interpretation

Interpretation was conducted on time domain data in Petrel 2017 Software
(Schlumberger). Interpreted seismic horizons were picked based on well tops from
46 wells (Figure 2-1 and Table 2-1), and synthetic seismograms were created for 3
wells (Beharra Springs 2, Hovea 3 and Apium 1) to confirm the tie between well tops
and seismic data. Horizons were created for each 2D and 3D survey. All interpreted
horizons were merged into a single horizon after eliminating overlap. The merged

horizon data was used to create surfaces.

The Base and Top Kockatea Shale are the main seismic horizons interpreted for
this study, and are used to identify basin geometry and paleogeography from the Late
Permian to the Early Triassic. The Late Permian Unconformity was also interpreted
where it is distinct from the Base Kockatea Shale, and where the Dongara and/or
Wagina Sandstone are also present. The Late Permian Unconformity is a prominent
unconformity in the northern Perth Basin. It forms an angular unconformity in the
offshore, but it is represented by a disconformity or a subtle angular unconformity
onshore. The Base Kockatea Shale is generally defined as a continuous reflection
above the Late Permian Unconformity where the Dongara and/or Wagina Sandstone
are present. The Top Kockatea Shale is defined as a continuous reflection at the top
of the low amplitude seismic facies that represents the Kockatea Shale. However, the
Woodada Formation, which generally lies above the Kockatea Shale, sometimes
shares a similar lithology. Therefore, the seismic reflection corresponding to the Top
Kockatea Shale is unclear in these places. In this case, the nearest reflection was
picked. Based on correlation with wells, the vertical difference between the Top
Kockatea Shale and the nearest picked reflection is small (~20ms), and this
approximation does not affect the interpretation of regional structural trends and

thickness variations.
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3.3 Well data for core description

Forty-one wells cored some part of the Kockatea Shale in the northern Perth
Basin. Six wells were selected for core description and interpretation (Beharra
Springs 2, Cliff Head 4, Dongara 2, Hovea 3, Jurien 1 and Woolmulla 1; Figure 2-1
and Table 2-S1) because they contain cores near the base of the Kockatea Shale,
covering both the Upper Permian and Lower Triassic sections, and have well-defined
formation tops, well reports and mostly complete well logs. Furthermore, these wells
are sufficiently well-spaced to evaluate the basin-scale lateral distribution of
lithofacies and depositional setting. All core materials are stored in the Perth Core
Library managed by the Department of Mines, Industry Regulation and Safety,

Government of Western Australia.

3.4 TOC and Rock-Eval analyses

A set of 69 samples of the basal section of the Kockatea Shale from cores of 6

wells were selected and analysed for TOC and Rock-Eval analyses (Figure 2-9).

Samples were subjected to sonication for three intervals of 15 minutes each in a
9:1 DCM:MeOH (Dichloromethane:Methanol) mixture to remove any surface
contamination. Sonicated samples were then ground into fine powder using a
Rocklabs BTRM 1A rock grinder. TOC and Rock-Eval analyses was applied to ~1g

rock samples.

A LECO Carbon Sulphur analyser was used for the TOC measurement after
treatment with 3M HCI to remove carbonate. For the pyrolysis analysis, Vinci
Technologies Rock-Eval 6 equipment was used with powdered rock samples.
Thermal maturity was evaluated by measuring S1 (Free hydrocarbon in mg/g rock
measured at lower temperatures), S2 (Hydrocarbon in mg/g rock measured through
thermal cracking of kerogens at higher temperatures), Tmax (temperature of maximum

hydrocarbon production in °C) and S3 (amount of CO2 in mg/g rock) using
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IFP1600000 as standard. For the analysis, the initial temperature was set at 300 °C
with 3 minutes holding time and programmed to heat to 650 °C at a rate of

25 °C/min. The derivative parameters such as HI (S2*100/TOC) and OI
(S3*100/TOC) were also calculated.

The rock samples were ground at Curtin University and TOC and Rock-Eval
analyses were conducted by Intertek (Intertek Group plc) in Welshpool, Western

Australia.

4 Results
4.1 Seismic interpretation
4.1.1 Seismic stratigraphy

The seismic cross sections in Figure 2-3 shows typical structural and stratigraphic
features from the northern Perth Basin. Below the Late Permian Unconformity,
reflections generally dip to the west-southwest and are segmented by normal faults.
Parallel reflector packages are correlated to the pre-rift High Cliff Sandstone and
older sediments. The overlying wedge-shaped packages are correlated to the syn-rift
Irwin River Coal Measures and Carynginia Formation. The Dongara and Wagina
sandstones are thin, and are represented by only a few reflections on seismic data,
making them difficult to distinguish. Where present, they are expressed as high-
amplitude, flat-lying parallel reflectors overlying the angular Late Permian

Unconformity.

The Kockatea Shale conformably overlies the Dongara Sandstone, and is
expressed as a package of low-amplitude, parallel to semi-parallel reflections. Both
time-thickness maps and seismic sections suggest limited variations in the thickness
of this formation, although several local depocentres are evident on the time-

thickness map (Figure 2-4C). A number of large normal faults cut the Kockatea
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Shale; however, there are no obvious thickness variations across these faults, which

are interpreted as being post-depositional.

The Woodada Formation conformably overlies the Kockatea Shale and generally
shows higher amplitude reflections than in the Kockatea Shale. The Lesueur
Sandstone conformably overlies the Woodada Formation and the top of the Lesueur
Sandstone is eroded by the Valanginian Unconformity in the offshore. Where they
are not eroded, the Eneabba and Cadda Formations conformably overlie the Lesueur
Sandstone and show significant thickness variations across large normal faults. The
Yarragadee Formation conformably overlies the Cadda Formation with poor
definition of the top of the Yarragadee Formation due to poor seismic quality at
shallower depth. The Cretaceous Winning Group overlies the Valanginian
Unconformity. The reflections are sub-parallel to the seabed and are low amplitude.
Paleogene and Neogene packages with low amplitude reflections downlap onto the

top Cretaceous horizon.

4.1.2 Structure

Both Top and Base Kockatea Shale structure maps and seismic sections show
large normal faults (Figures 2-3 and 2-4). The identified normal faults are consistent
with faults that were previously identified by other authors (Cadman et al., 1994;
Crostella & Backhouse, 2000; Hall & Kneale, 1992; Jablonski & Saitta, 2004; Jones
etal., 2011; Mory et al., 2005; Quaife et al., 1994; Song & Cawood, 2000).The
orientation of most onshore normal faults is NNW-SSE. The orientation rotates to
NW-SE for the offshore normal faults. Faults dip to the east onshore and to the west
offshore. In the northern onshore, NE-SW trending normal faults are also identified,

such as the Allanooka Fault (Hall and Kneale, 1992). This fault dips to the south.
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4.1.3 Structural evolution
4.1.3.1 Permian rifting

The large normal faults in the offshore are associated with inclined Permian
packages that are truncated by the Late Permian Unconformity, indicating pre- and
syn-rift sediments, suggesting that these faults were active during the Permian rifting
phase. However, the seismic reflections beneath the Late Permian Unconformity in
the onshore seismic data are not as clearly inclined, and indicate that the focus of

Permian rifting occurs offshore.
4.1.3.2 Early post-rift

The Wagina Sandstone directly overlies the Late Permian Unconformity, but is
limited to the middle part of the Dandaragan Trough (Figure 2-6A). It is overlain by
the Dongara Sandstone, which is more widespread and sits directly above the Late
Permian Unconformity where the Wagina Sandstone is absent. Both units are absent
from the south of the study area (Figure 2-6B). The Permian Kockatea Shale
developed in the middle part of study area around Hovea 3 and Beharra Springs 2
(Figure 2-6C and D) and the Triassic Kockatea Shale sits directly above the Late
Permian Unconformity in the south. The combined thickness of these Upper Permian
units is variable (Figure 2-6D). They are thinner (~0-35 m) in the western part of the
study area, which corresponds to the Beagle Ridge, and become thicker (> 50 m)
away from the ridge, toward the Dandaragan Trough. This is also evident from
seismic data. For example, in the Denison 3D seismic survey both the Dongara and
Wagina Sandstones are recognised in wells and can be identified as a single unit on
seismic data. An arbitrary seismic section (Figure 2-5) shows a major normal fault at
the west end of the section, but the Dongara Sandstone can only be interpreted to the
east of the fault, and is too thin (below seismic resolution) or absent to the west. The
thickness variation, facies distribution and seismic stratigraphic relationships suggest
a progressive infilling of remnant topography that remained after the Late Permian
rift event. Alternatively, the thickness variation of the Upper Permian could be a
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result of erosion of more widespread Upper Permian units above structural highs.
Either way, this indicates the persistence of remnant topography following Permian

rifting.

The thickness of both Kockatea Shale and Woodada Formation is similar across
most large faults (Figure 2-3) which, combined with their position above the Late
Permian Unconformity, allows these sequences to be interpreted as post-rift.
However, there are some faults that propagate up from beneath the base of the
Kockatea Shale, but do not cut the entire sequence (Figure 2-3), indicating that minor
movement continued from the Permian rift event in some places. The Kockatea
Shale also shows significant thickness variations across-faults in a few instances (i.e.
~280-470m in the foot wall and ~660-850m in the hanging wall, Figure 2-4C),
indicating continued fault activity, or alternatively, additional infilling of remnant

topography created by the Late Permian rift event.
4.1.3.3 Late Triassic to Early Cretaceous reactivation

The Permian structure is partly disguised by fault reactivation in the Upper
Triassic to Early Cretaceous. This is indicated by distinct thickness variations in the
Upper Triassic to Middle Jurassic Eneabba and Cadda Formations across large
normal faults (Figure 2-3). On the other hand, the Upper Jurassic Yarragadee
Formation is uniform in thickness, indicating a cessation of fault activity. In the
offshore, the Upper Triassic Lesueur Sandstone package and younger units are
rotated by fault movement after the deposition of this package because seismic
reflections are parallel and uniform. The faults and the rotated sediments are
truncated by the Valanginian Unconformity, and the thickness of the overlying post-
Valanginian sediments, such as the Winning Group, are almost uniform. Therefore,
the activity on these faults can be constrained to after the Middle Jurassic and before
the development of the Valanginian Unconformity. Reactivation of older Permian

faults is indicated by the greater rotation of Permian packages beneath the Late
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Permian Unconformity. In addition, a number of new faults formed at this time,

some of which detach in the Kockatea Shale.

4.2 Core description

Several different lithofacies are recognized in the Kockatea Shale, although
“Shale” is used as a lithostratigraphic term in well reports. The Kockatea Shale
contains dark and light coloured mudstones, microbial mat beds, storm/gravity

sandstones, bioturbated siltstone and tidal sandstones (Figures 2-8 and 2-9).

4.2.1 Mudstone facies (Lighter coloured mudstone facies, darker coloured

mudstone facies and fossiliferous facies)

Mudstone dominated intervals are identified in five of the six wells, but the
mudstone type is variable and they are distinguished as: lighter coloured mudstone
facies (medium grey mudstone), darker coloured mudstone facies (dark grey
mudstone and black mudstone) and fossiliferous facies (Figure 2-8). The latest
Permian section is dominated by lighter coloured mudstones and fossiliferous grey
mudstones which contain shells, small fossil fragments and erosional features.
Bioturbation is less common in the latest Permian mudstone interval of Hovea 3. In
the lowest Triassic section, black and dark-grey mudstone (darker coloured
mudstone) are dominant in the northern wells (Hovea 3, Dongara 4). Black mudstone
is common in Hovea 3 and dark grey mudstone is mainly observed in Dongara 4.
Parallel laminations are commonly observed in all the mudstone facies, suggesting
that the original sedimentary structures are preserved. Mudstone from the southern
wells (Jurien 1, Woolmulla 1) are a medium grey colour (lighter coloured mudstone).
This facies is lighter in colour than both the darker coloured mudstone and microbial

mat facies in the northern wells.
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Figure 2-5. The seismic expression of Permian faults. The major fault at the west end of the section represents one of the remnant Permian
faults, based on thickness variations within the Upper Permian Sandstones. Location of the line is shown in Figure 2-1. The colour of the

seismic horizons is as in Figure 2-3.
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4.2.2 Microbial mat facies

Cliff Head 4, Hovea 3 and Dongara 4 contain layered carbonates exhibiting a
mounded or swelling geometry, with the colour of the carbonate layers varying from
grey to cream (Figures 2-7 and 2-8). Because of the mounded shape, the lateral
thickness variation across individual beds is large, and is between 1 and 47 cm. The
features of this lithofacies are similar to the cross-sections of stromatolites observed
in outcrop (Chen et al., 2014; Luo and Chen, 2014), and this lithofacies was
described as microbial beds in Hovea 3 by Thomas et al. (2004). Based on these
features we interpret this lithofacies as containing microbial mats. In the Cliff Head 4
and Dongara 4 wells, the microbial mats are interbedded with dark grey mudstone.
Both dark grey mudstone and black mudstone are interbedded with microbial mats in
Hovea 3. The mudstone in this facies has no obvious bioturbation and parallel
laminations are preserved, which are likely the original sedimentary structure. The
contact between mudstone and microbial mat is sharp with no indication of a gradual

lithologic change.
4.2.3 Tidal sandstone facies

Jurien 1 and Woolmulla 1 show alternations of sandstone and lighter coloured
mudstone. Sandstone with wavy to flaser-like sedimentary structures and mud drapes
are common in both wells (Figure 2-8). This indicates that the sandstone was
probably deposited in a shallow water setting with a tidal influence. The thickness of
each bed ranges from 1 to 45 cm. The contacts between sandstone and mudstone are
generally sharp and the base of some sandstone units shows erosion into the
underlying mudstone. Bioturbation is not apparent in Jurien 1, indicating that the
original sedimentary structures are preserved in this well. Conversely, tidal
sandstones in Woolmulla 1 experienced significant bioturbation with vertical
burrows such as Planolites and Cylindrichnus. However, the bioturbation cannot be
easily identified in mudstone within this facies. In addition, the intensity of the

bioturbation is not enough to completely destroy the original sedimentary structures,
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indicating a relatively sparse fauna. The preserved sedimentary structures of the
sandstone units in Woolmulla 1 are similar to sandstones in Jurien 1 and indicate a
probable tidal environment. The interbedded mudstone is medium-grey with parallel

laminations.
4.2.4 Storm/gravity flow bed facies

Cliff Head 4 and Dongara 4 have an interval of interbedded mudstone and
sandstone above and beneath the microbial mat facies. The thickness of the
sandstone beds is generally 1-3 cm, and they are cream-yellow in colour. The
sandstones are very fine to fine grained, and are massive, or contain weak parallel
laminations (Figure 2-8). There is a gradation from massive to finer grained parallel
laminated units, which suggests deposition by a waning current. In places they also
show boudin-like thickness variations, and are interbedded with laminated mudstone,

suggesting deposition by a storm or gravity flow.
4.2.5 Bioturbated Siltstone facies

Beharra Springs 2 contains chaotic, very poorly sorted siltstones in the Upper
Permian. The facies is generally massive to weakly bedded. Bivalves and gastropods
are frequently observed, although fossils are rare in other facies (Figure 2-8). The
original sedimentary structures are not obvious, and individual trace fossils are also
rare in this facies, implying intense bioturbation, although in some cases vertical
Ophiomorpha-like trace fossils are identified. The facies is medium-dark grey in
colour and lighter than both the mudstone in the microbial mat facies and the darker

coloured mudstone facies.
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Figure 2-8. Examples of typical lithologies observed in cores.
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Figure 2-9. Core observation logs and correlation of six wells. Points represent the
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55



Chapter 2

4.3  Core- well log correlation

There is a good correlation between core observations and well log response.
Figure 2-10 shows well logs (gamma ray (GR), sonic log, density log, neutron
porosity log and resistivity log) where available and core logs of the six wells from

which cores were described.

The typical response of the upper parts of the Kockatea Shale shows constant
values of GR, sonic log, and neutron, with the high values of GR indicating the
presence of mudstone. By contrast, some wells show an irregular log response in the
lower part of the Kockatea Shale. In the irregular log facies, the GR shows a serrated
pattern and has lower values. The sonic log also shows a similar serrated pattern to
GR, with slightly higher values that tend to decrease at the top of the irregular log
facies. The neutron porosity log also shows a serrated pattern similar to the GR and
sonic logs, and a decrease in values at the top of the irregular log facies. In the
interval below the irregular log facies, the GR shows large variation in values. The
sonic log decreases to typical Kockatea Shale values. The neutron porosity log tends

to be higher in value compared the irregular log facies and typical Kockatea Shale.

The microbial mat facies is identified in three cores (Cliff Head 4, Dongara 4,
Hovea 3), and in all cases the lithofacies corresponds to the irregular log facies
(Figure 2-10). In addition, cuttings description from these wells indicate the presence
of limestone or calcareous lithofacies in the interval corresponding to the irregular
log facies and microbial mats. Taken together, these observations indicate that the
irregular log facies is a good proxy for identifying the development of microbial mats

from wireline logs.

Beharra Springs 2, which does not contain the microbial mat facies in core, does
not have this irregular log facies in the cored interval. However, an irregular log
facies is identified on both the sonic and neutron porosity logs above the cored
interval (Figure 2-10), although GR cannot be used because of poor data quality. In
addition, the cuttings description of Beharra Springs 2 also show the presence of
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limestone in the irregular log facies interval. Therefore, Beharra Springs 2 may have
a microbial mat facies outside the cored interval. On the other hand, Jurien 1 and
Woolmulla 1, which do not have microbial mat facies in the cored section, do not
show the irregular log response in the cored interval or elsewhere in the well (Figure

2-10).

4.4  Microbial mat distribution

Well logs from 63 wells were analysed to identify the irregular log facies (Figure
2-11), starting from the cored wells (Dongara 4, Cliff Head 4, and Hovea 3), and
extending to other wells. Wells with irregular log facies are well developed around
Dongara 4, Hovea 3 and Cliff Head 4 which are located around the northern Beagle
Ridge. On the other hand, wells without irregular log facies tend to be located on the
southern Beagle Ridge and in the Dandaragan Trough. Wells with irregular log
facies are also identified on the Turtle Dove Ridge (Batavia 1 and Geelvink 1).

4.5 Source rock quality

The darker coloured mudstone have high TOC and HI and low OI (TOC: up to
2.7 %, HI: up to 502 mg/gTOC, OI: 7-65mg/gTOC), suggesting good source rock
potential with type II-III kerogen (Figure 2-12). The microbial mat facies also have
high TOC and HI, as well as slightly high OI compared with the darker coloured
mudstone (TOC: up to 3.4 %, HI: up to 579 mg/gTOC, OI: 16-410 mg/gTOC),
suggesting similar or slightly enhanced source rock potential compared to the darker
coloured mudstones (Figure 2-12). On the other hand, the lighter coloured mudstone
has low TOC and HI and high OI indicating type III kerogen (TOC: 0.2-0.5 %, HI:
59-127 mg/gTOC, OI: 68-340 mg/gTOC), suggesting poor source rock potential
(Figure 2-12).
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Tidal Sandstone Facies
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lines correspond to either the presence of microbial mat facies in cores or the irregular log facies which indicates the development of

microbial mats. Note that the GR log for Beharra Springs 2 is of poor quality. The microbial mat facies are absent from Jurien 1 and

Woolmulla 1. Colours indicating the facies identified in core logs are the same as in Figure 2-9.
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5

5.1

Discussion

Lateral facies relationship

The distribution of different facies in the lower part of Kockatea Shale, based on

core observations and well log analysis, is illustrated in Figure 2-13.

The age of the formations in each well is based on post-drill palynological studies

(Georgiev et al., 2020; Gorter et al., 2009; Metcalfe et al., 2008; Thomas et al.,

2004). The Wagina Sandstone is Lower Wuchiapingian in age. The Permian

Kockatea Shale is the same age as the Changhisinian and Upper Wuchiapingian

Dongara Sandstone, and thus they are considered lateral equivalents.
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The cored Early Triassic sections of the Kockatea Shale are assigned to both the
Griesbachian and Dienerian, which are parts of the Induan stage in the earliest
Triassic. All of the microbial mats for which biostratigraphic samples are available
indicate an Early Triassic age. Therefore it is highly likely that they are local
representatives of typical Lower Triassic lithofacies, following a global pattern of
microbial mat development (Foster et al., 2020; Kershaw et al., 2012; Luo et al.,
2018; Woods, 2014). The Permo-Triassic boundary is located at the boundary of the
sandstone (Dongara Sandstone) and mudstone (Kockatea Shale) in most wells,
although this boundary is positioned within the Kockatea Shale in some wells where
the Permian Kockatea Shale is present. The South Turtle Dove 1B well, located
approximately 40 km west of Jurien 1, has a high proportion of sandstone in the
lower part of the Lower Triassic which is assigned to the Bookara Sandstone, and is
of equivalent age to the Kockatea Shale. The Permo-Triassic boundary in this well is
positioned within sandstone facies, between the Dongara Sandstone and Bookara

Sandstone.

5.2 Basin morphology

The morphology of the basin was created by Late Permian rifting. This persisted
into the latest Permian and early Triassic post-rift phase either as remnant
topography or as a consequence of minor continued fault movement, and influenced
the distribution of both the Dongara and Wagina Sandstones and the Kockatea Shale
(Figure 2-14A). The Beagle Ridge formed a structural high at this time. A second
ridge, comprising the Turtle Dove Ridge and Geelvink High (Jones et al., 2011) is
located offshore and is parallel to the Beagle Ridge. The evolution of this ridge is
less easy to define because of poor seismic resolution above it. However, several 2D
seismic sections indicate thickening of Permian strata beneath the Late Permian
Unconformity in the footwall of major faults that bound the ridge, indicating that the

faults were active during Permian rifting and that the ridge also formed a structural
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high during the Upper Permian and Early Triassic. Structural lows such as the
Dandaragan Trough are located both east and west of these highs. These structural
lows form the main depocentres and Upper Permian to Lower Triassic sedimentary

sequences become thin, or are affected by hiatuses or erosion on the structural highs.

5.3 Lower Triassic Paleogeography

Thomas and Barber (2004) identified the Permo-Triassic boundary in the
Kockatea Shale although Georgiev et al. (2020) and Grice et al. (2005¢) suggest that
it may correspond to a short-lived hiatus. A major transgression commenced around
the Permo-Triassic boundary. Consequently, mudstone deposition became dominant
in the Early Triassic (Figure 2-14B and Figure 2-15). The main depocentres of the
Kockatea Shale correspond to structural lows (Figure 2-4C). In addition, the onlap of
reflections at the base of the Lower Triassic Kockatea Shale against a Permian fault
(Figure 2-3) shows that the morphology created by Permian faults continued to

influence the deposition of the lower part of the Kockatea Shale.

The Bookara Sandstone is interpreted to have been deposited in a shallow marine
setting with higher clastic input (Mory & Iasky, 1996) in the southern part of the
Turtle Dove Ridge. Interbedding of the sandstone with mudstone containing coal
fragments in South Turtle Dove 1B suggests that there is terrigenous input. The tidal
sandstone facies recognised in Jurien 1 and Woolmulla 1 developed in the southern
part of the Beagle Ridge. The high proportion of sandstone interbedded with
mudstone in the tidal sandstone facies also suggests proximity to clastic input or the

basin margin.

The association of the tidal sandstone facies with the lighter coloured mudstone
in both Jurien 1 and Woolmulla 1 suggests oxic conditions, resulting in the
deposition of a poor quality source rock. The sediments of Cliff Head 4, Dongara 4

and Hovea 3 are dominated by darker coloured mudstone without significant
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bioturbation, suggesting that the mudstone was deposited under anoxic to euxinic
conditions, resulting in higher source rock quality. Anoxic to euxinic conditions have
been reported by other authors (Grice et al., 2005a; Thomas & Barber, 2004) and
related to global anoxia or euxinia after the end-Permian mass extinction (Erwin,
1994; Grice et al., 2005a; Knoll et al., 1996; Nabbefeld et al., 2010; Song et al.,
2014; Twitchett et al., 2004; Whiteside & Grice, 2016; Wignall & Twitchett, 1996).
In the north, some wells located on the Beagle Ridge (Bookara 1, Conder 1, Dibblers
1, Eleven Mile 1, and Wye 1) contain thin sandstone beds which are also assigned to
the Bookara Sandstone, suggesting that clastic input and a shallower marine setting
also developed in this area. The extent to which the Beagle Ridge persisted is unclear
as other wells, such as Wakeford 1, are missing the Kockatea Shale as well as the
Dongara and Wagina Sandstone and overlying units. This could either indicate a
persistent high with a sedimentary hiatus during the latest Permian and Early Triassic

or could be a result of erosion during Late Triassic to Early Cretaceous rifting.

Microbial mats are associated with the darker coloured mudstone found in the
northern wells (Figures 2-9 and 2-11). In addition, the distribution of wells
containing the irregular log facies shows that microbial mats were mainly developed
on the Beagle Ridge, on its eastern flank and on the Turtle Dove Ridge (i.e. in
shallower water depths) in the anoxic part of the basin. They are absent from the
Dandaragan Trough (i.e. greater water depths) and from the southern part of the
basin where there was greater clastic input (Bookara Sandstone) and more

oxygenated waters (tidal sandstone facies and lighter coloured mudstones).

5.4 Controls on microbial mat distribution

Figure 2-15 shows a three dimensional representation of Early Triassic
paleogeography showing the relationship between microbial mat development,

clastic input, the presence of structural highs and relative paleo water depth.
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Global anoxia or euxinia after the end-Permian mass extinction has been reported
by several authors (Erwin, 1994; Grice et al., 2005a; Knoll et al., 1996; Nabbefeld et
al., 2010; Song et al., 2014; Twitchett et al., 2004; Whiteside & Grice, 2016; Wignall
& Twitchett, 1996) and created the conditions globally for the development of
microbial mats during the post-extinction recovery phase (Foster et al., 2020;
Kershaw et al., 2012; Luo et al., 2018; Woods, 2014). However, these global

conditions were not developed uniformly throughout the northern Perth Basin.

It is clear from the occurrence of bioturbated sediments that oxic conditions
existed in shallow water conditions on the southern margin of the basin. These are
associated with tidal sediments and clastic input (Bookara Sandstone) which may
have provided nutrients that supported the establishment of grazing organisms that

would in turn have inhibited the development of microbial mats.

Anoxic and euxinic conditions were established in the northern part of the basin,
due to a combination of its restricted nature and greater water depth. While the
absence of other fauna in this setting promoted the development of microbial mats,
they are restricted to the intra-basinal structural highs (Beagle Ridge and Turtle Dove
Ridge) where substrates were shallow enough for sufficient light to penetrate for the
mats to develop. Anoxic mudstones were deposited in the adjacent deeper water

troughs which are less favourable settings for mat development.

6 Conclusion

Core observation reveals a large variation in lithofacies at the base of the
Kockatea Shale: darker coloured mudstone, lighter coloured mudstone, microbial
mats, tidal sandstone, storm/gravity sandstones and bioturbated mudstones. The
microbial mats in cores correspond to an irregular log facies on wireline logs and this
facies is recognized in several wells. In addition, seismic interpretation demonstrates

that the paleogeography during the Late Permian and Early Triassic was influenced
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by remnant topography from Permian faults. The integrated analysis of core, well
logs and seismic data shows the lateral facies distribution within the Kockatea Shale
and the factors that control the development and distribution of microbial mats in the

northern Perth Basin.

The lighter coloured mudstones and interbedded tidal sandstone were deposited
in an oxygenated tidal setting along with the shallow marine Bookara Sandstone.
Anoxic to euxinic conditions were established elsewhere in the basin due to a
combination of its restricted nature and its greater water depths, resulting in the
deposition of darker coloured mudstone with higher TOC values. Microbial mats
developed in association with the darker coloured mudstone, but were confined to
intra-basinal structural highs (Beagle Ridge and Turtle Dove Ridge) which were
shallow enough for sufficient light to penetrate to allow the development of mats, but

in harsh conditions for other fauna.

During the period of ecological recovery that followed the end-Permian mass

extinction, the development of microbial mats was controlled by two local factors.

1) Paleogeographic control: anoxic conditions away from the basin margin
inhibited grazing organisms, allowing microbial mats to flourish while oxic, shallow
marine, tidal settings with major clastic input closer to the basin margins promoted

grazing organisms, which are unfavourable for microbial mat forming organisms.

2) Topographic control: topographic highs in the anoxic part of the basin

provided good habitats with sufficient light for microbial mat forming organisms.

Therefore, the combination of global and local controls are important for the

development of microbial mats.

The microbial mats and darker coloured mudstone have good source rock
potential with higher TOC and HI. The distribution of these lithofacies matches the
distribution of discovered hydrocarbon fields highlighting the more prospective parts
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of the basin. On the other hand, the lighter coloured shale deposited under oxic

condition has poor source rock quality with lower TOC and HI.
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Table 2-S1. List of wells used for seismic interpretation and core observation.
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symbol in the core column represents the wells used for core observation.

(33 32

Well name Longitude Latitude
Apium 1 115.0710306 -29.3159611
Apium North 1 115.0626222 -29.2868222
Arramall 1 115.0972073 -29.5897553
Beharra Springs 1 115.1411643 -29.464129
Beharra Springs 2* 115.1449391 -29.4780041
Beharra Springs 3 115.1408531 -29.4554399
Beharra Springs South 1 115.1528667 -29.5035833
Bonniefield 1 114.9144776 -29.1702867
Central Yardarino 1 115.0513492 -29.199241
Cliff Head 4* 114.8673558 -29.4460592
Denison 1 114.9561116 -29.2244036
Dongara 2 114.9781396 -29.2484314
Dongara 4* 114.9835006 -29.2294589
Drakea 2 115.0609389 -29.4030139
Dunsborough 1 114.6254361 -29.0241028
Dunsborough 2 114.628175 -29.0392889
Ejarno 1 115.0773318 -29.3138419
Erregulla 1 115.398944 -29.3759831
Frankland 1 114.7386889 -29.249525
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Frankland 2 114.743679 -29.246809
Hakia 1 115.0960339 -29.2159313
Hovea 1 115.0422111 -29.3168333
Hovea 2 115.0447361 -29.3135778
Hovea 3* 115.041275 -29.3179778
Ilyarrie 1 115.0466834 -29.2296897
Jingemia 1 114.9909917 -29.3394861
Jingemia 2 114.9897139 -29.3392722
Jurien 1* 115.0483333 -30.1444444
Lilac 1 114.6523192 -29.0198047
Mentelle 1 114.8891708 -29.43592
Mooratara 1 114.9102669 -29.2128481
Mountain Bridge 1 115.1153792 -29.6001207
Mt Adams 1 115.1681145 -29.4057102
Mungenooka 1 115.2135018 -29.3909879
North Erregulla 1 115.3275556 -29.2443172
North Yardanogo 1 115.1027273 -29.4663213
Rakrani 1 114.9011942 -29.170209
Redback 1 115.1620861 -29.4577917
Redback 2 115.1616028 -29.4575944
Robb 1 115.0383406 -29.5453188
South Yardanogo 1 115.1045209 -29.497936
Twin Lions 1 114.88645 -29.3695361
Warradong 1 115.1727495 -29.3002664
West Erregulla 1 115.3103839 -29.4258069
West White Point 1 115.0411759 -29.3448758
Woolmulla 1* 115.1942326 -30.0232145
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Abstract

Photic zone euxinia (PZE) has previously been identified in the Early Triassic
Kockatea Shale of the northern Perth Basin, based on the presence of biomarkers
such as isorenieratane derived from isorenieratene of green sulfur bacteria. However,
green and purple sulfur bacteria can also occur in microbial mats. In this study we
present a basin-scale assessment of biomarkers associated with open water column
PZE and/or microbialites. The lithofacies from the Early Triassic of the northern part
of the northern Perth Basin consist of dark coloured mudstones (black to dark grey)
with microbialites, which were deposited away from basin margins. These samples
were found to contain okenane, chlorobactane and isorenieratane derived from
carotenoid pigments of purple, green-green and green-brown sulfur bacteria,
respectively. These biomarkers were not observed in the light coloured mudstones
(medium grey) formed under oxic conditions in a tidal environment with higher
clastic input close to the basin margins in the southern part of the basin where
shallow marine sandstones were also deposited. Okenane and chlorobactane were
abundant in facies containing microbialites which developed in a shallow water
setting on intra-basinal structural highs. The development of oxic conditions near the
basin margins in the Perth Basin provided refuges for organisms during the mass
extinction event. Okenane was more abundant in the microbialite facies compared
with the dark coloured mudstone deposited under PZE. Cs3 n-alkylcyclohexane (n-
Cs3 ACH) has previously been described as a biomarker associated with ecosystem
collapse during the lower Triassic, and its ratio relative to the Cs4 n-alkane was
elevated in facies that contain abundant microbialites. Mercury (Hg)-total reduced
inorganic sulfur (TRIS) and Hg-total organic carbon (TOC) plots show a positive
correlation, supporting the development of euxinia as sulfide sequesters Hg. The high
Hg/TRIS values in microbialite facies supports mat development with high Hg
concentrations. The values of §'*Com and §**S were isotopically lighter in
microbialite facies when compared with mudstones formed under PZE, although

samples deposited under oxic conditions showed the isotopically lightest §'*Com and
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isotopically heaviest §°*S. The variation in §'*Cowm probably reflects the different
carbon fixation pathways of various sulfur bacteria while it appears that the
fractionation of 6>*S values between PZE and microbialites is a result of the
differences in the microbial community structure and the higher relative abundance
of purple sulfur bacteria. In addition, fluctuations between PZE and oxic conditions
were identified throughout the sampled intervals attributed to fluctuations in the
depth of the chemocline. Under the shallower chemocline, PZE developed widely in
the basin, even in shallower waters. Under the deeper chemocline PZE was absent or
limited to deeper water, and oxic conditions developed in shallower water. The
fluctuations of PZE and oxic conditions in the northern Perth Basin suggests the
development of multiple episodes of harsh environmental conditions after the end-
Permian mass extinction, similar to those identified in other regions (e.g., Meishan in

China and Peace River in Canada).

1  Introduction

The Late Permian mass extinction is the largest extinction event of the
Phanerozoic (Whiteside and Grice, 2016). During this time, about 95 % of marine
and 70 % of terrestrial species were wiped out. It is assumed that volcanic activity
associated with a Large Igneous Province (LIP) related to the break-up of Pangea led
to the mass extinction (Reichow et al., 2009; Whiteside and Grice, 2016). After the
end-Permian mass extinction, anoxic conditions were established periodically until
the beginning of the Middle Triassic. As a result, the recovery from the mass
extinction took around 8-9 million years. This is a longer recovery period compared
to other extinction events, and consequently biodiversity was profoundly damaged.
However, local oxygenated shallow water settings are good refuges for biotic
recovery (Beatty et al., 2008; Benton, 2016; Chen et al., 2012; Chen & Benton, 2012;
Foster et al., 2015; Hallam, 1991; Hofmann et al., 2011; Kaiho et al., 2016; Knaust,
2010; Payne et al., 2004; Retallack et al., 1996; Sahney & Benton, 2008; Sedlacek et
al., 2014; Shen et al., 2015; Shen et al., 2019a,b; Song et al., 2014; Twitchett et al.,
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2004; Wei et al., 2015; Woods et al., 1999; Zaton et al., 2016; Zhang et al., 2014;
Zhang et al., 2017). The LIP released large quantities of CO2 and other gases leading
to a rise in global temperature by up to 6°C. It has been shown previously that the
Panthalassa and Paleo Tethys Seas were devoid of oxygen (Grice et al., 2005a; Hays
et al., 2007; Nabbefeld et al., 2010; Wignall and Twitchett, 1996). In many global
locations, photic zone euxinia (PZE) in ancient seas has been identified based on the
abundance of the biomarker isorenieratane at or across the extinction horizon (Grice
et al., 2005a). PZE is characterized by the development of sulfidic anoxic bottom
waters separated from the oxic surface waters by a chemocline within the photic
zone. HaS is derived from sulfate-reducing bacteria which anaerobically degrade
organic matter in sediments and/or at the water column interface (Manske et al.,
2005; Pfenning, 1978; Sass et al., 2001). Under PZE, different types of anoxygenic
photosynthetic sulfur bacteria reside at the chemocline. These include purple, green-
green and green-brown sulfur bacteria that utilise H2S as an electron donor in
photosynthesis to fix carbon dioxide in the presence of sunlight. These organisms
make specific carotenoid pigments (purple sulfur bacteria: okenone; green-green
sulfur bacteria: chlorobactene; green-brown sulfur bacteria: isorenieratene) and
bacteriochlorophylls (Bchls) (purple sulfur bacteria: Bchl a and b; green-green and
green-brown sulfur bacteria: Behls ¢, d and e) to be able to capture longer
wavelengths of the electromagnetic spectrum for photosynthesis. Such pigments can
give rise to a range of biomarkers in sediments (e.g., okenane, chlorobactane,
isorenieratane and methyl iso-butyl maleimides derived from the macrocycle of
Bchls ¢, d and e). These biomarkers have been reported in oils and sediments and are
thus indicators of open water column PZE (Clifford et al., 1998; Grice et al., 2005a,
2005¢, 1996; Maslen et al., 2009; Pedentchouk et al., 2004; Sousa Junior et al., 2013;
Tulipani et al., 2015). However, similar anaerobic photosynthetic sulfur bacteria can
occur in microbialites, which are especially dominated by purple sulfur bacteria
(Brocks and Schaeffer, 2008; Fox et al., 2020; Pages et al., 2014; Schaefer et al.,
2020).
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In the northern Perth Basin located on the western coast of Western Australia
(WA), the development of PZE has been identified in Early Triassic source rocks and
crude oils based on biomarker distributions (Thomas and Barber, 2004; Grice et al.,
2005a,b). Microbialite facies have been documented in both outcrops and cores
(Chen et al., 2014; Luo et al., 2018; Luo and Chen, 2014; Thomas et al., 2004).
However, the organic geochemical characteristics of microbialites across the Perth
Basin have not been fully evaluated. In this study, we conducted biomarker and
stable isotope analyses of Kockatea Shale rock samples including microbialites to
evaluate the geochemical characteristics of such facies and to explore the basin-scale
extent of PZE. Sedimentary mercury (Hg) contents have been used to estimate the
impact of disturbances like volcanic activity on the paleoenvironment (Georgiev et
al., 2020; Grasby et al., 2017; Scaife et al., 2017; Shen et al., 2019a, 2019b; Sial et
al., 2020; Wang et al., 2019), including a West-Australian section (Georgiev et al.,

2020). These investigations were extended in the present study.

2 Geological setting

The northern Perth Basin experienced several rift, subsidence and uplift events
from the Devonian through to the Early Cretaceous (Figures 3-1 and 3-2) (Jablonski
and Saitta, 2004; Norvick, 2004). One of the most prominent events is Late Permian
rifting, the end of which is marked by the angular Late Permian Unconformity
(Taniwaki et al., 2021). NNW-SSE to NW-SE trending normal faults were developed
during this phase of rifting. The Late Permian to Early Triassic post-rift geometry of
the basin was shaped by topographic remnants of this rift event (Beagle Ridge, Turtle
Dove Ridge and associated structural lows such as the Dandaragan Trough). This in
turn controlled the distribution of the Late Permian sediments and the distribution of
facies at the base of the Early Triassic Kockatea Shale (Figures 3-1 and 3-2)
(Taniwaki et al., 2021).
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The Late Permian Wagina Sandstone was deposited as post-rift sediment above
the Late Permian Unconformity. This was followed by deposition of the Late
Permian to Early Triassic Kockatea Shale in a post-rift transgressive deeper water
setting. The Permian part of the Kockatea Shale follows deposition of the Wagina
Sandstone and is in part laterally equivalent to the Dongara Sandstone. The Early
Triassic part of the Kockatea Shale conformably overlies all of the Permian
sediments and during this phase of deposition the Kockatea Shale is laterally
equivalent to the shallow marine Bookara Sandstone which was developed near the
basin margins (Mory and lasky, 1996). The overlying sediments of Middle Triassic
to Late Jurassic age include the Woodada Formation, Lesueur, Eneabba and
Cattamarra Coal Measures, and Cadda and Yarragadee formations, and Lower

Cretaceous Winning Group.
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analysis, with gravity anomaly map as background showing the basin geometry. The
public domain data used for the gravity map is published by the Scripps Institution of
Oceanography (Sandwell et al., 2013, 2014; Sandwell and Smith, 2009). Black

points represent the location of major towns within the map.
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fluvial to deltaic sediments, bluish green (Nangetty Fm.): open marine glacial
sediments, yellowish green (Eneabba and Woodada Fms.): fluvial to deltaic

sediments. Fm.=Formation, Fms=Formations, Sst.=Sandstone, and Mbr.=Member.

3 Data & Methodology
3.1 Samples and lithology

Core material was obtained from the Perth Core Library managed by the
Department of Mines, Industry Regulation and Safety, Government of Western
Australia. A set of 38 rock samples obtained from the base of the Kockatea Shale
from six wells (Beharra Springs 2, Cliff Head 4, Dongara 4, Hovea 3, Jurien 1 and
Woolmulla 1) covering the Late Permian to Early Triassic were used in this study
(Figures 3-1-3-3 and Table 3-1). All rock samples were assigned to specific
lithofacies (dark coloured mudstone, light coloured mudstone and microbialites)
based on core observations (Figure 3-4) (Taniwaki et al., 2021) and their geological
age was determined from post-drill well reports and publications (Thomas et al.,
2004; Metcalfe et al., 2008; Gorter et al., 2009; Georgiev et al., 2020). Other facies
that were identified, but not sampled, include sandstone deposited by storm/gravity

flows and tidal facies

The dark coloured mudstone in each facies other than the tidal facies consists of
black and dark grey mudstones, and is dominant in the northern wells (Hovea 3,
Dongara 4, and Cliff Head 4). Black mudstone is commonly observed in Hovea 3
and Cliff Head 4 and dark grey mudstone is common in Dongara 4 and Cliff Head 4.
Parallel laminations are commonly identified in the dark coloured mudstone,

suggesting that the original sedimentary structures are preserved.

Microbialites were only identified from the northern wells (Cliff Head 4, Hovea
3, and Dongara 4), and consist of layered calcareous beds with mounded or swelling

geometry. Dark coloured mudstones (dark grey to black) are always interbedded with
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microbialites. In Cliff Head 4 and Dongara 4, dark grey mudstones are interbedded
with microbialites. In Hovea 3, both black and dark grey mudstones are associated

with microbialites.

The light coloured mudstone facies are distinguished from the dark coloured
mudstone facies by their medium grey colour and are dominant in the southern wells
(Jurien 1 and Woolmulla 1). These mudstones are characterised by parallel
laminations, and are interbedded with tidal sandstones. The interbedded tidal

sandstones and light coloured mudstones show some degree of bioturbation.

3.2 Extraction of sediments and fractionation

Rock samples were gently sonicated for 15 minutes (three times) in 9:1
dichloromethane: methanol (DCM: MeOH) to remove any surface contamination.
Samples were then powdered using a Rocklabs BTRM 1A rock grinder. Powdered
samples (10-30 g) were Soxhlet extracted (72 hours with 9:1 DCM: MeOH). A small
amount of activated copper turnings was placed in the round-bottom flask with

extracted bitumen to remove elemental sulfur.

The extracts were weighed and fractioned into saturated hydrocarbon, aromatic
hydrocarbon, Ni-porphyrin, V=0O-porphyrin and polar fractions with small-scale
silica gel column chromatography. Samples (~10 mg) were placed on a 5.5 cm
column containing activated silica gel (160 °C, overnight). The saturated
hydrocarbon fraction was eluted with n-hexane (4 mL). The aromatic hydrocarbon
fraction was eluted using a mixture of 9:1 n-hexane (3.6 mL): DCM (0.4 mL). The
Ni-porphyrin fraction was eluted using a 3:1 mixture of n-hexane (3 mL) and DCM
(1 mL). The V=0O-porphyrin fraction was eluted with DCM (4 mL). The polar
fraction was recovered with a 1:1 mixture of MeOH (2 mL) and DCM (2 mL). The
solvent of each fraction was removed with a nitrogen purge and then the fraction was

weighed.
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Figure 3-3. Well correlation panel of the
basal section of the Kockatea Shale from
Cliff Head 4, Dongara 4, Hovea 3,
Beharra Springs 2, Woolmulla 1 and
Jurien 1. Core lithology is based on core
observation (Taniwaki et al., 2021),
gamma ray (GR) and sonic log (Sonic) are
plotted. Wells are aligned by the

approximate Permian/Triassic boundary.

88



Chapter 3

%s
|
|

Figure 3-4. Typical lithofacies of A) microbialite, B) dark coloured mudstone and C) light coloured mudstone.
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Table 3-1. Depth, lithofacies (lithology and facies) and geological ages of each sample.

Well Depth (m) Lithology Description Facies type Age

Beharra Springs 2 3340.54 Black Shale Black Shale Permian
Beharra Springs 2 3342.65 Bioturbated Deposit Bioturbated bed Permian

Beharra Springs 2 3352.70 Bioturbated Deposit Bioturbated bed Permian

Beharra Springs 2 3353.67 Black Shale Bioturbated bed Permian

Cliff Head 4 1414.84 Black Shale Storm bed (Black Shale) Triassic/Permian
Cliff Head 4 1416.15 Black Shale Storm bed (Black Shale) Triassic/Permian
Cliff Head 4 1416.66 Dark Grey Shale Microbialite Triassic/Permian
Cliff Head 4 1419.04 Dark Grey Shale Microbialite Triassic/Permian
Cliff Head 4 1420.12 Microbialite Microbialite Triassic/Permian
Cliff Head 4 1421.12 Black Shale Microbialite Triassic/Permian
Cliff Head 4 1422.38 Microbialite Microbialite Triassic/Permian
Cliff Head 4 1424.05 Black Shale Storm bed (Black Shale) Permian

Cliff Head 4 1425.34 Black Shale Storm bed (Black Shale) Permian
Dongara 4 1661.62 Dark Grey Shale Dark Grey Shale Triassic
Dongara 4 1665.32 Dark Grey Shale Storm bed (Dark Grey Shale) Triassic
Dongara 4 1667.15 Dark Grey Shale Storm bed (Dark Grey Shale) Triassic
Dongara 4 1668.06 Dark Grey Shale Dark Grey Shale Triassic
Dongara 4 1668.96 Dark Grey Shale Dark Grey Shale Triassic
Dongara 4 1669.93 Dark Grey Shale Dark Grey Shale Triassic
Dongara 4 1672.31 Microbialite Microbialite Triassic

90



Chapter 3

Dongara 4 1672.85 Olive Black Shale Microbialite Triassic
Dongara 4 1673.85 Microbialite Microbialite Triassic
Dongara 4 1674.57 Olive Black Shale Microbialite Triassic
Dongara 4 1675.27 Microbialite Microbialite Triassic
Dongara 4 1677.09 Olive Black Shale Microbialite Triassic
Dongara 4 1677.56 Microbialite Microbialite Triassic
Dongara 4 1678.40 Light Olive Brown Shale Storm bed (Light Olive Brown Shale) Triassic
Hovea 3 1970.24 Black Shale Black Shale Triassic
Hovea 3 1971.28 Black Shale Microbialite Triassic
Hovea 3 1972.25 Microbialite Microbialite Triassic
Hovea 3 1974.34 Microbialite Microbialite Triassic
Hovea 3 1975.47 Black Shale Microbialite Triassic
Hovea 3 1979.68 Black Shale Black Shale Triassic
Hovea 3 1982.67 Black Shale Dark Grey Shale Permian
Hovea 3 1986.00 Black Shale Fossiliferous Shale Permian
Jurien 1 267.01 Medium Grey Shale Medium Grey Shale Triassic
Jurien 1 267.97 Medium Grey Shale Tidal Bed Triassic
Woolmulla 1 1699.12 Medium Grey Shale Medium Grey Shale Triassic
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3.3  Analysis

3.3.1 Gas Chromatography-Mass Spectrometry & gas chromatography-metastable

reaction monitoring-mass spectrometry

Both saturated and aromatic hydrocarbon fractions were analysed by gas
chromatography-mass spectrometry (GC-MS), and gas chromatography-metastable
reaction monitoring-mass spectrometry (GC-MRM-MS). GC-MS was conducted at
Curtin University and GC-MRM-MS was carried out at the Massachusetts Institute
of Technology.

For the saturated hydrocarbon fractions, GC-MS analysis was conducted using an
Agilent 5977B MSD interfaced to an Agilent 7890B gas chromatograph. A J&W
Scientific DB-1MS column with 60 m length, 250 pm inner diameter and 0.25 um
film thickness was used. The GC oven was programmed from 40 °C to 325 °C with a
heating rate of 3°C/min. Initial and final holding times were 1 and 30 minutes,
respectively. The MS was operated with an ionisation energy of 70 e} and scanned a

mass range from 50 to 550 Daltons.

For the aromatic hydrocarbon fractions, GC-MS analysis was performed on an
Agilent 5975B MSD interfaced to an Agilent 6890N gas chromatograph. A J&W
DB-5MS column with 60 m length, 250 pm inner diameter and 0.25 pm film
thickness was used. The settings of temperature, heating rate, holding times, and

scanning mass range were the same as used for the saturated hydrocarbon analysis.

Equal amounts of saturated and aromatic hydrocarbon fractions were combined
for GC-MRM-MS analysis. GC-MRM-MS was performed with an Agilent 7890B
GC interfaced to an Agilent 7010B Triple Quadruple MS operated in metastable
reaction monitoring (MRM) mode. A DB-5MS UI capillary column with 60 m
length, 250 um inner diameter and 0.25 pm film thickness was used. The GC oven
was programmed from 40 °C to 325 °C with a heating rate of 4 °C/min. Holding time

for the final temperature was 20.75 minutes. The MS was operated with an ionisation
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energy of 50 eV. The QQQ temperature was set at 150°C. D4-C27 aaa cholestane (10
pL of 10 pg/mL concentration) was added as an internal standard. The identification
of compounds was conducted based on comparison with reference standards,
matching retention times and elution order (Cui et al., 2020; French et al., 2014;

Kaiho et al., 2016; Schaefer et al., 2020; Spaak, 2017).
3.3.2  Bulk carbon isotopes of organic matter (§'*Com)

For the bulk stable carbon isotope composition ('*C/'?C) measurement of the
organic matter, carbonate minerals were removed with 1M HCL. The bulk §'*Com
analysis was conducted at Curtin University with a Thermo Flash 2000 HT elemental
analyser (EA) connected to a Delta V Advantage isotope ratio mass spectrometer
(irMS) via a Conflo IV. Samples (~2 mg) were placed in tin cups and combusted to
CO:2 in the nitrogen-carbon reactor (1020 °C). COz2 passed through the Conflo IV
interface into the irMS measuring m/z 44, 45 and 46. Measured §'"°C values were
calculated by Thermo Isodat software, and then normalised to the Vienna Pee Dee
Belemnite (VPDB) scale with multiple reference materials of NBS 19 (+1.95 %o) and
L-SVEC (-46.6 %o) (Coplen et al., 2006). In addition, IAEA-600 (-27.77 %0) was also
measured to evaluate the accuracy of normalisation. Each sample was analysed in

triplicate.

3.3.3 Mercury (Hg)

The total Hg concentrations were measured using a DMA-90 analyser with a
detection limit of approximately 0.15 pug/kg of rock powder. Signal calibration was
conducted with both the BCR 142 R CRM and SRM 2709 reference materials. The
relative standard deviations of reference materials were measured to be less than
+5% of relative deviations from the mean value (Leipe et al., 2013). Although it has
been observed that Hg may bond to different sedimentary phases such as organic

matter, sulfides, or clay minerals (e.g., Shen et al., 2020), we present normalized data
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with TOC and TRIS. The analyses were conducted at the Leibniz Institute for Baltic
Sea Research (IOW).

3.3.4 Stable sulfur isotopes

The stable sulfur isotope composition (**S/**S) of total reduced inorganic sulfur
(TRIS; considered to essentially represent pyrite (FeSz2)) was measured on powdered
rock samples. Hydrogen sulfide was generated by applying hot acid chromium (II)
chloride distillation (Fossing and Jergensen, 1989). The generated H2S was
transported in a stream of N2 through a Zn acetate solution trap and where it was
precipitated quantitatively as ZnS. The sulfide concentration was measured
spectrophotometrically (Specord 40 spectrophotometer) using the methylene blue

method (Cline, 1969). The concentration was then converted to solid phase contents.

The ZnS was transformed to Ag:S using a 1M AgNOs solution for further
preparation. Ag>S was washed and dried, and combusted in Sn cups in a Thermo
Scientific Flash EA Isolink Elemental Analyzer, connected to a Thermo Finnigan
MAT 253 gas mass spectrometer via a Thermo Conflo IV split interface as described
by Pollmann et al. (2021). The isotope results are given in the § notation, where the
measurements given in %o are equivalent to mU (milli Urey; Brand and Coplen, 2012).
International isotope IAEA and NBS intercomparison materials were used to convert
the isotope ratios to the VCDT scale (Mann et al., 2009), with a precision of better
than + 0.2%o. These analyses were conducted at IOW.

4  Results
4.1 Thermal maturity

The thermal maturity of each sample was determined by Cs2 225/(228+22R) of-
homohopane and Cz9 20S/(205+20R) sterane ratios (Peters et al., 2004) Table 3-2).
Most samples have not reached their thermal equilibrium values, indicating relatively

low thermal maturity. However, the thermal maturity varies slightly between wells
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depending on the burial depth. Beharra Springs 2 has higher thermal maturity than
Cliff Head 4 and Hovea 3, most likely due to deeper burial. The thermal maturity of
both Jurien 1 and Woolmulla 1 is higher than for other wells. These wells are located
near an area of uplift which exposes the Kockatea Shale in outcrop (Mory et al., 2005)
suggesting the maximum burial depth was much greater than the current burial depth.
The numerical comparison of biomarker distributions between wells requires caution
because of the small thermal maturity differences between the wells. On the other hand,
the effect of thermal maturity is minimal when comparing biomarker distributions

within a single well.

95
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Well Depth (m) C32 225/(228+22R) ap-homohopane ratio  C29 205/(205+20R)
Beharra Springs 2 3340.54 0.60 0.48
Beharra Springs 2 3342.65 0.54 0.45
Beharra Springs 2 3352.70 0.62 0.53
Beharra Springs 2 3353.67 0.63 0.38
Cliff Head 4 1414.84 0.49 0.17
Cliff Head 4 1416.15 0.50 0.16
Cliff Head 4 1416.66 0.51 0.16
Cliff Head 4 1419.04 0.47 0.17
Cliff Head 4 1420.12 0.50 0.18
Cliff Head 4 1421.12 0.44 0.16
Cliff Head 4 1422.38 0.48 0.20
Cliff Head 4 1424.05 0.59 0.43
Cliff Head 4 1425.34 0.59 0.43
Dongara 4 1661.62 0.54 0.20
Dongara 4 1665.32 0.56 0.23
Dongara 4 1667.15 0.54 0.24
Dongara 4 1668.06 0.54 0.22
Dongara 4 1668.96 0.53 0.22
Dongara 4 1669.93 0.54 0.22
Dongara 4 1672.31 0.55 0.21

96



Chapter 3

Dongara 4 1672.85 0.55 0.19
Dongara 4 1673.85 0.52 0.23
Dongara 4 1674.57 0.53 0.24
Dongara 4 1675.27 0.52 0.23
Dongara 4 1677.09 0.52 0.24
Dongara 4 1677.56 0.51 0.23
Dongara 4 1678.40 0.53 0.26
Hovea 3 1970.24 0.59 0.44
Hovea 3 1971.28 0.59 0.39
Hovea 3 1972.25 0.59 0.42
Hovea 3 1974.34 0.59 0.42
Hovea 3 1975.47 0.59 0.43
Hovea 3 1979.68 0.57 0.43
Hovea 3 1982.67 0.58 0.36
Hovea 3 1986.00 0.57 0.39
Jurien 1 267.01 0.56 0.48
Jurien 1 267.97 0.60 0.45
Woolmulla 1 1699.12 0.62 0.36
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4.2  Characteristics of biomarkers, §'*Cowm, 6**S, Hg and Hg/TOC

One of the distinct characteristics of the Lower Triassic is the presence of
carotenoid biomarkers (okenane, chlorobactane and isorenieratane) (Figure 3-5). The
northern wells (Cliff Head 4, Dongara 4 and Hovea 3) contain high abundances of
carotenoid biomarkers, and display fluctuations in concentration (Figures 3-6-3-8). In
addition, other biomarkers, §'*Cowm, 6°*S, Hg and Hg/TOC show repeated
fluctuations of their concentrations and ratios (Figures 3-6-3-8) similar to the
fluctuation of carotenoid biomarkers. Hopane and gammacerane indices [hopane
index: C3s5 (22S+22R) ap-homohopane/Cs4 (22S+22R) aff-homohopane,
gammacerane index: (gammacerane/(gammacerane+Csoaf}-homohopane)] show a
positive correlation with the concentration of carotenoid biomarkers, while Pr/Ph is
negatively correlated. Values of the 2a-methylhopane index (2MeHI: 2a-methyl of-
hopane/(2a-methyl aff-hopane+ Csoaf}-homohopane)) and (renieratane and
renierapurpurane)/(paleorenieratane+isorenieratane) ratio ((ren+rnp)/(paleo+iso)) are
variable but tend to be high in the interval with low hopane and gammacerane
indices and high Pr/Ph within the microbialite lithofacies. The relative abundance of
okenane to chlorobactane and isorenieratane (okenane ratio) and the concentration of
aryl isoprenoids (Cis, Ci9, and Cao with a 2,3,6 methyl substitution pattern) show
opposite trends. High okenane ratios and low concentrations of aryl isoprenoids are
typically identified in the interval with lower hopane and gammacerane indices and
higher Pr/Ph within the microbialite lithofacies. The C33 n-alkylcyclohexane ratio (n-
Cs3 ACH ratio, n-C33ACH/n-Cs4) is high in the microbialite lithofacies. The relative
abundance of Cso steranes is high in the basal part of the Lower Triassic near the
Permian-Triassic boundary. TRIS values are similar across the sampled interval. Hg
concentration and normalized Hg/TOC, Hg/TRIS and TOC/TRIS values are also
high in the basal part of the Lower Triassic, corresponding to the interval with a
higher abundance of C3o steranes (Cso steranes/X(C27-30 steranes). Values of §*Cowm

and 6**S are isotopically light in the microbialite facies although the isotopically
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lightest §°*S values in the Lower Triassic are mainly identified near the Permian-

Triassic boundary.

chlorobactane
/

m/z 554 — 134

okenane
/

Relative intensity ——

isorenieratane™ m/z 546 — 134

| ren

Relative retention time ————

Figure 3-5 Carotenoid biomarkers from microbialites (Cliff Head 4, 1422.38m)

identified using GC-MRM-MS by comparison with standard compounds. 'Paleo’:

2

paleorenieratane, ‘ren’: renieratane, ‘rnp’: renierapurpurane.

99



We——-
= 8
E 35
£ 9
=

3 8 =

< 0O 3
Frars

L

3

2

8

=

s

5

w

a Lis

]

Dongara 4

- 3

E 53

s &9

£ %%
0o 8 22 " o ) | Custeranes  n.C33ACH
2 8 = Z0% ™ og o™ © 095 000™ o065 000 033 007 058
< 0O 33

L
2
Cliff Head 4 2
=
3 2L
kel &
2 i
£ HI Pr/Ph Gl 2MeHI| Cxo steranes n-C33 ACH
5025 0.99 0.50 1.30 0.00 0.08 0.00 0.04 0.00 0.33 0.06 0.69

ET? |

Zone 1 (PZE and microbial mat with higher marine pelagophytes)

Zone 4 (PZE)

Permian/Triassic Boundary

Chapter 3

Hovea 3
= 3
E g3
c &8
2 839
g 22 Pl Cx nC33
8 == M 060 0817227 000 @' 004 001" 002 000 " 033 000" 043
55 i (e

Early Triassic

Late Permian

Zone 2 (PZE+microbial mats)

Zone 5 (oxic conditions)
Lithology

Zone 3 (microbial mats under more oxic conditions)

Lithofaci

- Dark gray mudstone (Dark coloured mudstone)

I 5

|:’ Storm/gravity flow bed facies (Dark coloured mudstone)

- Microbialite facies

- Fossiliferous bed facies

- Older Formation

(Dark coloured

beds

- Dark grey l:’ F
- Black mudstone
- Microbialites

‘:l Storm/gravity flow beds
- Light olive brown mudstone

- Older Formation

Figure 3-6. Composite panel of major biomarkers for Cliff Head 4, Dongara 4, and Hovea 3. C3s homohopane index (HI), pristine/phytane

ratio (Pr/Ph), gammacerane index (GI), 2a-methylhopane index (2MeHI), Cso sterane ratio, n-C33 ACH ratio are plotted. (Fox et al., 2020;

Grice et al., 2005c; Peters et al., 2004; Summons et al., 1999; Tulipani et al., 2015). Cores are aligned on the approximate Permian/Triassic

boundary.

100



Dongara 4
We——o0 isorenieratane CuAl
—~ @ 000 11780 0 73k
e Q2 > 7 (|
~ % g chlorobactane Cu Al
s £ Sow ren+mp Okenane 000 119k
& & £ £008 %0 00l 007 100 "™ 105 000" Aoz
< 0O O 37 i [ r L T
. o [ 1665 = =
Cliff Head 4 2
@ .-
isorenieratane C Al 8 -
— @ 000 3190 000 127k =
£ 2 =T " -
= G G chiorobactane Cu Al 2 Le7o. . -
£ £3 000 1600  rentmp Okenane 0.0 266k 5
S = E 008 ™0 005" 007 1.00 ™ 105 0.00 " Aa2ik :
o I 3% i 7 T I ] -
L1415, . . o -, o
k) 5 . o7 - -
73 J s —
[%]
Ko} o o . <
= o o = - 5 5
> |-1420- S w
= |-1680-
© -
w
0—: |-1425. - Permian/Triassic Boundary
4 .

Zone 1 (PZE and microbial mat with higher marine pelagophytes)

Zone 4 (PZE)

Zone 2 (PZE+microbial mats)

Zone 5 (oxic conditions)

—>E
Hovea 3
isorenieratane Cazo Al
—~ @ _ o000 2750 0.00 42
[ R — (|
< g B chlorobactane CuAl
s £ Sow 40 rentmp Okenane  0.00 71k
& & £ £008 50 008 007 100" 105 000°" A a1k
< 0O 377 ) L 7L I
[~1970- 0 .. . . -
o . °
2 o 0 5
1723
o
= -
= 1975
= S
©
w
(-1980. e L
c
.8 1985
E
ko)
o
-]
@
— 11990

Zone 3 (microbial mats under more oxic conditions)

Lithology

Lithofacies
- Dark gray mudstone (Dark coloured mudstone)
- Black mudstone (Dark coloured mudstone)

I:I Storm/gravity flow bed facies (Dark coloured mudstone)

Il Vicrobialite facies
- Fossiliferous bed facies
- Older Formation

- Black mudstone
Il Vicrobialites

- Dark grey mudstone

I: Storm/gravity flow beds
- Light olive brown mudstone

I:l Fossiliferous beds
- Older Formation

Chapter 3

Figure 3-7. Composite panel of
carotenoids and related
biomarkers for Cliff Head 4,
Dongara 4, and Hovea 3.
Okenane, chlorobactane,
1sorenieratane,
ren+rnp/paleo+iso ratio,
okenane ratio and aryl
isoprenoids (Cis-20) are plotted
(Brocks and Schaeffer, 2008;
Cui et al., 2020; Grice et al.,
2005a; Schaefer et al., 2020;
Summons and Powell, 1987).
Cores are aligned on the
approximate Permian/Triassic

boundary.
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4.3  Definition of zones

Late Permian Kockatea Shale samples represent relatively more oxic depositional
conditions with less water column stratification compared with Early Triassic
Kockatea Shale samples based on hopane and gammacerane indices and Pr/Ph. In
addition, carotenoid biomarkers related to sulfur bacteria were not identified in the

Late Permian Kockatea Shale samples.

Paleoenvironmental depositional conditions in the Early Triassic were
established using several biomarkers, bulk carbon isotopes of organic matter, sulfur
isotope ratios and Hg contents (Figures 3-6-3-12 and 3-S1, Table 3-3). The analysed
Early Triassic intervals are divided into five zones based on the relative abundances
of biomarkers, rather than absolute values because of the variation caused by thermal
maturation characteristics (section 4.1). The zones are Zone 1 (PZE and microbialites
with higher marine pelagophytes), Zone 2 (PZE with microbialite), Zone 3
(Microbialites living under relatively more oxic conditions), Zone 4 (PZE), and Zone

5 (oxic condition).
43.1 Zone 1

This interval is identified in Cliff Head 4, Dongara 4, and Hovea 3. The dark

coloured mudstones and microbialites represent the major lithofacies.

Persistent water column PZE was established based on high hopane and
gammacerane indices, low Pr/Ph (Figure 3-6) and high concentrations of okenane,
chlorobactane and isorenieratane indicating the abundance of phototrophic sulfur
bacteria (Figure 3-7). Gammacerane index values reported herein are generally low
compared with values reported in other publications (e.g. Tulipani et al., 2015), but
there is a subtle variation of values within this range, consistent with other
parameters. The concentration of okenane, chlorobactane and isorenieratane is
generally high in this zone and the other zones associated with PZE (Zone 1, 2 and

4). The okenane ratio is variable, with slightly lower values indicating a slightly
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lower abundance of purple sulfur bacteria. Aryl isoprenoid concentrations are
generally high, suggesting a greater abundance of green sulfur bacteria (Summons
and Powell, 1987). In addition, a low relative abundance of cyanobacteria in Zone 1
is inferred based on the low 2MeHI and (ren+rnp)/(paleo+iso) (Bralower et al., 2020;
Cui et al., 2020; Fox et al., 2020; Schaefer et al., 2020; Summons et al., 1999). The
n-C33 ACH ratio is elevated in the zones with microbialites (Zone 1 to 3) relative to
other zones (Figure 3-10) (Grice et al., 2005¢). The high abundance of C3o steranes
observed in Zone 1, suggests abundant marine pelagophytes during the onset of
major marine transgression or an intense bloom of pelagophytes after the mass
extinction (Fox et al., 2020). Hg concentrations and normalized Hg/TOC values are

generally high (Figure 3-8).

TRIS ranges from 0.76% to 2.5%. Hg/TRIS and TOC/TRIS are elevated and
show the largest values of any of the zones (Figures 3-8 and 3-13). The bulk §"*Com
in Zones 1 and 2, which share similar paleoenvironmental conditions, ranges from ~-
30 %o to ~-32.5 %o (Figure 3-11). §*S values range from ~-20 %o to ~-40 %o and are

isotopically lighter than samples formed under oxic conditions (Figure 3-12).

The paleoenvironment in Zone 1 is interpreted as PZE with microbialite facies

and a higher abundance of marine pelagophytes (elevated C3o sterane ratio).
4.3.2 Zone?2

This interval is identified in Cliff Head 4, Dongara 4, and Hovea 3. Zone 2 shares
similar lithofacies and most organic geochemical characteristics to Zone 1, except
the relative abundance of Cso sterane, which is low in Zone 2 and subsequent zones.
TRIS ranges from 0.56% to 5.45%. Hg/TRIS and TOC/TRIS which is similar to the
range of values in Zone 1 in Cliff Head 4 and Hovea 3, but lower than in Zone 1 in
Dongara 4 (Figures 3-8 and 3-13). Figure 3-12 shows one sample has isotopically
heavier §°*S reaching to +15%o in this zone. It appears to be an outlier and is

excluded from the range of §°*S values used to characterise this paleoenvironment.
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The paleoenvironment in Zone 2 is interpreted as a combination of PZE and

microbialites.
433 Zone3

This interval is identified in Cliff Head 4, Dongara 4, and Hovea 3. The dominant
lithofacies are similar to Zone 1 (dark coloured mudstone and microbialites), but
more oxic conditions with less water column stratification are indicated by low
hopane and gammacerane indices, and high Pr/Ph (Figure 3-6). The concentration of
carotenoid biomarkers is generally variable. The okenane ratio is higher than in
Zones 1, 2 and 4 where PZE developed with or without microbialites (Figure 3-7),
indicating a higher contribution of purple sulfur bacteria (Figure 3-9). The significant
separation of values between PZE (Zone 4) and microbialites (Zone 3) in Figure 3-9
shows there is very strong difference of okenane ratio between these facies. Aryl
isoprenoid concentrations are low, indicating lower contributions of green sulfur
bacteria (Figure 3-7). A high abundance of cyanobacteria is also evident based on the
generally elevated 2MeHI in some wells (Cliff Head 4 and Hovea 3) and high
(ren+rnp)/(paleo+iso) (Figure 3-7). The n-Cs3 ACH ratio is elevated and is probably
related to microbialites as described in Zone 1 (Figure 3-10). Most of the samples in
Zone 3 and subsequent zones have a low Hg concentration and Hg/TOC compared

with the underlying zones.

TRIS ranges from 1.2% to 7.2%. It shows slightly higher values than Zones 1 and
2 in Cliff Head 4 and Hovea 3, but values overlap significantly with other zones. The
values of Hg/TRIS decrease from Zone 2. TOC/TRIS ranges are almost constant in
Dongara 4 and Hovea 3 and slightly decrease in Cliff Head 4 (Figures 3-8 and 3-13).
The bulk §'*Cowm ranges from -31 to -32%o and is isotopically lighter compared to
Zone 4 (-28.5 to -31%o) (Figure 3-11). §**S values range from ~-25 to -35 %o which
is isotopically lighter than the PZE interval without microbialites (Zone 4) (-20 to -
25%o) (Figure 3-12).
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The paleoenvironment in Zone 3 is interpreted as microbialites formed under

relatively more oxic conditions.
4.3.4 Zone 4

This interval is identified in Cliff Head 4 and Dongara 4, but is mainly based on
the characteristics of Dongara 4 because Cliff Head 4 has only one sample. The dark

coloured mudstone represents the dominant lithofacies.

PZE is inferred based on high hopane and gammacerane indices, low Pr/Ph
(Figure 3-6), and high concentrations of carotenoid biomarkers (Figure 3-7). The low
okenane ratio and relatively high aryl isoprenoid concentration supports a low
abundance of purple sulfur bacteria and greater abundance of green sulfur bacteria.
The low ratios of both 2MeHI and (ren+rnp)/(paleo+iso) suggest a low abundance of

cyanobacteria. The n-C33 ACH ratio is also low in this interval (Figure 3-10).

TRIS ranges from 0.7% to 6.0%, showing a similar range to other zones. The
values of TOC/TRIS increase compared with Zone 3 in Dongara 4 and are similar to
Zone 3 in Cliff Head 4. Hg/TRIS is slightly low compared with Zone 3 (Figures 3-8
and 3-13). The bulk §'3*Com ranges from -28.5 %o to -31 %o and is isotopically
heavier than the microbialite interval (Zone 3) (-31 to -32%o) (Figure 3-11). §°*S
ranges from -20 to -25%o which is within a range of isotopically lighter values
indicating the development of PZE, although it is isotopically heavier than the
microbialite interval (-25 to -35%o) (Figure 3-12).

Zone 4 shows PZE depositional conditions. The uppermost part of the cored
interval in Dongara 4 may also be assigned to PZE although there are inconsistencies

between biomarkers, bulk §'*Com and §3*S.
435 ZoneS

This interval is identified in Jurien 1, Woolmulla 1 (southern wells, Figure 3-S1)
and Dongara 4 (northern well). One sample from Woolmulla 1 and two samples from

Jurien 1 with the medium grey shale (light coloured mudstone) are assigned to this
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zone. One sample from the dark grey mudstone (dark coloured mudstone) is assigned

to this zone in Dongara 4.

Oxic conditions with less water column stratification are identified based on low
hopane and gammacerane indices and high Pr/Ph (Figure 3-6). The carotenoid
biomarkers are absent, indicating no PZE development and no microbialite source.

The n-Cs3 ACH ratio is quite low (Figures 3-10 and 3-S1).

TRIS ranges from 0.17% to 0.77% in Jurien 1 and Woolmulla 1 and is 1.6% in
Dongara 4. TOC/TRIS and Hg/TRIS show higher values compared with other zones
in Jurien 1 and Woolmulla 1. In Dongara 4 these values are in the same range as
Zones 1 to 4 (Figures 3-8 and 3-13). The bulk §'*Cowm ranges from about -32 to -

34 %o and is isotopically lighter than the other zones (Figures 3-11 and 3-S1). Figure
3-11 shows one sample which has isotopically heavier §'3Com reaching -29%.. It
appears to be an outlier, hence this sample is excluded from the range of §'*Com used
to characterise this paleoenvironment. §*S values from Jurien 1 and Woolmulla 1
range from 0 to 25%o and are isotopically heavier than the PZE and microbialite

intervals (Figures 3-6 and 3-12).

In Dongara 4 (northern well), one sample from the dark grey mudstones is
assigned to this zone based on biomarker characteristics. On the other hand, this zone
in Dongara 4 has an isotopically lighter §°*S value (-21.7 %o) similar to the adjacent
zones related to PZE. It appears to be an outlier compared with other samples. The
lithofacies for the sample from Dongara 4 is a dark coloured mudstone interbedded
with PZE intervals. In addition, aryl isoprenoids are present in small concentrations
although carotenoids (isorenieratane, chlorobactane and okenane) are absent. There
are some inconsistencies for this sample although many parameters favour oxic

conditions.
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Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
Identified wells Cliff Head 4 Cliff Head 4 Cliff Head 4 Cliff Head 4 Jurien 1
Dongara 4 Dongara 4 Dongara 4 Dongara 4 Woolmulla 1
Hovea 3 Hovea 3 Hovea 3 Dongara 4?
Lithofacies dark coloured dark coloured dark coloured dark coloured light coloured
mudstone mudstone mudstone mudstone mudstone
microbialites microbialites microbialites dark grey mudstone
Paleoenvironment PZE+Microbialites PZE+Microbialites Microbialite under oxic PZE Oxic conditions
with higher abundance conditions
of marine pelagophytes
Css homohopane index ~ High High Low High Low
(Hopane index)
Pr/Ph Low Low High Low High
Gammacerane index High High Low High Low
Okenane, High concentration High concentration Variable High concentration Absent
chlorobactane,
isorenieratane
Okenane ratio Low (variable) Low (variable) High Low Not available
Aryl isoprenoids High concentration High concentration Low concentration High concentration Low concentration
2MeHI Low Low High Low Low
(ren+rmp)/(paleo+iso) Low Low High Low Not available
n-Cs3 ACH ratio High High High Low Low
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C3o sterane ratio High Low Low Low Low

Hg & Hg/TOC High High Low Low Low

BCom -30.0 to 32.5 %o -30.0 to 32.5 %o -31.0 to -32.0 %o -28.5 t0 -31.0 %o -32.0 to -34.0 %o
S -20 to -40 %o -20 to -40 %o -25t0 -35 %o -20 to -25 %o 0 to +25 %o
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paleoenvironmental zone (Grice et al., 2005¢).
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5 Discussion
5.1 Distinguishing the geochemical signatures of PZE and microbialites

Okenane ratios, n-C33 ACH, §"*Com and 6**S values show a difference between
PZE and microbialite facies (Figures 3-9 and 3-12). Principal component analysis
(PCA) has been carried out to determine the correlation between these parameters
(Figures 3-14 and 3-15,Table 3-4). The correlation between n-C33 ACH and §'*Com
is strongest (R?: -0.82) while the correlations between other parameters are very
weak (R? (okenane ratio vs §'*Com)=-0.19, R? (n-C33 ACH vs §'*Com)= -0.16, and
R? (6*S vs 6*Com)= 0.06), probably because of the scattered distribution of samples

from “PZE+microbialite facies (Zones 1 and 2)”.

In the plot of PC1, PC2 and PC3 (Figure 3-15), there is clear separation between
PZE (Zone 4) and microbialite (Zone 3) facies. The samples from PZE+microbialite
facies (Zones 1 and 2) mainly plot near the microbialite facies (Zone 3), probably
because the PZE-+microbialite facies (Zones 1 and 2) share similar biomarker
characteristics based on okenane ratio and n-C33 ACH (Figures 3-9 and 3-12).
However, there are distinct differences of biomarker features in hopane index,
2MeHI and (ren+rno)/(paleo+iso) between microbialite (Zone 3) and
PZE+microbialite (Zones 1 and 2) facies (Figures 3-9 and 3-12), resulting in the
separation of these two facies on the PCA plot. When compared to the microbialite
facies, the PZE samples have isotopically heavy §'*Com and §°*S, and low okenane
ratio and n-C33ACH. PZE+microbialite samples have intermediate values between

PZE and microbialite samples.

The 6'*Com associated with the high purple sulfur bacteria communities is
depleted in 1*C compared with high green sulfur bacterial communities due to their
different carbon fixation pathways (Grice et al., 1997). The results of the PCA
correspond to these characteristics. The isotopically lightest §'*Com from
microbialites has the largest PC1 value, while the isotopically heaviest §'*Com from

PZE facies shows the smallest value. The variation of PC1 values represents the
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83Cowm variation and correlates to the variation of n-C33ACH and other parameters.
Based on the relationship between §'*Cowm and sulfur bacterial community, in
combination with okenane ratio, n-C33ACH, and §>*S, the contribution of purple
(microbialite) versus green (PZE) sulfur bacteria can be evaluated. The relative
abundance of n-C33 ACH in microbialites also suggests that this compound is related

to facies containing microbialites.

Table 3-4. Range of selected isotope and biomarker results in each zone.

5*S §"3Com n-C33 ACH  Okenane Ratio
Max  Min Max Min Max Min Max Min
PZE -203  -26.5 -28.6 -30.8 0.25 0.11 1.01 1.00
Mat -255 332 -31.1 -32.0 0.64 0.14 1.02 1.00

PZE+Microbialites -23.7 -36.2  -30.0 -32.2 0.63 0.15 1.02 1.00
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Figure 3-14. Cross plots of
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5.2 Paleoenvironmental conditions and their organic geochemical characteristics

The northern wells (Cliff Head 4, Dongara 4, and Hovea 3) show fluctuating
paleoenvironmental transitions between PZE and oxic conditions based on the
biomarker and stable isotope characteristics. The lower part of the cored intervals

(Zones 1 to 3) is associated with microbialites.

The fluctuation between PZE and oxic conditions suggests changes in the depth
of the chemocline (transition between oxic and anoxic water) (Figure 3-16). As there
is no evidence of changes in lithofacies, it is unlikely that this could be explained by
changes in water depth. Under the shallower chemocline, PZE appears to have
occurred across the region. On the other hand, when the chemocline was deeper, oxic
conditions developed in shallower waters and PZE was either absent in the basin or

persistent only in deeper water.

Microbialites developed under both PZE and oxic conditions. These mats are
characterized by the high abundance of purple sulfur bacteria compared to green
sulfur bacteria, regardless of PZE vs. oxic conditions. The mats can be distinguished
by the relative abundance of cyanobacteria with a high relative abundance of

cyanobacteria identified in the microbialites developed under oxic conditions.

Purple sulfur bacteria are active in settings with dissolved inorganic carbon
depleted in '*C, and utilize the C3 pathway for carbon fixation (Grice et al., 1997 and
references therein). Therefore, the biosynthetic products of these bacteria tend to be
relatively depleted in '3C. On the other hand, green sulfur bacteria (green green
sulfur bacteria and green brown sulfur bacteria) utilize the reversed TCA cycle for
their carbon fixation, giving products which are relatively enriched in '*C (Grice et

al., 1997 and references therein)

The results obtained in this study are consistent with this, whereby the
microbialite facies in Zone 3 show isotopically lighter §'3Com values compared with

PZE intervals (Zone 4) (Figure 3-11), indicating a higher proportion of purple sulfur
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bacteria in microbialites (Zone 3) relative to PZE (Zone 4). This indicates that
conditions of dissolved inorganic carbon depleted in '*C were established at the time

of microbialite development (Zone 3) in the northern Perth Basin.

5*S under oxic conditions (Zone 5) is isotopically heavier than under other
conditions, and values of §°*S are more negative in microbialites (Zone 3) than in the
PZE intervals (Zone 4) (Figure 3-12). Sulfur isotope fractionation is influenced by
microbial metabolism under oxic and anoxic conditions and evaporite mineral
formation (Bernasconi et al., 2017). For example, §°*S values of pyrite in PZE are
often found to be isotopically lighter compared to oxic bottom water conditions
(Jergensen et al., 2004; Schaefer et al., 2020; Wijsman et al., 2001). This difference
is controlled by both the actual sulfur isotope composition of seawater sulfate and the
overall isotope fractionation derived from the superimposition of biological and
abiotic processes shaping the sulfur isotope composition of sulfide. The isotopic
composition of pyrite is close to that of the dissolved sulfide (Butler et al., 2004;
Price and Shieh, 1979). The strongest isotope effect is related to pyrite formation and
burial under anoxic conditions driven by microbial sulfate reduction under open
system conditions (wrt. sulfate) which is associated with a strong preference of *2S
over **S during this process (Canfield and Farquhar, 2009; Hartmann and Nielsen,
2012; Kaplan and Rittenberg, 1964). This trend is recognized globally around the
Permian-Triassic boundary (Bernasconi et al., 2017). §**S characteristics in this
research reflect regional paleoenvironmental impacts on the incorporation of sulfur
isotopes into sedimentary pyrite (Hartmann and Nielsen, 2012; Ohmoto et al., 1993).
The fractionation of §°*S values between PZE and microbialites appears to indicate
that the difference in the microbial community, including the relative abundance of
purple sulfur bacteria, is a cause for the fractionation and is related to the difference
of metabolism of each microbe, as identified in other settings (Hartmann and

Nielsen, 2012; Ohmoto et al., 1993).

Zones 1 and 2 have elevated Hg concentration and Hg/TOC compared with

overlying zones. Hg-TRIS and Hg-TOC correlate well and are consistent with the
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data shown by Georgiev et al. (2020) and Shen et al. (2019a) (Figure 3-13). There
are several possible causes of high Hg concentrations, including a transported
atmospheric fraction associated with volcanic activity such that of the Siberian Traps
(Grasby et al., 2017; Scaife et al., 2017; Shen et al., 2019b; Sial et al., 2020; Wang et
al., 2019), terrestrial input (suggesting increasing continental runoff; Them et al.,
2019), or incorporation of atmospheric-derived Hg into sulfides precipitating under
anoxic conditions in the water column or bottom waters (indicating intensifying
anoxia; Shen et al., 2019a, 2020). Given the age of the sediments in the northern
Perth Basin, the origin of Hg is likely to be a result of volcanic input (Georgiev et al.,
2020; Jones and Hall, 2002; MacNeill et al., 2018; Paschke et al., 2018). Georgiev et
al. (2020) identified two intervals with high Hg concentrations near to the Permian-
Triassic boundary in Hovea 3, but the Hg data in this study are obtained from
different samples to those reported by Georgiev et al. (2020). In addition, the reasons
for high Hg concentrations in microbialites have never been fully explored, but
Camacho et al. (2015) suggested that growth rate might be an important factor
accounting for elevated Hg concentration in microbialites. In this study, the higher
concentration of Hg in Zones 1 and 2 can be explained as the result of a combination

of volcanic input and the high exposure of Hg to microbialites.

The fluctuations of PZE and oxic conditions in the northern Perth Basin suggest
the development of multiple episodes of harsh environmental conditions after the
end-Permian mass extinction. The similarity of the superposition in each well shows
similar environmental transitions through time and across the basin and is consistent
with the recurrent environmental perturbations observed during the Early Triassic in
other regions (south China and northern India) (Wei et al., 2015). However, due to
the limited resolution of stratigraphic control, it cannot be proven that the
chronological scale of changes identified in this research corresponds to the

fluctuations in other basins.
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5.3 Lateral distribution of paleoenvironmental conditions and relationship with

paleogeography

The intra-basinal structural highs (Beagle Ridge and Turtle Dove Ridge) present
during the Early Triassic are the topographic remnants of the Late Permian rifting,
reconstructed based on seismic data, wireline and core data (Taniwaki et al., 2021).
The basin morphology controlled the distribution and deposition of the Early Triassic
sediments. During this time, a shallow marine sandstone (the Bookara Sandstone)
mainly developed in the southern part of the basin near to its margins. The light
coloured mudstone interbedded with tidal sandstone was located near these shallow
marine sandstones around Jurien 1 and Woolmulla 1. More distant from the shallow
marine sandstone and basin margins, microbialites developed in the intra-basinal
structural highs in relatively shallow water, and the dark coloured mudstones

(without microbialites) were deposited in greater water in the adjacent troughs.

Paleoenvironmental settings reconstructed on the basis of organic geochemical
characteristics show a high level of consistency with the paleogeography
reconstructed from geological analysis (Taniwaki et al., 2021) (Figure 3-17). The
light coloured mudstones from Jurien 1 and Woolmulla 1 developed under tidally
influenced oxic conditions. The dark coloured mudstones from the northern wells
(Cliff Head 4, Dongara 4, and Hovea 3) show fluctuations between PZE and oxic
conditions. Under the shallower chemocline, PZE developed even in the shallower
water on the structural highs (Figure 3-17A), but these locations experienced oxic

conditions during periods of deeper chemocline (deeper PZE) (Figure 3-17B).

Highly diverse ichnofossil assemblages during the Early Triassic in northwest
Pangea in oxygenated shallow-marine settings have been identified as refuges from
the end-Permian mass extinction (Beatty et al., 2008). Haig et al. (2015) recorded a
range of fossils including bivalves, gastropods, ammonoids and fish from the outcrop

of the Early Triassic Kockatea Shale. Our research shows the development of oxic
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conditions near the basin margins which were also refuges for organisms which

survived the mass extinction.

6  Conclusions

The combination of organic and isotope geochemical investigations (biomarkers,
bulk §*Com and §°*S) and a geologic analysis (core observational data, well analysis
and seismic interpretation) has revealed the basin scale paleoenvironmental conditions

of the northern Perth Basin during the Early Triassic.

Tidally influenced oxic conditions developed near basin margins in the southern
part of the basin and the lighter coloured mudstone was deposited. Far from the basin
margins, microbial mats developed in shallower water depth on the intra-basinal
structural highs (Beagle Ridge and Turtle Dove Ridge) and PZE developed in greater
water depth. In the microbial mat facies, purple sulfur bacteria appears to be more
abundant compared with green sulfur bacteria. High abundances of cyanobacterial
biomarkers were identified from microbial mats developed under oxic conditions. The
n-Cs3 ACH is observed to be abundant in the microbial mats, supporting its strong

association with this facies.

The §'*Cowm of bulk organic materials and §*S of pyrite are isotopically lighter in
the microbial mat than in the PZE facies. The isotopically light §'*Com in microbial
mat facies could support an abundance of purple sulfur bacteria utilizing the C3
pathway for their carbon fixation which is relatively depleted in *C. The fractionation
of §°*S values between PZE and microbial mats appears to indicate that the difference
of microbial community including the relative abundance of purple sulfur bacteria is a
cause for the fractionation. The concentration of Hg and Hg/TOC are high around the
interval with high Cso sterane ratio indicating that this interval most likely developed
after the mass extinction event, with the Hg being associated with volcanic activity.

The okenane ratio, n-C33ACH, §'*Com and §*S are good proxies for distinguishing

123



Chapter 3

PZE and microbial mat facies, related to the relative abundance of purple and green
sulfur bacteria. Therefore, these values are useful for identifying the contribution of

PZE and microbial mats in geological samples.

The biomarker and isotope data for organic matter in this study seems to be
strongly influenced by microbial mats and PZE conditions. This basin-scale study and
the 6'*Cowm data interpretations have the potential to be applied to all mass extinction

events, including a reappraisal of chemo-isotope stratigraphical correlations.
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Abstract

In the northern Perth Basin, the Early Triassic Kockatea Shale is considered to be
the primary petroleum source rock. Possible source rocks in the Northern Carnarvon
Basin are more varied and include the Upper Jurassic Dingo Claystone as well as the
Early Triassic Locker Shale. Biomarker analyses were conducted on petroleum
samples from both the Perth and Northern Carnarvon basins to understand the nature
of petroleum systems in these basins. Many of the analysed petroleum samples contain
carotenoids (okenane, chlorobactane and isorenieratane) derived from sulfur bacteria,
suggesting that their source rocks were deposited under conditions of photic zone
euxinia (PZE) and/or derived from microbialites. In the northern Perth Basin, the major
lithofacies contributing to the source rock are dark coloured mudstones deposited
under PZE conditions and microbialites. In the southern Perth Basin, there is a
potential source rock of Permian age indicated by the low concentrations or absence
of both carotenoids and the Triassic biomarker n-Cs3 alkylcyclohexane (ACH). There
is also a possibility that the Lower Triassic Locker Shale is the source rock of
petroleum in the Tubridgi Field on the Peedamullah Shelf of the Northern Carnarvon
Basin, based on the similarity of biomarkers to Perth Basin petroleum sourced from
the Kockatea Shale. However, the possibility of charge from the Upper Jurassic Dingo
Claystone cannot be fully excluded.

1 Introduction

The Perth and Northern Carnarvon basi