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I11. Abstract

The NDI Carrara 1 drill hole was drilled as part of the Mine Ex CRC National Drilling Initiative in
September-December 2020 in collaboration with Geoscience Australia and the Norther Territory
Geological Survey. In this project, 17 rock samples and 3 oil stains from the Carrara 1 drill core were
analysed using Gas Chromatography and Mass Spectrometry (GC/MS) to provide a comprehensive
assessment of biomarkers and the thermal maturity of the Carrara Sub-basin in Northern Australia.
According to aromatic hydrocarbon maturity assessment of phenanthrenes and methylphenanthrenes, the
interval from the top of the core to 630 m is in the peak oil window and the source rocks are likely highly
generative in terms of liquid hydrocarbons. In addition, prokaryote and eukaryote biomarkers are detected
in high abundance providing valuable insights into life during the Cambrian period. In contrast,
biomarkers are below detection limits in the Proterozoic section of the core (630-1750.85 m) with the
notable exception of acyclic saturated hydrocarbons which are detected in some of the shallower
Proterozoic samples. Thermal maturity estimates computed using aromatic hydrocarbons illustrate that
maturity increases downcore indicating that these compounds are syngenetic and that the source rocks are
overmature in terms of liquid hydrocarbon generation and are likely in the late stages of wet gas
generation or a producing dry gas. In addition, the distribution of biomarkers and thermal maturity is
consistent with an unconformity at 630 m and a fault repeated sequence between 630-800 m from 925-
1130 m. Finally, the distribution of acyclic saturated hydrocarbons and polyaromatic hydrocarbons
provide evidence for secondary migration of liquid hydrocarbons in at least one sample of the Carrara 1

drill core.
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V. Malin text

1: Introduction

1.1. - Overview

Planet Earth is a dynamic and extraordinarily complicated assemblage of interconnected systems
that have evolved together for 4.6 billion years. The history of the Earth, including the evolution of life and
the waxing and waning of environments and coastlines, are stored in the geological record, in rocks waiting
to be uncovered. In addition, these geological basins that hold the secrets of deep time contain the resources
and materials to build a strong industry and economy, and more importantly, a greater understanding of the
resource potential of an area and how it can be best utilised prudently and sustainably for long term benefits.
The exploration of early life and hydrocarbon resources such as oil and gas are complimentary to one
another since both require a quantification of hydrocarbon molecules (Peters et al. 2005). In the case of Pre-
Ediacaran life, macrofossils are of little use since life at this time was mostly microscopic and lacked hard
skeletons (Porter 2020). Subsequently, one of the most effective techniques available to analyse the rock
record in deep time is the study of molecular fossils, or biomarkers — the extremely stable diagenetic
hydrocarbon products of biologically derived parent molecules (Peters et al. 2005). Biomarkers show
varying degrees of biological and environmental specificity allowing some to serve as powerful tools for
understanding past life and environmental conditions on Earth (Eigenbrode 2011; Welander 2019). By
analysing the rock record for evidence of these molecules and many other important biomarkers, Brocks et
al. (2017) were able to create a biomarker record which illustrates the relative abundance of different groups
of life through time (See Brocks et al. 2017; Brocks 2018).

In addition to providing valuable evidence of early life and environments on Earth, one of the most
common applications of biomarkers and other informative hydrocarbons is to provide insight into the
resource potential of a geological basin (Brocks & Summons 2014; Mackenzie 1984; Radke et al. 1997).
There are numerous saturated and aromatic biomarkers that can be used to estimate thermal maturity and
thus source rock generative potential as a consequence of differing thermal stability among isomers (Brocks
& Summons 2014; Peters & Moldowan 1993; Peters et al. 2005; Radke et al. 1983). For example,
isomerisation at C2o of the Cazg sterane molecule leads to a 20S and an 20R isomer (Peters et al. 2005). The
S isomer has a higher thermal stability compared to the R isomer and thus a calculation of 20S/(20S+20R)
can provide an estimate of thermal maturity (Brocks and Summons 2014; Peters & Moldowan 1993; Peters
et al. 2005). Thermal maturity is most often used to estimate the extent of hydrocarbon generation source
rock in parallel with Rock-Eval pyrolysis data (Peters et al. 2005). Through mathematical manipulation of
maturity dependent biomarker quantifications, the thermal maturity of source rocks can be assessed by
characterising the sample as either immature, mature or overmature in terms of liquid hydrocarbon
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generation (Brocks & Summons 2014; Peters & Moldowan 1993; Peters et al. 2005). Thermal maturity is
equally important to the study of early life since maturity it is a function of pressure and heat associated
with long-term burial of hydrocarbons. Rocks with high maturity and have experienced high levels of
thermal degradation are often devoid of biomarkers (Jarrett et al. 2019a; Peters et al. 2005). Consequently,
it is equally beneficial to identify mature and highly generative source rocks with an abundance of
hydrocarbons and biomarkers to deepen our understanding of early life on Earth and make prudent

decisions for long-term resource exploration and management (Mackenzie 1984; Peters et al. 2005).

1.2. Geological context

During the course of this project 17 core samples and three oil stains collected from the NDI
Carrara 1 drill core were analysed using Gas Chromatography/Mass Spectrometry (GC/MS) to determine
the biomarker abundance and distribution in addition to the thermal maturity of the Carrara 1 Sub-basin
(See Appendix A and Table 1). All of the samples selected for this study had Total Organic Carbon
(TOC) > 0.5, with the exception of the deepest sample 7533872 (1593.78 m) which had a TOC ~ 0.0%
and was utilised as a blank. NDI Carrara 1 is the first stratigraphic drill hole taken from the Carrara Sub-
basin, a large sedimentary depocentre recently discovered based on interpretation of the L210 South
Nicholson Deep Crustal Reflection Seismic Survey (Carr et al. 2019, 2020). The survey was a major
deliverable of the Australian government’s Exploring for the Future (EFTF) initiative led by Geoscience
Australia which aims to provide an improved understanding of the nation’s minerals, energy, and
groundwater resource potential (Carr et al. 2019, 2020). The first phase of the EFTF ran from 2016-2020
and was aimed at increasing resource exploration in frontier regions of Northern Australia by providing
valuable geoscience data (Carr et al. 2019, 2020; Carson et al. 2022).

The Carrara Sub-basin is part of the larger South Nicholson Basin (SNB), which straddles the
Northern Territory and Queensland, Australia (See Figure 1). The Carrara Sub-basin is up to 8 km deep,
120 km wide and 190 km from north to south (Carson et al. 2022). Preliminary analysis indicates that it
contains thick sequences of Proterozoic carbonates, shales and siliciclastic rocks overlain by 630 m of
Cambrian aged Georgina basin sediments (Grosjean et al. 2022; Lauire 2022). Sensitive High Resolution
lon Microprobe (SHRIMP) zircon U-Pb geochronology of lithic tuffs illustrate that the interval between
1653 m and 1012 m was deposited ~ 1588-1612 million years ago (Ma) which makes this interval
stratigraphically equivalent to the middle to upper Lawn Hill Formation and the upper McArthur and
Nathan groups of the southern McArthur-basin, all of which are highly prospective in terms of sediment
hosted base metal mineralisation and unconventional hydrocarbons (Carson et al. 2022; Grosjean et al.
2022). The Carrara 1 drill core itself was retrieved in late 2020 for extensive isotopic, geochronological,
organic, and inorganic geochemistry and geobiological analysis as a collaboration between Geoscience

Australia (GA), the Norther Territory Geological Survey (NTGS) and the Mineral Exploration
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Cooperative Research Centre (MinEx CRC) (Carson et al. 2022; Grosjean et al. 2022). The core reached a

depth of 1750.85 m intersecting Cambrian sediments of the Georgina basin and underlying Proterozoic

sediments. The attribution of the Carrara Sub-basin as equivalent to highly prospective basins in northern

Australia provides an exciting opportunity for geochemical investigation to identify rocks with good

hydrocarbon generative potential paving the way for future hydrocarbon exploration. Additionally,

geobiological study of biomarkers throughout the core will provide valuable data to increase the

resolution and reliability of the biomarker record. The southern McArthur basin is host to the oldest

indigenous biomarkers discovered thus far providing extremely valuable information about early life

during the Paleoproterozoic (Vinnichenko et al. 2020). Since the Carrara sub-basin is stratigraphically

equivalent, there is the exciting prospect that it too will host extremely old and particularly informative

biomarker information.
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Table 1 Selected Carrara 1 samples and rock eval parameters for source rocks

Sample ID Sampletype Depthtop Depth bottom  TOC (%wt) 2 S1P S2°¢ Tmad (°C)  HIE  PI

7533132 Source rock 361.71 371.79 1.37 0.10 3.68 430 269 0.03
7533139 Source rock 394.97 395.12 4.65 1.46 28.22 435 607  0.05
7533159 Source rock 494.48 494.60 1.37 0.09 3.98 427 291 0.02
6725604 Oil stain 528.33 n.d n.d n.d n.d n.d n.d n.d

7533185 Source rock 610.47 610.62 1.36 0.05 4.09 427 300 0.01
7533204 Source rock 689.82 689.95 5.50 0.59 5.39 453 98 0.10
7533210 Source rock 719.21 719.38 1.16 0.22 1.17 441 100 0.16
7373044 Oil stain 763.10 n.d n.d n.d n.d n.d n.d n.d

7373046 Oil stain 763.10 n.d n.d n.d n.d n.d n.d n.d

7533225 Source rock 794.71 794.86 0.93 0.30 0.58 421 62 0.34
7533569 Source rock 925.37 925.53 0.81 0.08 0.17 465 21 0.33
7533584 Source rock 998.66 998.76 1.24 0.05 0.35 494 28 0.12
7533609 Source rock 1069.16 1069.32 1.93 0.04 0.06 500 3 0.40
7533625 Source rock 1150.08 1150.21 1.87 0.03 0.05 442 3 0.34
7533635 Source rock 1199.60 1199.72 0.90 0.01 0.02 443 2 0.35
7533644 Source rock 1244.79 1244.95 3.17 0.02 0.08 442 2 0.22
7533668 Source rock 1345.03 1345.17 1.46 0.02 0.02 446 2 0.45
7533682 Source rock 1405.10 1405.26 1.57 0.02 0.02 417 1 0.50
7533705 Source rock 1461.32 1461.45 0.68 0.00 0.00 434 0 0.99
7533872 Source rock 1593.64 1593.78 0.01 0.00 0.00 379 16 0.44

3 Total Organic Carbon
b Thermally extracted free hydrocarbons in the sample (mg HC/g rock)

¢ Hydrocarbon generating potential (mg HC/g rock)

9 The temperature at the apex of the S2 peak
¢Hydrogen index = (52/TOC) x 100, mg HC/g TOC
f Production index = S1/[S1 + S2]

1.3. Aims and objectives

1.3.1. Determine the presence, abundance, and distribution of biomarkers in the drill core to gain a deeper

understanding of life in deep time and reinforce the reliability of the biomarker record

Cambrian samples will contain a plethora of biomarkers including steranes and hopanes produced by
crown group taxa of eukaryotes and bacteria respectively (Brocks et al. 2016, 2017, 2018; Vinnichenko et

al. 2020). It is very unlikely that the Proterozoic samples will contain any eukaryote biomarkers since the

Based on the current biomarker record, it is likely that bitumens and oils derived from the
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Proterozoic marine ecosystems were dominated by bacteria with very little evidence of eukaryote activity
(Brocks et al. 2005, 2016, 2017, 2018; Butterfield 2017; Porter 2020). Subsequently, we expect
Proterozoic samples to potentially yield bacterial biomarkers such as hopanes and trimethyl aryl
isoprenoids and only trace amounts (if any) of eukaryotic steranes. (Brocks et al. 2016, 2017;
Vinnichenko et al. 2020; Hoshino et al 2017). Currently, the oldest indigenous biomarkers are from the
1.73 Ga Wollogorang formation in the southern McArthur Basin (Vinnichenko et al. 2020). In the study
conducted by Vinnichenko et al. (2020), “Acyclic isoprenoids, saturated carotenoid derivatives, bacterial
hopanes and aromatic hopanoids and steroids” were all below detection limits (Vinnichenko et al. 2020,
p. 544). However, the study identified trimethyl aryl isoprenoids which are attributed to green and purple
sulfur bacteria (Brocks and Schaeffer 2008; Jarret et al. 2019a) and represent the oldest indigenous
biomarkers to date. We will attempt to identify these molecules in the Carrara 1 drill core to provide

further evidence for signatures of life during the Paleoproterozoic.

1.3.2. Estimate the thermal maturity of Carrara 1 source rocks and oil stains to determine the extent of

hydrocarbon generation and oil migration

There are numerous, well-established molecular methods used to determine the thermal maturity of
a source rock (Peters et al. 2005). The most successful methods analyse the ratios of different isomers of
the same molecule which are stable under different thermal conditions, and mathematically correlate these
ratios to vitrinite reflectance (Ro) (Hackley et al. 2013; Peters et al. 2005). Vitrinite reflectance is a method
that measures the amount of light reflected of a polished surface of vitrinite and can provide an accurate
assessment of thermal maturity (Mukhopadhyay 1994; Senftle & Landis 1991). Vitrinite is an organic
maceral derived from lignin and cellulose of modern vascular plants and it becomes more reflective as a
function of thermal exposure (Mukhopadhyay 1994). However, since it originates in vascular plants,
vitrinite is not found in sediments older than 420 Ma, when vascular plants first appear, and other methods
are required to determine thermal maturity of ancient sediment (George & Ahmed 2002). The saturated and
aromatic biomarkers used to approximate thermal maturity can be distinguished based on their ability to
withstand varying degrees of thermal degradation (Peters et al. 2005). For example, some sterane indicators
provide useful information for samples that range from immature to mature but cannot provide any data for
over-mature rocks since most sterane isomers reach equilibrium and stabilise or, in very over-mature rocks,
are destroyed altogether (Peters et al. 2005). This study will examine the abundance and distribution of the
phenanthrene molecule and its alkylated isomers, 2, 3, 9 and 1-methylphenanthrenes to estimate the thermal
maturity of the Carrara 1 drill core. Thermal maturity approximations based on phenanthrenes and
methylphenanthrenes can also provide important data to determine the consistency of a drill core, the

presence of unconformities, volcanic intrusions, burial history, and oil migration events (Alalade 2013;



Petmecky 1999; Stewart et al. 2005). Since thermal maturity is an important parameter to consider when
attempting to estimate the generative potential of a source rock, it is of great importance to organisations

and industry concerned with oil and gas exploration.
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2: Literature review

2.1. Biomarkers

The Cambrian period is characterised by the appearance of life with hard parts like armour, spines,
and teeth (Briggs & Derek 2015). As the fossil record clearly illustrates, these lifeforms are more likely to
fossilise and the diversity and abundance of life during the Cambrian and periods thereafter can be generally
well understood via the fossil record (Briggs & Derek 2015; Butterfield 2003). It is still possible, as we
move backward in time, to find fossil evidence of life, for example, the Ediacaran period is home to an
obscure and intriguing collection of lifeforms (Bobrovskiy et al. 2018). Ediacaran biota were soft bodied
organisms of which at least some represent the earliest known metazoan animals (Bobrovskiy et al. 2018).
It is also characterised by Ediacaran style preservation whereby the fossil protrudes from the bedding
surface in a positive epirelief type fossil (Kerber et al. 2021). This rare type of fossilisation is an exception
in the fossil record and is likely related to clay mineral authigenesis allowing the soft bodies of Ediacaran
biota to become fossilised (Kerber et al. 2021). As we step further back in time, before the emergence of
animals and large body plans, fossils become scarce (Butterfield 2013). Organic walled microfossils
representing the remains of bacteria and early eukaryotes can be identified in diagenic chert or flattened
remains of shale (Woltz et al. 2021) providing valuable insights into first appearance of eukaryotes in the
fossil record (Miao et al. 2020) and changes in the abundance and diversity of bacteria and eukaryotes
throughout the Proterozoic (Budd and Mann 2018; Knoll et al. 2006; Porter 2020). However, microfossils
alone are not sufficient to accurately report Proterozoic ecosystems and biology (Porter 2020; Summons et
al. 2021). In addition, the fossil record is prone to taphonomic bias, severely limiting the apparent diversity
of biology in a given sediment and even under perfect conditions, it is extremely unlikely that cells without
hard coverings will be preserved (Butterfield 2014). It can also be extremely difficult to properly assign
fossils to a group or domain (Butterfield 2014). For example, it is common practice to assign cells larger
than 60um to the eukarya domain, but there are several species of bacteria that can reach this size, e.g.,

chroococcacean cyanobacteria (Butterfield 2014).

Biomarkers have been used since the 1970’s to assess the organic matter content of rocks and oils
as an alternative and complimentary analysis to microfossils (Brocks et al. 2008). They can be of particular
importance when analysing Proterozoic sediments where physical fossils become rare (Brocks et al. 2008;
Vinnichenko et al. 2020). Biomarkers are complex organic molecules composed of carbon, hydrogen and
other elements that are derived from once living organisms (Peters et al. 2005). Biomarkers are distinct and
more informative than other products of diagenetic processes i.e., methane, because (i) they are composed
of repeating sub-units indicating that they were derived form once living organisms, (ii) the parent molecule

of which the biomarker is derived can be attributed to a specific organism or group of organisms, and (iii)

11



the carbon backbone of the biomarker is stable during sedimentation and burial (Peters et al. 2005).
Biomarkers show varying degrees of biological and environmental specificity and analysis which identifies
and quantifies their abundance and diversity can be extremely informative for understanding biological
communities and environments on the early Earth (Eigenbrode 2011; Peters et al. 2005). For example,
steranes are a group of biomarkers that have been analysed extensively. Steranes are derived from parent
lipids called sterols, produced in the cell membrane of most modern eukaryotes and a small number of
bacteria who attained the ability to produce sterols via horizontal gene transfer, gene loss and gene gain
(Hei et al. 2016; Pierce et al. 2003; Wei et al. 2016; Welander 2019). Using methods such as GC/MS,
steranes can be identified in sediments and quantified to provide estimates of the abundance of sterol

synthesising organisms (Anbar & Knoll 2002; Peters et al. 2005).

However, biomarkers are not without their limitations. First, biomarkers are prone to taphonomic
bias. This is particularly a challenge when analysing sediments from the Proterozoic due to a phenomenon
called the “mat-seal effect” (Pawlowska et al. 2013). Without bioturbation from grazing and burrowing
animals, (which appear in the Ediacaran period) (Bobrovskiy et al. 2019), benthic microbial mats are free
to form thick cohesive structures that have semi-impermeable internal layers (Des marais 1995; Pawlowska
et al. 2013). When phytoplankton die and fall through the water column towards the seafloor, benthic mats
create a physical barrier which catch the dead plankton before they reach the sediment, inhibiting burial
and subsequent digenic processes that are required for biomarker formation (Pawlowska et al. 2013).
Additionally, the mats create a chemical barrier for phytoplankton as they sink towards the ocean floor.
The combination of microbial activities in the mat result in fluctuating redox gradients which enables a
plethora of lipid degrading pathways as plankton land on the mat (Pawlowska et al. 2013). Studies have
shown that depending on the type of microbial mat, lipids can degrade some 57-97% in the top 2 cm of the
mat (Jahnke et al. 2004; Wieland et al. 2008). This process severely biases the preservation of biomarkers
to those originating from the microbial mat community while excluding plankton derived biomarkers
(mostly steranes) (Pawlowska et al. 2013).

The taphonomic consequences of the mat-seal effect are nicely illustrated in results from GC/MS
analysis of sediments covering the Proterozoic-Ediacaran transition (Pawlowska et al. 2013). Proterozoic
sediments are characterised by a large unresolved complex mixture (UCM), a high concentration of
monomethyl alkanes (MMA) and dimethyl alkanes (DMA\) and either noticeably high or low concentrations
of isoprenoids such as pristane and phytane compared to Phanerozoic oils and sediments (Pawlowska et al.
2013). These characteristic features of Proterozoic sediments are likely the consequence of the bias of input
and burial of organic matter due to the mat-seal effect (e.g., Pawlowska et al. 2013). The mat-seal effect
illustrates that unlike their Phanerozoic counterparts, Proterozoic sediments are dominated by input from

benthic mats and might exclude planktonic organic matter. The potential for taphonomic bias, especially
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when quantifying biomarkers from the Proterozoic, must be considered and used in parallel with other
methods to track evolutionary history in deep time.

Unlike the fossil record, biomarker data can be distorted and in extreme cases, completely lost due
to anthropogenic contamination (Brocks 2011). These contaminants can be introduced during sample
collection in the form of drilling fluids and diesel which may contain Phanerozoic hydrocarbons (Brocks
2011; French 2015; Hallman et al. 2011). They can also be introduced in the lab environment or during
storage where hydrocarbons in the air, from people’s skin, and from polyethylene plastic bags can
contaminate a sample with a huge range of modern hydrocarbons (Brocks 2011; Brocks et al. 2008). When
a sample becomes contaminated, indigenous biomarkers can become overprinted by contaminants affecting
their abundance making it difficult to discern between autochthonous and allochthonous biomarkers during
analysis (Brocks et al. 2008; Hallman et al. 2011). As the source and severity of contamination has been
realised over the last decade, several procedures have been developed to decrease the risk of contamination
and to remove contaminated material before analysis (Brocks 2011; Brocks et al. 2008). In the Brocks
laboratory at the Australian National University, it is now common practice to remove the exterior portion
of a sample before crushing to remove any surficial contaminants (Brocks et al. 2008). By removing the
exterior and analysing it separately to the interior, exterior/interior experiments can be run to determine the
extent of contamination and indicate sections where overprinting might have occurred (e.g., see Brocks et
al. 2008). Though removing the exterior can dramatically decrease the severity of contamination, the
interior of the rock can still be affected (Brocks 2011). Petroleum contaminants can permeate centimetres
deep into rock samples after just several hours leaving the interior sections of the sample contaminated
(Brocks 2011). Interestingly, heavier hydrocarbons take longer to pervade through the rock compared to
smaller and lighter molecules which adds an extra dimension to exterior/interior experiments. For example,
if the ratio of n-alkanes in the exterior/interior increased as a function of mass, the sample is almost certainly
contaminated since, lighter molecules will more easily permeate a sample compared to larger molecules
(Brocks 2011). Many organic geochemical laboratories now run a sand blank in parallel with the samples
to control for laboratory contamination (Brocks et al. 2008; Brocks 2011). The blank undergoes the same
laboratory processes and procedures as the actual samples which means that any contamination from the
laboratory can be easily identified in the blank and necessary actions can be taken to either re-run the
samples after removing the contaminant from the laboratory, subtract the concentration of the blank from
the affect sample or removing the affected data from the study (Brocks et al. 2008).

2.2. Early life

Eukaryotes comprise the domain of life characterised by the presence of a nucleus and complex
morphological traits (Martin 1977; Woese et al. 1990). Their existence is one of the most profound features
13



of planet Earth and their emergence likely represents the greatest shift in the Earth’s biosphere in its 4.6-
billion-year (Ga) history (Brocks et al. 2015; Butterfield 2015). When we consider the diversity of life on
Earth today, we note a huge range of eukaryotes from animals to fungi that have been extremely successful
during the Phanerozoic (Butterfield 2015). However, crown group eukarya only diversified c.a. 800 Ma
(Brocks et al. 2017, Brocks et al. 2015; Porter 2020). They were preceded by a plethora of microscopic
eukaryotes including chlorophyte and rhodophyte algae, which represent the earliest known crown-group
eukaryotes c.a. 1050 million years ago (Ma) (Brocks et al. 2017). While there were eukaryotes that existed
before 1050 Ma, they are enigmatic, and it is unclear if they belong to crown or stem-group eukaryotes,
which are the organisms that existed between the First Eukaryote Common Ancestor (FECA) and the Last
Eukaryote Common Ancestor (LECA). Despite the difficulty of analysing life in deep time, various studies
have utilised a variety of geochemical, biochemical, and paleontological techniques to constrain the
emergence of LECA and begin to probe into history of the eukaryote domain (Porter 2020).

The microfossil record indicates that the earliest crown group eukaryote was a rhodophyte alga
called Bangiomorphia pubescens and it is thought to have lived 1.05 Ga (Butterfield et al. 1990; Gibson et
al. 2018). However, this designation has been challenged over the years due recent evidence that suggests
the morphological features observed in B. pubescens used to assign it to crown group eukaryotes could
have evolved several times independently in other crown and stem group eukaryotes (Yang et al. 2016).
Subsequently, some argue that B. pubescens existed before the divergence of LECA and is thus a stem
group eukaryote (Chernikova et al. 2011; Porter 2020). Molecular clocks indicate that LECA appeared
between 800-1800 Ma. This huge range is due to uncertainties originating in the fossil record, including
the characterisation of B. pubescens (Porter 2020). The molecular clocks that include B. pubescens
generally suggest an earlier emergence of LECA while those that omit B. pubescens argue that it was later
(Porter 2021). This represents a huge gap in our understanding of eukaryote evolution but also the broader
evolution of life on Earth (Butterfield 2015; Hallmann et al. 2011).

Eukaryotes are just one of the three domains of life, and this report will also investigate the presence
of bacteria in the sediments of Carrara 1. Bacteria are likely the earliest representatives of life on Earth and
were dominant in the oceans of the early Earth before the appearance of eukaryotes (Blumenber et al 2012;
Brocks et al. 2005; Brocks et al. 2017; Vinnichenko et al 2020). There is strong evidence of bacteria during
the Archean period as early as 3.5 billion years ago from the North Pole Dome in Western Australia in the
form of fossilised stromatolite structures which are the result of bacterial mats being deposited, one on top
of the next to create large domes of captured sediment (Fournier et al. 2021; Walter et al. 1980). However,
not all bacteria produce structures like stromatolites that can be preserved in the fossil record, making their
evolutionary history more obscure. Biomarkers provide an avenue to examine life in deep time since

biomarkers are not biased towards soft and hard bodied organisms and are more easily assigned to a
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particular group of organisms compared to ancient microfossils (Vinnichenko et al. 2020). However, there
are very few geological basins in the world that still contain Paleoproterozoic rocks (1600-2500 Ma) and
only one that contains indigenous biomarkers (For a summary, see Vinnichenko et al. 2020). Furthermore,
as biomarkers are buried and exposed to heat and pressure, they begin to break down. Even a relatively
small amount of burial metamorphism can completely destroy biomarkers (French et al. 2015) making the
preservation of Mid-Proterozoic (1800-800 Ma) biomarkers even more difficult. Since the Carrara 1 drill
core contains Paleoproterozoic rocks, there is a chance that it will contain indigenous biomarkers from this
period adding valuable data to the extremely scarce Paleoproterozoic biomarker record helping us to

uncover the history of life in deep time.

2.3. Thermal maturity and generative potential

The thermal maturity of a source rock is a crucial parameter to be considered in geobiological
analysis since the extent of burial metamorphosis can severely impact the abundance of biomarkers
(French et al. 2015). In addition, the thermal maturity measurement can provide information regarding the
extent to which a source rock has generated hydrocarbons and help constrain the age of sediments
(Farrimond et al. 1998; Peters et al. 2012; Tissot & Welte 1984). Thermal maturity indicates the extent of
heat driven reactions experienced by the source rock as a function of pressure and time (Peters et al.
2012). Heat driven reactions change the organic content of the rock and thus the potential for hydrocarbon
formation including oil, gas, and biomarkers (Peters et al. 2012). Thermal maturity estimations are
especially useful to determine hydrocarbon potential when considered in parallel with Rock-Eval
pyrolysis data. This is because it is often a combination of maturity and generative potential (indicated by
Rock-Eval) that will ultimately lead to hydrocarbon generation. Rock-Eval for NDI Carrara 1 was
performed by Grosjean et al. (2022) and is summarised in Table 1 of the present study. Parameters of
particular interest for hydrocarbon generation are the hydrogen index (HI) and total organic carbon (TOC)
(Table 1).

The earliest stages of thermal maturation generally termed ‘immature’, represent organic material
such as bacterial and algal debris which has undergone diagenesis (reorganisation and polymerisation) but
has not been affected by high temperatures. These processes lead to the formation of bitumen and a
macromolecular network called kerogen (Peters et al. 2005). Kerogen is the most important source of
organic carbon in sedimentary rocks and is divided into four groups (Type I, Il, 11l and V) based on
chemical composition (Dow 1997; Wood & Hazra 2017). Kerogen is a necessary precursor from which
oil and eventually gas will form but an immature source rock that only contains kerogen is practically
worthless for those in oil and gas exploration (Peters et al. 2005). Further, kerogen is insoluble in organic

solvents and therefore, biomarkers that might be present in the kerogen matrix cannot be analysed using
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solvent extraction techniques. In immature samples, the more soluble bitumen provides the only source of
free molecules that can be analysed. The second stage of thermal maturity represents mature organic
matter where temperatures are high enough for catagenesis to begin (Selley 1998). During catagenesis,
material becomes thermally altered and kerogen begins to ‘crack’ releasing molecules and forming oil
(Peters et al. 2012; Selley 1998). Catagenesis begins to occur around 60°C and oil formation peaks at
120°C, therefore, source rocks and crude oil of this thermally maturity are ideal for molecular analysis
and oil exploration (Peters et al. 2005). Finally, ‘over-maturation’ of source rocks begins to occur at yet
higher temperatures (~ 200°C) where catagenesis melds into another process called metagenesis. At this
temperature, the kerogen has yielded all possible petroleum and gas begins to form via three main routes
summarised by Peters (2005).

1. “Cracking’ of highly mature organic material,

2. Decomposition of oil in petroleum source rocks, and

3. Secondary cracking of oil in reservoir rocks

Therefore, mature material is an essential component for natural gas exploration, however,
overmature rocks are of limited use in understanding early life on Earth. Once samples reach the late oil
window, most biomarkers are diminished or completely destroyed due to their instability under these high
temperatures (Peters et al. 2005). Due to the importance of thermal maturity of source rocks for molecular
analysis, geobiology and oil and gas exploration, it is imperative to have some indicator of thermal
maturity (Boreham et al. 1988). There are several techniques that can be utilised to accurately determine
the thermal maturity of source rock. The most commonly applied method is called vitrinite reflectance
(Rv max% or Ro%) (Hackley et al. 2013; Tissot and Welte 1984). Rois determined by measuring the
percentage of light reflected off a polished vitrinite surface of an organic rock (Hackley et al. 2013; Peters
et al. 2005). The percentage of light reflected increases with thermal exposure (temperature plus time) at a
known rate for each kerogen type and can therefore provide accurate estimations of the thermal maturity
of a source rock (Kim 2011; Mukhopadhyay 1994). However, Roanalysis has several limitations. It has
been experimentally illustrated that there is natural variance and analytical uncertainties associated with
the Roat any given locality (Katz and Lin 2021; Mukhopadhyay 1994; Bostick and Foster 1975). In
addition, it is standard practice to report Ro as an absolute value without the associated error and without
considering the geological context and it would be more accurate to report Roas a trend rather than as
discrete values (Katz and Lin 2021). Moreover, there is a significant difference between Ro of whole rock
samples and isolated kerogen analysis. This difference is not trivial and shifts the final interpretation of
hydrocarbon phase boundaries (Katz and Lin 2021). Finally, vitrinite is derived from lignin and cellulose
of modern plants and is therefore only applicable to rocks younger than 420 Ma (George & Ahmed;
Mukhopadhyay 1994; Senftle & Landis 1991). Different phases of organic matter in older sedimentary
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rocks will show different reflectance behaviour with maturation, thus deviating from the traditional Ro
scale.

As introduced in section 1.3.2, biomarkers are heavily relied upon to estimate thermal maturity
and are generally considered to be a more reliable proxy for thermal maturity then vitrinite reflectance,
especially for moderately mature samples where the bitumen content is high (Hackley et al 2013; Wood
and Hazra 2017). The isomerisation of biomarker molecules is the main way that they can be used to
estimate maturity. Certain biomarker isomers will be more thermally stable than others due to steric
hindrance. This means that more sterically hindered isomers will decrease as a function of time relative to
more stable isomers (He et al. 2019). Though saturated biomarkers can provide good estimates of thermal
maturity, especially in less mature rocks, this study will use aromatic biomarkers exclusively due to their
stability at high maturity (He et al. 2019; Welte & Tissot 1984). Thermal maturity is most commonly
estimated using aromatic biomarkers by comparing the concentration of isomers that have different
thermal stabilities based on methylation patterns and the number of aromatic rings (Brocks et al. 2003a;
George 1992; He et al. 2019). For example, the abundance of phenanthrene (P) and its methylated
isomers 3, 2, 9 and 1 methylphenanthrene (MP) can be quantified to estimate thermal maturity. Due to the
stereochemistry of the MP molecule, 3-MP and 2-MP are thermally less stable than the 9-MP and 1-MP
and their abundance will decrease as a function of heating as they are demethylated into P. With high
thermal maturity, demethylation of the 9 MP and 1 MP isomers will also occur. Subsequently, the ratio of
P/MP will generally increase with thermal maturity (Boreham et al. 1988; Brocks et al. 2003a). By using
these thermal properties of P and MP, several maturity parameters have been developed. These include
the methylphenanthrene index (MPI) (equation 1), the methylphenanthrene distribution factor (MPDF)
(Radke & Welte 1983) (equation 2) and the methylphenanthrene ration (MPR) (Radke et al. 1984)
(equation 3).

MPI = 1.5 X 2MP + 3MP (1)
T P+ 1MP +9MP

PDF - 2MP + 3MP
~ 2MP + 3MP + 1MP + 9MP (2)

MPR = 2MP 3
"~ 1MP (3)

Despite the accuracy of biomarkers as indicators of thermal maturity, they have their limitations.
Firstly, studies suggest that organic matter input and biodegradation can affect the ratios and subsequently

the measure of thermal maturity (Peters et al. 2005). More recently, there is evidence that high
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concentrations of sulphur can enhance the isomerisation of steranes and homohopanes affecting the
apparent thermal maturity (Wood & Hazra 2017). For example, Sun et al. (2016) analysed the
geochemical properties of two stratigraphic units from the Late Cretaceous from South Texas, USA.
Analysis of homohopanes and steranes indicate that the lower unit has a higher thermal maturity than the
upper unit, while an overwhelming number of other hopanes and aromatic biomarkers suggest the
opposite. The lower unit has very high concentrations of sulphur (up to 2.6%) and the researchers suggest
that this decreases the time required for isomerisation to occur in the homohopanes and steranes, which

subsequently provides an apparent higher thermal maturity.

18



3: Materials and Methods

3.2. Methodology

This section outlines the methods used to analyse the source rocks of Carrara 1 at the Brocks
laboratory at the Australian National University. The oil stains were sampled and prepared at Geoscience

Australia and the methodology for these is provided in Grosjean et al. (2022).

3.2.1. Contamination control experiments

There are several protocols described in detail by Brocks et al. (2017) which decrease the risk of
contamination in biomarker analysis that were priorities throughout this study. Initially, 12 sand blanks
were run which captured all steps and procedures from rock crushing to fractionation to assess the level of
potential contaminants in the laboratory environment. Generally, the abundance of biomarkers in these
blanks were below detection limits. It is now well understood that contaminants are also introduced during
sample collection and storage (Brocks et al. 2008) and that the contaminants can diffuse into the surface of
the rock via diffusion as discussed in detail by Brocks (2011). To remove any contaminants on and in the
surface layers of the samples, approximately 3 mm of the outer surface of each rock specimen were removed
using a wet solvent-cleaned Table saw (Nortel Machinery Inc.). The exterior (E) portion that was removed
was set aside and analysed to determine the extent of contamination via E/I experiments (See section 4.1
in Chapter 4). The interior and exterior slices were then transferred to separate glass jars that had been
baked at 300°C for 9 hours to remove contaminants and stored in the drying oven overnight to ensure any

residual water was evaporated.

3.2.2 Rock powder preparation and bitumen extraction

The interior (1) and exterior (E) components were crushed into a fine grit using a solvent cleaned
puck mill (Rocklabs) for 45 seconds each. The dry powder was transferred to metal bomb cells and loaded
into the Dionex Accelerated Solvent Extractor (ASE 200) and run using method 3 (at 1000 PSI at 100°C)
using 90% DCM and 10% methanol. The solvent was transferred to the TurboVap and reduced under a
constant stream of N2 gas at 45°C until they were dry. Using a glass pipette, ~ 2 ml of DCM was added to
the cells and mixed by continually moving the solvent in and out of the pipette. Once the solvent was mixed

well with the organics, the solution was transferred to 4 mL vials and reduced to ~ 100 ul under a constant
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stream of N2 gas. Using the same mixing method described above, the organic solution was transferred to

open columns (pasteur pipettes) filled with baked silica gel and left overnight.

3.2.3 Fractionation

2 ml vials with neck inserts were prepared and the following standards were added to the
corresponding vials: for saturated hydrocarbons, 25 ng of D4 (10 uL) and 150 ng D10 pyrene (6 uL) were
added, and for aromatic hydrocarbons, 150 ng D10 pyrene (6 uL) were added. These were put aside to air
dry. By eluting the columns, the organic molecules in solution could be separated into individual 4 ml vials.
Saturated hydrocarbons were eluted using 2 ml of n-hexane, aromatic hydrocarbons were eluted with 4 ml
of n-hexane:DCM in a 1:1 ratio and polar compounds with 2 ml of DCM:methanol in a 1:1 ratio. (The
DCM was added first since it is less dense to ensure proper mixing). The polar fractions weren’t useful for
the purposes of this study and were stored from this point forward. The 4 ml vials with the saturated and
aromatic hydrocarbons were reduced using a light stream of N2. This step was performed under constant
supervision so the flow of N2 could be cut off in time to prevent any organic material evaporating. The
point that N2 flow was stopped was dependent on the class of molecules. The saturated hydrocarbons were
blown down until only a thin disc of liquid was present and the aromatic hydrocarbons were blown dry. A
small amount of n-hexane was then added to the vials and mixed. The solution was transferred to the 2 ml

vials prepared earlier with the standards.

3.2.4. GC/MS analysis

Gas Chromatography/Mass Spectrometry (GC/MS) analysis was undertaken using an Agilent 6890
GC coupled to a Micromass Autospec Premier double sector MS. The GC, as outlined in Brocks et al.
(2017) “was equipped with a 60 m DB-5 capillary column (0.25 mm i.d., 0.25 um film thickness; Agilent
JW Scientific, Agilent Technologies), and helium was used as the carrier gas at a constant flow of 1
ml min~t. Samples were injected in splitless mode into a Gerstel PTV injector at 60 °C (held for 0.1 min)
and heated at 260 °C min™! to 300 °C. The MS source was operated at 260 °C in electron ionization mode
at 70 eV ionization energy and 8,000 V acceleration voltage. The GC oven was programmed from 60 °C
(held for 4 min) to 315 °C at 4 °C min%, with a total run time of 100 min” (Brocks et al. 2017, p 582).
Acyclic saturated hydrocarbons, and aromatic hydrocarbons were quantified using full scan Total lon
Current (TIC) analysis and saturated steranes, hopanes, tricyclic terpanes and trimethyl aryl isoprenoids
were quantified using Metastable Reaction Monitoring (MRM).
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4: Results

4.1 Syngeneity of biomarkers

A major challenge when interpreting the presence of biomarkers is determining if they are
indigenous molecules or contaminants introduced during collection, storage, or analysis (Brocks 2011,
Brocks et al. 2008). Most biomarkers were below detection limits in the four cumulative system blanks run
in unison with the four sets of samples (Cambrian saturate and aromatic fraction and Proterozoic saturate
and aromatic fraction) indicating that there was no major contamination introduced in the laboratory
environment (Brocks et al. 2008). To confirm that the few contaminants detected in the blanks weren’t
responsible for the peaks measured in the samples, extract/blank (E/B) values were calculated based on the
absolute concentrations of biomarkers in nanograms per gram of rock (ng/g) using equation 4 (Brocks et
al. 2008; Jarret et al. 2013).

E _ ((ABM/Asta)XMsta)
B ((A/Asta)XMsta)

(4)

Where A is peak area, M is mass, std is the D4 or D10 standard, BM is the biomarker of interest and B is

the equivalent signal in the blank.

E/B experiments quantify the concentration of individual biomarkers in the interior portion of the sample
compared to the corresponding sand blank to determine the extent of laboratory contamination (Brocks et
al. 2008). According to Brocks et al. (2008) biomarker ratios from samples with E/B ratio < 20 are
potentially significantly affected by laboratory contamination. All quantified biomarkers from NDI Carrara
1 have an E/B value > 20 except for C27-Czs hopanes and Ci9-Cozs tricyclic terpanes in the source rocks
below the unconformity (Table 2). Consequently, these biomarkers are not interpreted as indigenous and

are omitted from the biomarker data reported as part of present study.
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Table 2 Extract/Blank (E/B) ratios for hopanes in Proterozoic source rocks of Carrara 1

Sample 1D Depth (m) E/B C27a E/B ngb E/B C?,oC E/B Cald E/B nge

7533204 689.82 10.80 7.49 5.36 14.38 0.00
7533210 719.21 5.87 3.34 5.06 4.49 0.00
7533225 794.71 0.00 9.62 0.00 0.00 0.00
7533569 925.37 0.00 5.29 0.00 0.00 0.00
7533584 998.66 1.10 0.44 0.90 0.75 0.00
7533609 1069.16 0.00 1.01 2.54 2.20 0.00
7533625 1150.08 0.72 0.64 1.03 0.00 0.00
7533635 1199.60 1.26 1.41 2.60 3.93 0.68
7533644 1244.79 1.26 1.06 2.29 2.35 0.55
7533668 1345.03 0.90 1.16 1.06 1.86 0.00
7533682 1405.10 0.88 1.04 1.46 1.94 0.75
7533705 1461.32 0.89 0.49 1.20 1.18 0.00

3 E/B ratio for C,7 hopanes. Isomers include Cy7farri, Cy7 dia, Ts, Tm and Co7 3

b E/B ratio for Coe hopanes. Isomers include Casfarri, Cas dia, Cos o and Cas Pa
¢ E/B ratio for Cso hopanes. Isomers include Csofarri, Cso dia, Cso a3 and Cso B
d £/B ratio for Cs1 hopanes. Isomers include Csi farri, Cs1 dia, Cs1off and Cs1 P
€ E/B ratio for C3; hopanes. Isomers include Cs farri, Cs; dia, Cs2 ap and Csz o

To identify contaminants introduced to the rock specimens before analysis, exterior/interior (E/I)
experiments were utilised. In this type of experiment, biomarkers are quantified and compared for both the
exterior and interior portions of the rock specimens (Brocks 2011). Indigenous hydrocarbons will
commonly have an E/I ~ 1, while contaminants have an E/I >> 1. An E/I <1 may be the result of evaporation
from surfaces (or loss from solvent cleaning of rock specimens, a practice that should be avoided) (Brocks
2011; Vinnichenko 2020). E/I ratios of indigenous biomarkers commonly deviate from unity, e.g., falling
into the range ~0.3 to 5, an effect attributed to natural spatial heterogeneities of hydrocarbons within the
rock (Brocks et al. 2011). Diffusion of contaminants into the interior of the rock is characterised by
increasing E/I ratio as a function of molecular mass since lighter molecules with lower adsorption and
evaporation energies will permeate into the rock fissures faster than larger molecules (Brocks 2011). For
more information see Brocks (2011) and for an interpretation of different E/I trends, see Brocks et al.
(2008). n-alkanes are below detection limits in most of the Proterozoic bitumens in this study (see Figure
8) and thus sample 7533204 (689.82 m) and 7533609 (925.37 m) (two of the four sample which contain n-
alkanes), were selected for E/I experiments. As illustrated by the E/I plots (Figure 2a and 2b), both samples
have E/I values at or just below 1 for all homologues. In addition, there is no clear upwards trend with
carbon number indicating that there was no diffusion of n-alkanes from the surface into the interior. These
results indicate that the samples have not been affected by contamination introduced during storage or

handling and the n-alkanes in these samples are interpreted to be indigenous biomarkers.
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Figure 2 E/I plots for n-alkanes in sample 7533204 (a) and 7533609 (b) and their relative position in the Carrara 1
drill core.

Figure 3 illustrates the E/I values for the phenanthrene (P) and four methylphenanthrene (MP) molecules
for samples below 790 m. E/I experiments were not conducted on source rocks and oil stains

shallower than 790 m since P and MP exhibit large peak area in these bitumens and even if contamination
is present, it would have little effect on these peaks. Most samples report E/I values < 1 which indicates
that the peaks are indigenous and not strongly affected by contamination. Sample 7533584 (998.66 m) is
the only specimen with E/I values > 1 for P and MP but they still lie in a range to be considered indigenous
(Brocks et al. 2011). However, this sample was closely monitored during evaluation as contamination
cannot be completely ruled out. Therefore, all the P and MP in the bitumens of Carrara 1 are interpreted as
indigenous and can be used to evaluate thermal maturity. It is important to note, however, that some of the
deeper samples, especially 7533609 (1069.16 m), exhibit strongly fluctuating values across the isomers.
This is most likely due to integration error effects since the abundance of these molecules are close to

detection limits and there is a greater chance that co-eluting peaks might affect the peak areas.
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Figure 3 E/I plots for phenanthrenes and methylphenanthrenes for all samples below 790 m and their relative

position in the Carrara 1 drill core.
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4.2 Distribution of biomarkers

4.2.1. Acyclic saturated hydrocarbons

Full scan total ion currents (TI1C) of acyclic saturated hydrocarbons are illustrated in Figure 8. N-alkanes
are detected in all the Cambrian samples and five of the Proterozoic samples between 689 — 925 m below
which they fall beneath detection limits with the notable exception of sample 7533609 (1069.16 m) which
shows high concentrations of acyclic saturated hydrocarbons starkly contrasting their absence in overlying
and underlying samples (Figure 8). The Cambrian source rocks, and oil stains have a maximum at either
Ci7 or Ci9 and Proterozoic samples at Ci4 0r C13 (Table 3). To determine the predominance of either odd or
even n-alkanes, three Carbon Preference Index (CPI) parameters were calculated for each sample (Table
3). For the carbon number range Caz3-Czs, the samples had a CPI from 0.99-1.16 indicating that while there
might be a very slight odd over/even predominance, there is generally no preference (Marzi et al. 1993)
(Table 3).

CPI1 provides the carbon preference for short chain n-alkanes from Cis — C22. All of the Cambrian
samples have CPI1 value > 1 (1.13-1.46) reflecting a slight odd/even predominance, especially in the oil
stain 6725604 (528.33 m) CPI1 = 1.46, which indicates a strong odd/even predominance which is also
reflected in the chromatogram (Figure 8d). The CPI1 values of the Proterozoic samples indicate that there
is no strong preference, except for sample 7533609, 1069.16 m, (CPI1 = 0.50) which indicates a strong
even/odd predominance. However, this is not reflected in the chromatogram (Figure 8m) and the reason for
this could be due to integration errors associated with the high Unresolved Complex Mixture (UCM) which
makes it difficult to determine where the peak starts or as a consequence of the edge effect, which is the
evaporation of low molecular weight compounds such as Ci4 and Cis.

CPI2 estimates the carbon predominance of long chain n-alkanes from C2s— C3s. The Cambrian samples
all have a CPI12 > 1.2 (1.48-1.25) except for 7533159 (CPI2 = 1.17) and 6725604 (CPI2 = 1.15) indicating
that there is generally no strong preference which is illustrated in the chromatograms. CPI2 values for
Proterozoic samples might indicate a very slight even/odd predominance with all values < 1.20 (1.02-1.12)
(Table 3). However, this pattern is not observed in the chromatograms and there is generally no strong
preference (Figure 8). MMAs and DMAs are also detected in all Cambrian samples but in much lower
concentrations compared to n-alkanes (Figure 8.a). Regularly branched isoprenoids, namely pristane and
phytane are also identified in all samples. Pristane/Phytane (Pr/Ph) ratios are reported in Table 3 and range
between 2.08-0.23 with an average of 1.05.
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Table 3 Geochemical parameters of n-alkanes in Carrara 1

Sample  Depth (m) Max Pr/Ph  Pr/nC17 Ph/nC18 CPI® CPI1® CPI2°

P32 e e 151 181 187 114 116 148
P33V 39497 v 087 074 142 107 115 130
73319 4on48 cw 160 140 100 102 115 117
0725604 o833 cy 119 036 052 107 146 115
P38 g1047 e 101 051 054 100 113 125
7933204 6pog2  Cw 030 015 060 114 093 112
33210 7901w o oa7 027 116 096  1.07
;313044 76310 cu 085 024 030 107 098 106
;313046 46310 w120 024 023 094 109 101
7933225 e w023 004 019 106 103 103
733909 9537w 208 088 048 116 091 110
7933609 06916 Cu 110 3.09 077 099 050  1.02

aCPl= ((C23+C25+C27)+(C25+C27+C29))/(2X(C24+C26+C28)) (I\/Iarzi et al. 1993)

® CPI 1 = 0.5%((C15+C17+C19+C21)/(Cra+Cr6+Cag+C20))+((C15+C17+C19+Cr1)/(Cr6+Cas+Ca0+Ca2))
(See Yu et al. (2016)

€ CPI 2 = 0.5%((Co5+Ca7+Co9+C31+Ca3+Cas)/(Caat+Cos+Cag+C30+Ca+Cas) ) +((
Ca5+Ca7+Co9+C31+C33+C35)/( Cae+Cagt+C30+C32+C34+C36)) (See Yu et al. (2016)

4.2.2. Steranes

Steranes are a group of saturated hydrocarbon molecules derived from sterols produced by
eukaryotic organisms and several bacteria (Brocks 2017; Peters et al. 2005). Figure 4 illustrates the relative
abundance of the trifecta steranes (C27 cholestane, Cazs ergostane and Czg stigmastane) that are identified
using Metastable Reaction Monitoring (MRM) transitions M* — 217 in all Cambrian rock samples and the
oil stain from the Carrara 1 core (Figure 4 and Table 4). GC-MS analysis of the Cambrian samples reflect
a typical early Phanerozoic biomarker distribution (Brocks et al. 2017) (Figure 5). Within the Cambrian
bitumens and oil, on average cholestane represents 36.6% +/- 3.1% (standard deviation (SD) = 7.0%) of
the total trifecta sterane distribution, on average ergostane is 21.0% (SD = 7.8%) and on average
stigmastane makes up the majority of sterane diversity with 42.4% (SD = 9.8%) of the total. Steranes were

below detection limits and not identified below the unconformity at 630 m.

4.2.3. Hopanes
Hopanes were measured using MRM transitions M* — 191 as a homologue series from C27-Cass.

Carrara 1 samples above the unconformity at 630 m exhibit an abundance of hopane biomarkers from
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Figure 4 (a) illustrates a general_Phanerozoic distribution of trifecta steranes (cholestane, ergostane and stigmastane (Modified from Brocks et al. 2017). This is correlated
with the downcore plot of the Carrara 1 drill core where rock samples are represented by yellow dots and oil samples are represented as blue dots (b). Ages determined by
U-Pb SHRIMP analysis is included on the left of core (Carson et al. 2022). (c) The sterane distribution for the five Phanerozoic samples illustrating the relative abundance of
cholestane (red), ergostane (blue) and stigmastane (green). (d) The total concentrations of hopanes in the Cambrian samples, note the x axis is logarithmic (e) The
sterane/hopane ratio (S/H).



Ca7through to Css (See Figure 4d and Table 4 for summed concentrations. Hopanes are only detected in
trace concentrations in the Proterozoic section of the core and as discussed in section 4.1, E/B experiments
indicate that these signals are most likely contamination from the laboratory environment and are not
interpreted as indigenous (Table 2).

Table 4 Total concentrations (ng/g) of saturated hydrocarbons in the Cambrian samples of the Carrara drill core

Sample  Depth (m) Sum of Sum of Sterane/Hopane Sum of tricyclic ~ Sum of TMIA®
steranes®  hopanes® terpanes®

7533132 361.71 477.8 715.91 0.68 132.7 2909.8

7533139 394.97 1479.1 3223.1 0.46 518.3 11334.1

7533159 494.48 112.4 392.5 0.29 60.7 1637.3

6725604 528.33 33191.4 59132.2 0.56 0.04 0.0

7533185 610.47 31.0 90.4 0.34 9.2 2.1

aSum of Cy7, Ca8 and Cyg steranes reported in ng/g of rock isomers include dia, af, Pa, BBa, aaaS and ofBS
bSum of C27 — Css hopanes reported in ng/g of rock isomers include farri, dia, of and Bo

€Sum of C19 —Css tricyclic terpanes reported in ng/g of rock isomers include BB, o, Ba and aa

4Sum of C13— Cas trimethyl aryl isoprenoids reported in ng/g of rock isomers include 3,4,5 2,3,6 and 2,3,4

4.2.4. Tricyclic terpanes

Tricyclic terpanes or cheilanthanes are found in most oils and petroleum source rocks and were identified
using MRM transition M* — 191 as a pseudohomologue series from Ci9to Czs in all Cambrian source rocks
and the oil stain. Figure 5a illustrates the concentration of cheilanthanes across the pseudohomologue series
for the Cambrian bitumens. The highest concentrations of cheilanthanes is at pseudohomologue C23 for all
Cambrian bitumens except 7533132 (361.71 m) which has a maximum at C21. All samples have a minimum
at C22 due to branching at this point on the isoprenoid side chain (Figure 5a). Cheilanthanes were also
detected in trace concentrations from Ci9— C24 in the Proterozoic section of the core (Figure 5b). The
maximum concentration is at either pseudohomologue Cz1 or Czs with a minimum at Cz2. All of the
Proterozoic samples have at least one isomer that is absent or detected in only trace concentrations and to
determine if these values are reliable, E/B ratios were computed for the entire pseudohomologue series
(Table 5). Table 5 illustrates that cheilanthanes detected below 1000 m have E/B ratios < 20 and are thus
potentially affected by laboratory contamination. In the remaining samples shallower than 1000 m, some
of the isomers have E/B ratios < 20 and >20 which would indicate that some of these samples might contain
indigenous cheilanthanes. However, it is important that cheilanthanes are detected as complete series to be
considered indigenous, and since this is not the case in any of the samples, the detected peaks are more
likely caused by some contaminant from the laboratory or misinterpretation of another peak eluting in the
same position as the cheilanthane isomer. Therefore, we do not interpret these signals as indigenous

cheilanthanes.
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Figure 5 Concentrations of cheilanthanes in the homologue series from C19— Cy in (a) Cambrian samples and (b) Proterozoic samples. Isomers include BB, a3, Ba and aa
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Table 5 Extract/Blank (E/B) ratios for cheilanthanes in Proterozoic samples of Carrara 1

E/B Depth (m) C19total C20total C21total C22total C23total C24 total
7533204 689.82 0.00 0.00 207.76 0.00 0.00 0.00
7533210 719.21 0.00 0.00 251.76 0.00 0.00 0.00
7373044 763.10 0.00 0.00 0.00 0.00 0.00 0.00
7373046 763.10 0.00 0.00 0.00 0.00 0.00 0.00
7533225 794.71 0.00 0.00 0.00 0.00 0.00 0.00
7533569 925.37 24.99 0.00 0.00 0.00 31.59 0.00
7533584 998.66 43.49 0.00 1.31 0.00 0.95 6.00
7533609 1069.16 0.00 0.00 0.00 0.00 5.03 0.00
7533625 1150.08 0.00 0.00 0.00 0.00 0.90 0.00
7533635 1199.60 0.00 0.00 2.04 0.00 2.32 0.00
7533644 1244.79 0.00 0.00 1.24 0.00 1.43 9.17
7533668 1345.03 0.00 0.00 0.00 0.00 1.71 0.00
7533682 1405.10 0.00 0.00 7.71 0.00 4.60 15.67
7533705 1461.32 3.23 0.00 0.00 0.00 0.00 0.00

3E/B ratio for C1g cheilanthanes. Isomers include Ci5 140l

b £/B ratio for Cyo cheilanthanes. Isomers include BB Cao, a3 C20and o Cao

¢ E/B ratio for C1 cheilanthanes. Isomers include BB Cz1, af C21, Ba Co1and oo Co1
d E/B ratio for Cy; cheilanthanes. Isomers include a8 C2; and Bat Caz

¢ E/B ratio for Cy3 cheilanthanes. Isomers include B Cz3, o3 C23, Ba Coz and awot Caz
fE/B ratio for Ca4 cheilanthanes. Isomers include BB Cas, o Caa, Bot C24 and atow Cos

4.2.5. Polyaromatic hydrocarbons

Polyaromatic hydrocarbons (PAHS) can provide crude estimates of the extent of biodegradation and thermal
degradation, specifically by comparing the abundance of the parent PAH (pPAH), which are more thermally
stable, to the abundance of corresponding alkylated PAHs (aPAHSs), comparatively less stable. Therefore,
the pPAH/aPAH ratio will generally increase as a function of thermal degradation.(Brocks et al. 2003a;
George 1992). The PAHSs quantified in the present study are reported in Table 6 as pPAH/aPAH ratios and
illustrates the change in these ratios as a function of depth. Fluorene/methylfluorene (F/MF) exhibits
relatively high values in the Cambrian samples compared to the Proterozoic samples which is opposite to
the expected trend (George 1992). Phenanthrene/methylphenanthrene (P/MP) decreases as a function of
depth until ~ 1000 m where the trend reverses and the P/MP increases. Such reversal patterns have been
reported previously and is most commonly associated with the conversion of MP to P at very high maturities
(Boreham et al. 1998). Pyrene/methylpyrene (Py/Mpy) increases with depth reflecting the thermal stability
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of parent pyrene as is expected for pyrolytically altered bitumen (Brocks et al. 2003a; George 1992).
Benzo[a]pyrene/methylphenanthrene and benzo[ghi]perylene/methylphenanthrene are reported in sample
7533185 and then drop below detection limits until they are reported again at ~ 1150 m presumably

indicating generation of these two higher parent PAH at the highest temperatures (Figure 4).

Table 6 Polyaromatic Hydrocarbon (PAH) concentrations in Carrara 1

Sample Depth(m) F/MF?2 P/MP® Py/Mpy¢ Benzo[a]Py/MP¢ Benzo[ghi]Pe/MP ®

7533132 361.71 1.09 0.58 0.40 - -
7533139 394.97 2.04 0.48 0.35 - -
7533159 494.48 0.41 0.34 0.31 - -
6725604 528.33 - - - - -
7533185 610.47 0.28 0.33 0.33 0.01 0.02
7533204 689.82 0.18 0.28 0.33 - -
7533210 719.21 0.27 0.16 0.23 - -
7373044 763.10 - - 0.15 - -
7373046 763.10 = = - = =
7533225 794.71 1.50 0.15 0.31 - -
7533569 925.37 0.67 0.19 0.23 - =
7533584 998.66 - 0.15 0.30 - -

7533609 1069.16 0.43 0.25 - - -
7533625 1150.08 0.12 0.46 0.66 - -

7533635 1199.60 - 0.26 0.64 0.02 0.02
7533644 1244.79 0.14 0.54 0.74 0.01 -

7533668 1345.03 - 0.28 0.62 0.05 0.03
7533682 1405.10 0.28 0.72 0.89 0.01 0.01
7533705 1461.32 = 0.35 1.00 0.03 0.01

aFluorene/Methyl fluorenes (MF 3, MF 2, MF 1 and MF 4): measured using summed trace at
m/z 166 and 180.

b Phenanthrene/Methylphenanthrenes (MP 2, MP 3, MP 9 and MP 1): measured using summed
trace at m/z 178 and 192.

¢ Pyrene/Methylpyrene (Mpy 2, Mpy 4 and Mpy1) measured using summed trace at m/z 202
and 216.

dBenzo[a]pyrene/Methylphenanthrenes (MP 2, MP 3, MP 9 and MP 1): measured at m/z = 252
and 192 respectively.

¢ Benzo[ghi]perylene/Methylphenanthrenes (MP 2, MP 3, MP 9 and MP 1): measured at m/z =
276 and 192 respectively.
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Figure 6 The various ratios of parent and alkylated poly aromatic hydrocarbons (PAHS) in Carrara 1. Missing data points indicate PAH were below detection limits. The
dashed lines indicate (i) the unconformity between the Precambrian and Cambrian 630 m and (ii) 1012 m below which, samples are absolutely dated to be Paleoproterozoic.
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4.2.6. Trimethyl aryl isoprenoids

Intact Cao carotenoids were not detected in any of the Carrara 1 samples, however the diagenic
breakdown products of carotenoids, 2,3,4, 2,3,6 and 3,4,5 trimethyl aryl isoprenoids (TMAI) were detected
in a pseudohomologue series from Cio — Coz3 in the three shallowest Cambrian samples and the two
shallowest Proterozoic samples at m/z 133+134. Identification of TMAIs can be difficult since many
isomers and homologues share elution positions with trimethyl alkyl benzenes (TMAB) and other
interfering molecules (Jarrett et al. 2019a). TMAI with a short to medium chain length (generally C11 — Cas)
are especially susceptible to this and it is crucial to clearly distinguish TMAIs against TMABSs before a
confident interpretation is made. Figure 7a and 7b illustrate the chromatograms corresponding to m/z
133+134 for the Cambrian and Proterozoic samples respectively. Peaks in the correct eluting positions of
the three isomers of TMAIs and to TMAB were identified in Carrara 1 samples by juxtaposing them with
a Cambrian sample from the BMR Mount Isa 1 drill core from the Georgina basin that is known to have a
high concentrations of TMAIs (Pages et al. 2016). In addition, Jarrett et al. (2019) provides a comprehensive
identification of TMAB and other interfering signals by juxtaposing their data with a sample from the
Barney Creek Formation (Brocks et al. 2005). Though there are several isomers that are obviously coeluting
with TMAB for example, 2,4,5 TMAI at Ci3, 3,4,5, TMAI at C1s, 2,3,4 TMAI at C1s,2,3,4 TMAI at Cisand
3,4,5 TMAI at C2, (See Figure 7a and 7b), in most cases, the three TMAI isomers could be distinguished
from the TMAB and other interfering signals in the Cambrian samples from Cio — C23. However,
identification is much more difficult in the Proterozoic samples due to the high concentration of TMABS
and other interfering signals (Figure 7). For example, there is a relatively large peak in the correct elution
position for Ci7 2,3,4 TMAI however, since Ci7 is a branching point along the isoprenoid side chain, this
signal should be very low compared to the Cis and C1g isomers which are below detection limits. Therefore,
it is not possible to determine whether any of the Proterozoic peaks are TMAI and detailed MRM
experiments on two different columns are needed to distinguish them. For example, see Vinnichenko et al.
(2020). This sort of experiment is out of the scope of this project and thus, to err on the side of caution, no

TMAIs are identified in the Proterozoic samples of the Carrara 1 drill core.
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Figure 8 Full scan TIC chromatograms of saturated hydrocarbon fractions of all samples illustrating the
distribution of acyclic saturated hydrocarbons (large chromatograms). Open circles identify n-alkanes and 1.S is
the added internal standards. The inserts illustrate the summed chromatogram of m/z 166, 180,178, 192, 202,
216, 252 and 276 representing selected polyaromatic hydrocarbons (PAHSs). F = Fluorene, MF = Methylfluorene,
P = Phenanthrene, MP = Methylphenanthrene, Py = Pyrene, Mpy = Methylpyrene, B[a]Py = Benzo[a]pyrene and
B[ghi]Pe = Benzo[ghi]perylene.
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4.3 Thermal maturity

Figure 9 illustrates three maturity parameters based on P and MP calculated for Carrara 1 source
rocks and oils. They are the methylphenanthrene distribution factor (MPDF), the methylphenanthrene
ratio (MPR) and the methylphenanthrene index (MPI). There is a strong trend in which maturity increases
downcore reaching a maximum maturity at ~1200-1400 m (Figure 9). Notably, the Cambrian oil stain,
6725604 (528.33 m), didn’t contain any detectable P and MP and thus, thermal maturity estimates haven’t
been made for this sample. All three parameters indicate that sample 7533204, (which, at 689.85 m is the
first sample below the unconformity at 630 m) has an unusually high maturity for its depth correlating
more closely with samples below 1000 m. The Proterozoic oil stains illustrate maturity that is consistent
with surrounding samples. In terms of generative potential of source rocks, P and MP data on its own is
relatively uninformative. The P and MP maturity parameters can be mathematically manipulated to
correlate with vitrinite reflectance (Ro) as calculated vitrinite reflectance equivalents (Rc) using equation
5, 6 and 7 from Kvalheim et al. (1987) and Radke and Welte (1983) and (1984) respectively.

Rc(MPDF) = 0.166 + 2.2424 x MPDF (5)
Rc(MPI) = 0.6 x MPI1 + 0.4 (6)
Rc(MPR) = 0.99 * log,,(MPR) + 0.94 (7

It is important to note that when working with extremely high thermal maturities, P and MP maturity
estimates can become unpredictable and unreliable and should be interpreted with caution (Boreham et al.
1988; Brocks et al. 2003a; Raymond and Murchison 1992). It has been illustrated that samples with
Rc(MPI) > 1.7%, can be affected by a reversal in the conventional trend in maturity as a consequence of
demethylation of MP to P (Boreham et al. 1988; Radke et al. 1982b). If a reversal has occurred, Boreham
et al. (1988) define a separate equation that should be used to determine a more accurate estimate of
Rc(MPI):

Rc(MPI) = —0.55 « MPI + 3.0 (8)

Table 7 and Figure 10 report Re(MPDF), Rc((MPR) and Rc(MPI), based on equation 5, 6 and 7. The Rc
values for Carrara 1 calculated using bitumen reflectance values (VREQ) from Ranasinghe and Crosdale

(2022) are also reported in Figure 10. In addition, the threshold values for hydrocarbon generative
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windows defined by Tissot and Welte (1984) have been added to Figure to provide a rough estimate of
the generative windows of the samples. Rc(MPDF) reports a maturity trend that ranges from Rc = 0.49%
just above the unconformity to 1.09% directly below it and reaching a maximum of 1.46% at 1244 m
(Table 7 and Figurel10). The steep increase in maturity across the unconformity of 0.6% is likely the result
of the loss of sediment at the erosional unconformity (Grosjean et al. 2022). Using equation 6 which
assumes P and MP have not experienced a reversal, Rc(MPI) illustrates a similar trend with increasing
maturity from Rc = 0.65% above the unconformity to 1.10% below it, reaching a maximum of 1.50% at
1345 m (Table 7 and Figure 10). Again, there is a steep jump of 0.45% in maturity likely due to the
unconformity. Applying equation 8, for Rc(MPI) assuming the Paleoproterozoic samples have
experienced a reversal in P and MP, returns much higher maturities reaching a maximum of 2.40% at
1405 m (Table 7 and Figure 10). VREq values also increase as a function of depth. The VREq above and
below the unconformity is 0.69% and 1.44% respectively again illustrating the increase in maturity as a
consequence of the unconformity (Table 7 and Figure 10). The VREq values for the Paleoproterozoic
samples are much higher and more closely resemble Rc(MPI) using equation 8, reaching a maximum of
2.44% at 1405 m. Though R¢(MPDF), Re(MPR) and VRE(Q report different absolute values, they
illustrate a very similar trend in maturity as a function of depth. Since they are based on different
properties (molecular isomerisation and the reflectance of bitumen), this trend in maturity indicates that

the aromatic hydrocarbons are indigenous and not migrated or notably affected by contaminants

Table 7 Maturity estimates of Carrara 1 source rocks and oils

Sample Depth(m) MPI MPDF MPR Rc(MPI)? Rc(MPI)® Rc(MPDF)¢ Rc(MPR)Y VREQ® P/MP
7533132 361.71 0.44 031 0.78 0.53 - 0.64 0.76 0.71 0.58
7533139 394.97 046 0.29 055 0.55 - 0.62 0.79 0.63 0.48
7533159  494.48 0.46 0.56 153 054 - 0.54 0.83 0.69 0.34
6725604 528.33 - - - - - - - - -
7533185 610.47 042 0.42 0.89 0.52 = 0.49 0.68 - 0.33
7533204 689.82 116 0.47 144 1.03 - 1.09 1.12 1.44 0.28
7533210 719.21 0.86 0.38 115 0.82 - 0.78 0.89 1.30 0.16
7373044 763.10 094 044 1.00 0.88 - 0.83 0.94 - 0.15
7373046  763.10 0.83 0.39 0.83 0.80 - 0.71 0.86 - 0.11
7533225 794.71 1.05 0.53 152 0.96 - 0.89 1.10 - 0.15
7533569  925.37 0.71 0.56 167 0.72 - 0.69 1.00 1.65 0.19
7533584  998.66 129 0.71 410 112 - 1.03 1.12 1.66 0.15
7533609 1069.16 1.23 0.63 267 1.08 2.33 1.10 1.16 - 0.25
7533625 1150.08 141 0.72 407 121 2.22 1.42 1.55 2.26 0.46
7533635 1199.60 148 0.71 489 1.26 2.19 1.24 1.36 = 0.26
7533644  1244.79 133 0.72 410 115 2.27 1.46 1.54 2.30 0.54
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7533668  1345.03 1.83 0.68 3.00 150 1.99 1.42 1.62 2.35 0.28
7533682  1405.10 1.09 031 0.78 0.98 2.40 1.45 1.55 2.44 0.72
7533705 1461.32 150 0.29 055 127 2.18 1.35 1.41 2.42 0.35

2 R¢(MPI) calculated using equation 3 in Boreham et al. (1988) and equation 2 in this report

b R¢(MPI) calculated using equation 5 in Boreham et al. (1988) and equation 7 in this report
¢Rc(MPDF) calculated using equation 4 in Kvaldheim et al. (1987) and equation 2 in this report
dR¢(MPR) calculated using equation 3 in this report (See Radke et al. (1984)

¢ VRE( calculated using bitumen reflectance by Ranasinghe & Crosdale (2022)
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Figure 9 Maturity parameters based on phenanthrene (P) and methylphenanthrene (MP) concentrations correlated
with the downcore plot of the Carrara 1 drill core. Open circles are rocks samples and diamonds are oil stains.

47



Immature Oil window Wet gas
0 0
200- 200
0.64 0 053 ©
400+ 00.62 400 - 0 0.55
0540 ©0.54
600 - o049 600 o 052
01.09 0103
00.78 0.820
071¢ ¢ 0383 0.80 4> 0.88
800 0.85 0 800 = 00.96
0.69 0 072 0
1000 o 1.03 1000 01.12
1.10 @ 1.08 © N 233
142 0 0121 m222
1200 1240 1200 1260 m219
146 0 o 1.15 m 227
1420 1500 ®1.99
1400 = 1.45 0 1400 - 00.98 240
1350 .27 o W 218
1600 -$L00 r r 1 16004 r ; |
0.0 0.5 1.0 15 0 1 2 3
R_ (MPDF) R.(MPI)

© 0.71
0630

0 0.69

1300

0 144

0226

2300

0235

2440
0242

Dry gas

0 0

200+ 200+
0.76 ©
400 = 0 0.79 400 -
0830
600 = O 0.68 600 =
o 1.12
0.890
0.94 OO 0.80
800 = 1.100 800 =
01.00
1000+ 1120 1000 =
1550
1200 = 0 1.36 1200 =
1.540
0 1.62
1400 = 1.55 0 1400 =
o 1.41

1600 ¥ ¥ T 1 1600

0.0 0.5 1.0 1.5 2.0 0
R_(MPR)

1

2

R_(VREQ)

Figure 10 (a) Vitrinite reflectance (R¢) based on MPDF. (b) R¢ based on MPI-1, circles using equation 6, squares using equation 8 to account for a potential reversal in P and
MP with maturity. (c) Rcbased on MPR. (d) Rc using bitumen reflectance (VRE,) from Ranasinghe & Crosdale (2022). The approximate hydrocarbon generative windows
defined by Tissot and Welte (1984) have been added to the Figure to provide a rough estimate of the generative window each sample. The dashed lines correlate with (i) the
unconformity at 630 m and (ii) 1012 m below which, samples are absolutely dated to be Paleoproterozoic.

Depth (m!

— 200

L 400

— 600

{ — 800

& - 1000

1588Ma

o1 — 1200

1600Ma

— 1400

1612 Ma

1L 1600



5: Discussion

5.1 Thermal maturity and generative potential of Carrara 1 source rocks

5.1.1. Thermal maturity of Cambrian samples (top — 630 m)

The Rc values based on P and MP suggest that the Cambrian samples are in the peak oil window
indicating that they have excellent source rock generative potential (Table 10) (Tissot & Welte 1984).
Rc<(MPDF) ranges from 0.49-0.64%, Rc(MPI) is 0.52-0.55% and Rc(MPR) is 0.68-0.83% (Table 7 and
Figure 10). Rock-eval data including TOC and the hydrogen index (HI) for Carrara 1 samples (Table 1 and
summarised by Grosjean at et. (2022)), confirm that the samples are characteristic of highly generative
source rocks. Furthermore, the presence of fluorescing lamalginite and liptinite reported by Ranasinghe and
Crosdale (2022) provide further evidence that this stratigraphic section is in the peak oil window
(Ranasinghe and Crosdale 2022). The presence of an oil stain (6725604, 528.33 m) indicates that this
section has at least at some point, produced oil. As previously mentioned, none of the Carrara 1 samples
have any detectable vitrinite which is required to calculate Ro (Ranasinghe and Crosdale 2022). However,
it is possible to use bitumen, one of the most common organoclasts found in Palaeozoic rocks Ranasinghe
and Crosdale (2022), to determine vitrinite reflectance equivalent (VREQ) by mathematically manipulating
the measured reflectance of bitumen using the equations summarised by Luo et al. (2021). Ranasinghe and
Crosdale (2022) calculated the VRE(Q of 25 samples from the Carrara 1 drill core and determined a VREQ
range from 0.63-2.96 for the entire core and 0.63-0.71 for the Cambrian samples (Ranasinghe and Crosdale
2022) VRE(q reported by Ranasinghe and Crosdale (2022) correlates well with Rc computed using the P
and MP parameters adding credibility to the maturity of this stratigraphic sequence (see Table 7 and Figure
10 for a juxtaposition of these values with those calculated in the present study). The similarity of maturity
result from Ranasinghe & Crosdale (2022), Grosjean et al. (2022) and the present study provides convincing
evidence that the Cambrian section of the Carrara 1 core is in the general maturity range to be generating

liquid hydrocarbons.

5.1.2. Thermal maturity of Proterozoic stratigraphic sequence between 630 m and 1012 m

The thermal maturity of the Proterozoic sequence between 630-1012 m is characteristically more
mature than the overlying Cambrian samples. All P and MP parameters report a similar maturity and
Rc<(MPDF) ranges from 0.69-1.09, Rc(MPI) ranges from 0.72-1.12 and Rc(MPR) ranges from 0.89-1.12
indicating that these samples are in the very late stages of oil generation and possibly producing wet gas
(Table 7 and Figure 10). The break in the trend at 630m is also reported by Grosjean et al. (2022) and is the
consequence of the loss of sediment at the unconformity that sits at this depth (Carson et al. 2022; Grosjean
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et al. 2022). Tmax data couldn’t be used to determine thermal maturity in these samples due to poorly
resolved S2 peaks which can often lead to inaccurate Tmax Values (Grosjean et al. 2022). Despite this, the
VRE(q values calculated between 630 — 1012 m ranged from 1.30-1.69 (Table 7 and Figure 10) indicating
that these samples are overmature in terms of oil generation and are likely producing wet gas (Ranasinghe
and Crosdale 2022). However, there are two oil stains from this section which indicates that at least at some
point, it has produced oil. Since the thermal maturity of the oils is consistent with surrounding sediments,
it is likely they originated close to where they were found, providing further evidence that this section has

been, and may still be generating liquid hydrocarbons.

5.1.3. Thermal maturity of Paleoproterozoic stratigraphic sequence between 1012 m and 1750.85 m

According to the thermal maturity parameters calculated using P and MP, Rc(MPI) ranges between
0.98-1.5%, Rc(MPDF) ranges form 1.10-1.46% and R¢(MPR) from 1.16-1.62% indicating that every
sample in the Paleoproterozoic section of the core is overmature in terms of oil generation and is most likely
producing wet or possible dry gas (Figure 10) (Tissot and Welte 1984). Compared to the VREq calculated
by Ranasinghe and Crosdale (2022), which range between 1.69-2.96% (Table 7) Rc(MPI), R¢(MPDF) and
Rc(MPR) in this study are much lower. As mentioned in chapter 4, P and MP can vary in unexpected ways
in bitumens that have experienced extremely high thermal maturities, and in some cases, the trend in P/MP
can reverse (Boreham et al. 1988; Brocks et al. 2003a). As the bitumen experiences increasing thermal
maturity and pyrolytic degradation, several chemical processes will take place. These can include the
demethylation of methyl, di-methyl, and tri-methyl phenanthrenes to P and to a lesser extent the re-
alkylation of P to MP (Brocks et al. 2003a; Peters et al. 2005). It is generally considered that the
demethylation mechanism reaches equilibrium at MPI = 1.7% (Boreham et al. 1988) but if thermal
degradation persists beyond this point, the re-alkylation of P into MP will continue and ultimately reverse
the trend in P/MP (Boreham et al. 1988; Peters et al. 2005). Figure 6 illustrates an apparent reversal in P/MP
values deeper than 1000 m, however, the MPI of these samples is < 1.7% which according to Boreham et
al. (1988), is the point where demethylation of alkylated phenanthrenes should reach equilibrium. Boreham
et al. (1988) mention that this estimate was made based on only four samples and is not well defined
(Boreham et al. 1988, p. 291) and therefore, it is plausible that the Carrara samples > 1000 m have
experienced a true reversal in P/MP. If this is the case, Boreham et al. (1988) define a separate equation to
determine the MPI that considers the reversal trend (see equation 8 in chapter 4). Figure 10b illustrates the
new Rc¢(MPI) for samples > 1000 m based on this alternative equation which range from 1.99-2.40%. These
values are much more similar to the VREq values reported by Ranasinghe and Crosdale (2022), 1.69-2.96%
and are possibly a better indication of the thermal maturity of the Carrara samples > 1000 m, although it

has to be noted that it is unclear whether the reversal equation is applicable for the Carrara 1 samples given
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the relative P and MP abundances are so different from those of Boreham (1988). If applicable however,
both datasets now indicate that these deep samples are beyond the wet gas zone and are more likely
producing dry gas or are completely overmature in terms of hydrocarbons generation (Tissot and Welte
1984; Ranasinghe and Crosdale 2022). The extreme maturity of the samples > 1000 m is further supported
by the absence of saturated hydrocarbons (Figure 8) and the presence of PAHSs such as benzo[a]pyrene and
benzo[ghi]perylene (Figure 6), both of which are consistent with pyrolytically altered bitumen (Brocks et
al. 2003a; George 1992).

5.2 Biomarker distribution in the Carrara 1 drill core

5.2.1. Biomarker distribution of Cambrian samples (top — 630 m)

Based on clean sand blanks and exterior/interior (E/I) experiments, the internal fractions of the Carrara
1 drill core have indigenous biomarkers in the Cambrian sediments as deep as 630 m (Table 4). These
include steranes, hopanes, tricyclic terpanes and aryl isoprenoids. The most common eukaryote biomarkers
are the trifecta steranes, Cz7 cholestane, Czs ergostane and Cz9 stigmastane (Brocks et al. 2017). The
Cambrian samples of the Carrara 1 core have an abundance and distribution of these steranes that is
expected and in keeping with the current biomarker record (Brocks et al. 2017; Brocks 2018). It is well
established that by the Cambrian period, eukaryotes had diversified and surpassed bacteria as the dominant
primary producers in the oceans, and this is reflected in the abundance of steranes in the Cambrian samples
of the Carrara 1 core. Generally, C29 stigmastane and Czs ergostane are the predominant steranes in primary
endosymbiotic algae and secondary endosymbiotic algae respectively (Brocks et al. 2017; Grice & Eisereck
2014). The C27 cholestane measured in the Cambrian samples is most likely derived from rhodophyte algae
which were present in the Cambrian oceans and show a general sterol skeleton composed of 80:16:4%
cholestane, ergostane and stigmastane respectively. Furthermore, the sterane/hopane (S/H) ratios calculated
for the Cambrian samples are characteristically high compared to values during Precambrian (see Brocks
et al. 2017), reflecting the ecological dominance of eukaryotes (Table 4 and Figure 4e). Hopanes are also
detected in abundance in the Cambrian samples, especially in sample 7533159 (494.48 m) and 7533185
(610.47 m) illustrated by their relatively low S/H ratios of 0.35 and 0.29 compared to other samples, 0.68,
0.48 and 0.56 (Table 4 and Figure 4e). The abundance of hopanes and the corresponding S/H values is
consistent with biomarker record reported by Brocks et al. (2017).

Trimethyl aryl isoprenoids (TMAI) are detected in Cambrian source rocks (but not the Cambrian oil
stain) from Cio to C23. TMAI can be produced by random isomerisation patterns at Rc(MPI) values > 0.8-
1.0 (Vinnichenko et al. 2020). The Cambrian samples have an Rc(MPI) between, 0.68-0.83, indicating that

it is unlikely that TMALI are isomerisation products and might be derived from a biogenic precursor. 2,3,6
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TMAI and 2,3,4 TMAI are common break down products of Cso carotenoids which are produced by green
and purple sulphur reducing bacteria respectively (Brocks et al. 2005; Palmisano et al. 1989; Vinnichenko
et al. 2020). Green sulphur bacteria strictly inhabit anoxic waters within the photic zone down to depths of
100 m, while purple sulphur bacteria have a higher oxygen tolerance and light requirement (Brocks &
Schaeffer 2008; Vinnichenko et al. 2020). Subsequently, purple sulphur bacteria often thrive just above the
green sulphur bacteria at the anoxic-oxic boundary. Therefore, the presence of both TMAI isomers indicate
that green and purple sulphur bacteria were part of the ocean ecosystem of the Carrara Sub-basin during
the Cambrian, indicating that the depositional environment reflected a shallow, stratified environment with
a strong chemocline (Vinnichenko 2020).

Acyclic saturated hydrocarbons are detected in all of the Cambrian samples and exhibit a typical
Phanerozoic distribution characteristic of “facies 3 defined by Pawlowska et al. (2013) (Figure 8a-f).
Facies 3 characteristics observed in these samples include a low unresolved complex mixture (UCM) and
a high abundance of n-alkanes compared to mono-methyl alkanes (MMA) and dimethyl alkanes (DMA)
both of which indicate low heterotrophic reworking characteristic of younger sediments (Alexander et al.
2011; Pawlowska et al. 2013) Based on all three CPl parameters, there is generally an odd/even
predominance from Ci15-Cig in the Cambrian samples, especially for the oil stain 6725604 (528.33 m) which
is feature of many Palaeozoic bitumens (Jarrett et al. 2019b; Xianying et al. 2015). This is most likely as a
result of the phototrophic organism Gloeocapsomorpha prisca of which the attribution as an algae or
cyanobacterium is still debated (Evans 1994; Fowler 1992). Regularly branched isoprenoids, namely
pristane and phytane are also identified in abundance in the Cambrian samples with pristane/phytane
(Pr/Ph) ratios that range from 0.87 — 1.60 (Table 3). Generally, Pr/Ph <1 or > 1 indicates anoxic or oxic
source rock depositional environment respectively (Peters et al. 2005). Pr/Ph < 0.8 is often characteristic of
anoxic, hypersaline or carbonate environments which is consistent with the depositional environment of
the Carrara Sub-basin described by Crombez et al. (2022) between 630-800 and 965-1130 m.

5.2.2. Biomarker distribution of Proterozoic samples (630 — 1751.85 m)

Indigenous steranes, hopanes, tricyclic terpanes and TMAIs were all below detection limits in samples
between the unconformity at 630 m and the total depth (TD) of 1750.85 m. However, acyclic saturated
hydrocarbons were detected in the source rocks and oils between 689.85 —925.50 m, and in sample 7533609
(1069.32 m). The lack of polycyclic biomarkers in all Proterozoic samples could be the consequence of
several processes. First, the biological source of the biomarkers did not yet exist or played a very minor
role in the ecosystem when the sediment was deposited. The earliest definitive evidence of eukaryotes, the
most common source of the trifecta steranes, come from 1800-million-year-old sediments from the

Changzougou formation in Northern China (Lamb et al. 2009). However, it is believed that they played a
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very minor role in Earth’s ecosystem until their diversification during the Neoproterozoic (Brocks et al.
2015; Brocks 2018; Erwin et al. 2011). According to Brocks et al. (2017) and Brocks (2018), cholestane is
not detected until 820 Ma as a result of the rise in Rhodophyte algae, and stigmastane and ergostane don’t
appear until 635 Ma after the rise of green algae (Brocks et al. 2017; Brocks 2018; Grantham & Wakefield
1988; Porter 2020). SHRIMP zircon U-Pb geochronology illustrates that the sediment from 1200-1600m
was deposited between 1600-1612 Ma (Carson et al. 2022) and thus it is in keeping with this evidence that
steranes are below detection limits in the Proterozoic samples. In contrast, bacteria producing the parent
molecules of hopanes and trimethyl aryl isoprenoids (TMAI), undoubtedly existed at the time when these
samples were deposited (Brocks et al. 2017; Jarret et al. 2019a). Hopanes and TMAI have been previously
reported in mid-late Paleoproterozoic sediments up to 1.64 Ga old (Brocks et al. 2005). Vinnichenko et al.
(2020) analysed samples from the 1.73 Ga Wollogorang formation in the southern McArthur Basin and
detected a continuous series of low molecular weight 2,3,6-trimethyl aryl isoprenoids which are interpreted
as indigenous (Vinnichenko et al. 2020). As mentioned earlier, TMAIs are produced by cyanobacteria and
or green and purple sulphur bacteria and are a relatively common element of the Proterozoic biomarker
record since the Proterozoic oceans were anoxic, stratified and sulphidic creating the perfect habitat for
these kinds of organisms (Brocks et al. 2005). The absence of TMAI in the Proterozoic section of the core
is interesting because it would distinguish it from other nearby Proterozoic basins such as the Barney Creek
formation (Brocks et al. 2005; Brocks and Lee 2011). The absence of TMAI was also observed by Jarret
et al. (2019a) in the 1380 Ma Velkerri formation in the McArthur Basin. Based on the thermal maturity of
the samples, they concluded that while thermal degradation affected the TMAI abundance of the sample,
their absence is more likely the result of heterotrophic reworking and/or the fact that the basin was never
inhabited by sulphur bacteria (Jarrett et al. 2019a). In the case of the Carrara 1 samples, the thermal maturity
indicates that the absence of TMAI is the consequence of thermal degradation. It has been demonstrated
that TMAI will be detectable to Tmax values of 440-445°C before they are destroyed by thermal degradation
(Brocks and Lee 2011). Based on Rock-Eval data for the Carrara 1 samples summarised from Grosjean et
al. (2022) in Table 1, it would be unlikely to find indigenous TMAI in any of the Proterozoic samples.
Furthermore, Jarrett et al. (2019b) demonstrate that hopanes drop below detection limits at MPDF > 0.39
and MPR > 1.03. The MPDF and MPR values for the Proterozoic samples range between 0.42-0.72 and
0.89-4.89 respectively indicating that hopanes once preserved in the Proterozoic sections of the Carrara 1

drill core have likely been destroyed by thermal degradation (See Figure 9).

5.3 Thermal maturity and biomarker evidence for a fault repeated system

Sample 7533204 (689.85 m) has a higher thermal maturity according to all P and MP parameters (Figure

9). For example, it has an MPI-1 value of 1.16 while in the overlying and underlying samples, MPI-1 =
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0.42 and 0.89 respectively. (Figure 9c). This trend is also observed in the Rc values calculated based on
these parameters (Table 7 and Figure 10). According to laboratory sand blanks and E/I experiments, the P
and MP in the sample are indigenous and the unusually high thermal maturity is not caused by
anthropogenic contamination. Crombez et al. (2022) analysed the sedimentology and sequence stratigraphy
of the Carrara 1 core and found that between 630-800m, the sedimentology suddenly reverts to silt and
shale intervals with detrital deposits that would indicate the detrital source was in close proximity to the
well (Crombez et al. 2022). This is the same sedimentology that they report further downcore between 925-
1130m. Based on this evidence, they cautiously conclude that there may be a fault-repeated section at 630-
800 m from 925-1130 m (Crombez et al. 2022). Interestingly, the elevated thermal maturity of sample
7533204 (689.82 m, MPI-1 = 1.16) correlates well with the thermal maturity of the two samples between
925-1130m in this study (MPI-1 = 1.29 and 1.23). Furthermore, sample 7533204 (689.85 m) and 7533210
(719.21 m), are characteristically Proterozoic, reflecting a typical Proterozoic distribution defined as “facies
1” by Pawlowska et al. (2013). Facies 1 characteristics include, a high UCM, relatively abundant MMAs
and DMAs compared to Phanerozoic counterparts and conspicuously depleted pristane and phytane
(Pawlowska et al. 2013). However, the underlying sample 7533225 (794.80 m) has notably higher
abundances of n-alkanes relative to MMA and UCM, characteristics that could somewhat resemble facies
3, possibly indicating less heterotrophic reworking of original biomass compared to typical facies 1
(Pawlowska et al. 2013). Interestingly, the underlying sample, 7533569 (925.50 m) reverts to a clear facies
1 distribution and resembles 7533204 (689.85 m) and 7533210 (719.21 m) (Figure 8). One explanation for
this inconsistent trend is that sample 7533204 (689.85 m) and 7533210 (719.21 m) were originally
deposited at a similar depth to 7533569 (925.50 m) which is in the range of the fault repeated system
described by Crombez et al. (2022). As a consequence of this repetition, sample 7533204 (689.85 m) and
7533210 (719.21 m) now overlie 7533225 (794.80 m).

Polyaromatic hydrocarbons (PAHSs) can provide a crude estimate of thermal degradation of a bitumen
by comparing the more stable parent PAHs (pPAHS) to the less stable alkylated PAHs (aPAHSs). Table 6,
Figure 6 and inserts in Figure 8 illustrate pPAH/aPAH ratios for all samples as a function of depth. F/MF
values for sample 7533204 (689.85 m) and 7533210 (719.21 m) are actually lower compared with the
underlying sample 7533225 (794.80 m) while P/MP and Py/Mpy report similar values for all three samples
(Table 6 and Figure 6). According to PAHSs, it is inconclusive whether samples 7533204 (689.85 m) and
7533210 (719.21 m) were deposited earlier than sample 7533225 (794.80 m). Nevertheless, the thermal
maturity estimated using P and MP data in addition to the distribution of acyclic saturated hydrocarbons
are consistent with the interpretations that sample 7533204 (689.85 m) and 7533210 (719.21 m) are part of
the repeated section from 925-1130 m. described by Crombez et al. 2022 and were originally deposited
earlier than the now underlying sample 7533225 (794.80 m). However, additional data is required to

validate the trend and draw more solid conclusions.
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5.4 Unexpected distribution of saturated and aromatic biomarkers between 689m and 1069m

as potential evidence of oil migration

One of the most notable characteristics of the Proterozoic samples of the Carrara 1 drill core is the
trend in saturated hydrocarbons with depth. As previously discussed, the shallowest Proterozoic samples,
7533204, 7533210, 7533225 and 7533569 (689-925m) contain a typical biomarker distribution for the
corresponding maturity (Pawlowska et al. 2013) (See Figure 8). Below this depth, saturated hydrocarbons
are detected only in trace concentrations with the notable exception of sample 7533609 (1069.32 m). It
exhibits a typical Proterozoic distribution of saturated hydrocarbons despite the fact that the overlying
sample 7533584 (998 m) is devoid of these molecules (Figure 8m). The Tmax 0f 494°C of sample 7533584
(998 m) indicates that the lack of hydrocarbons in sample 7533584 is likely a consequence of thermal
degradation and since sample 7533609 (1069.32 m, Tmax = 500°C) is underlying this sample, it should have
a similar thermal maturity, which is confirmed by Rc (Figure 10) and thus, the bitumen should have
experienced a similar level of thermal degradation. Figure 6 and Table 6 illustrates the pPAH/aPAH ratio
which as previously discussed, can provide a crude estimate of thermal degradation of bitumens (Brocks et
al. 2003b; Wang et al. 2022; Zylstra & Gibson 1991). Sample 7533584 (998 m) and 7533609 (1069.32 m)
have very similar pPAH/aPAH ratios which, supports the hypothesis that they have experienced similar
amounts of thermal degradation. This makes the presence of saturated hydrocarbons in sample 7533609
(1069.32 m) all the more intriguing. Below, two hypotheses are considered that could explain their

presence.

5.4.1. Contamination

The first hypothesis for the presence of saturated and aromatic hydrocarbons in sample 7533609
(1069.32 m) is that they are anthropogenic contaminants derived from drilling fluids and diesel introduced
when the sample was collected. It is well understood that these products can quickly contaminate and
overprint indigenous signals, leading to misinterpretations (Brocks 2011; Brocks et al. 2008; Jarrett et al.
2013; Schinteie et al. 2019). As discussed in chapter 4, exterior/interior (E/I) analysis can be performed to
determine the extent of exterior contamination and how much of this contamination has penetrated the
interior portion of the sample (Brocks 2011). Figure 2b illustrates the E/I values for n-alkanes in sample
7533609 (1069.32 m) which are well in the range to confidently interpret them as indigenous (Brocks 2011).
Furthermore, if anthropogenic contaminants were to blame, other biomarkers that are more characteristic
of Phanerozoic bitumens, should be detected (Brocks 2011). These could include steranes, hopanes,
tricyclic terpanes and trimethyl aryl isoprenoids, none of which are detected in this sample (see section
5.2.2). Furthermore, anthropogenic contaminants should also be detected in the aromatic fraction, however,

the computed ratios of PAHs for this sample are consistent with the expected distribution for a Proterozoic
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bitumen at the given depth (Brocks et al. 2003a; George 1992; Pawlowska et al. 2013;). It is therefore
unlikely that the presence of saturated hydrocarbons in this sample are derived from anthropogenic

contaminants.

5.4.2. Secondary migration of liquid hydrocarbons

An alternate hypothesis for the presence of saturated hydrocarbons in sample 7533609 (1069.32 m) is
that is has been contaminated by secondary oil migration. Secondary oil migration is the process by which
hydrocarbons are released via cracks and fissures in the rock and migrate to adjacent sequences and towards
reservoirs and seeps (Larter et al. 1996; Selley & Richard 2014). In this case, the indigenous signal of the
bitumen could have been overprinted by a locally migrated oil. In a similar way to anthropogenic
contamination, migrating oil will also affect the aromatic fraction. The insert in Figure 8m illustrates
chromatograms for the aromatic fraction between 34 and 76 minutes which contains important PAHs
including the P and MP. The Figure illustrates that the peaks are less defined, and the chromatogram is
noisier compared to other Proterozoic samples which could indicate that this sample has been partially
overprinted. Since the thermal maturity based on P and MP values and other PAH ratios are consistent with
overlying and underlying Proterozoic samples in the core, the migrated oil must have originated nearby.
The two oil stains at 763.10 m illustrate that source rocks in this section have at least experienced primary
migration of liquid hydrocarbons (the release of oil through cracks and fissured in the rock). As previously
mentioned, the maturity of these oil stains indicates that they originate very close to where they were found
providing further evidence that a nearby oil might have overprinted the indigenous signal of 7533609
(1069.32 m). The evidence is relatively crude and inconclusive and further investigation is required to
determine if secondary oil migration is the source of saturated hydrocarbons in sample 7533609 (1069.32

m).
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6: Conclusion

The Carrara 1 drill core intersects several interesting intervals in terms of geobiological research
and resource exploration. The Georgina basin, which represents the top 630 m of the core is rich in
prokaryote and eukaryote biomarkers identified using GC/MS analysis which are interpreted as
indigenous biomarkers according to exterior/interior experiments and comparison of samples to
laboratory sand blanks. This section of the core spans the early-middle Cambrian period providing
valuable data to support and strengthen the current biomarker record. According phenanthrene (P) and
methylphenanthrenes (MP) thermal maturity assessment, the samples above 630 m are in the peak oil
window and are likely highly generative in terms of liquid hydrocarbons, which is further supported by
the presence of an oil stain at 528.33 m. These findings compliment and support the previous findings
reported by Ranasinghe & Crosdale (2022) and Grosjean et al. (2022) further cementing the importance
of the Carrara sub-basin for future hydrocarbon exploration in line with the objectives of the Exploring
for the Future initiative. Thermal maturity and biomarker data provide strong evidence for an
unconformity at 630 m, initially postulated by Carr et al. (2019) separating the Cambrian samples from
the much older Proterozoic samples. According to calculated vitrinite reflectance (Rc) using P and MPs,
the thermal maturity increases steeply across this boundary and polycyclic biomarkers are below
detection limits in the Proterozoic package. Acyclic saturated hydrocarbons, including pristane and
phytane, are detected in the shallower Proterozoic samples.

In addition, the peculiar thermal maturity value, and the distribution of aromatic and acyclic
saturated hydrocarbons in sample 7533204 (689.85) suggests that this sample may have originally been
deposited between 998-1069m, which is consistent with a fault-repeating system between 630-800 m
from 925-1130 m, hypothesised by Crombez et al. (2022). The absence of most biomarkers in the
samples and distribution of acyclic saturated hydrocarbons in parallel with high Rc values strongly
suggest that the Proterozoic interval is part of the Paleoproterozoic Lawn Hill Platform, and it is either in
the late stages of wet gas generation or is producing dry gas.

Finally, the data presented here in addition to the oil stains discovered at 763.10 m indicates that
secondary migration of liquid hydrocarbons may have overprinted at least one of the Paleoproterozoic
samples of Carrara 1 affecting the distribution of saturated hydrocarbons. If secondary oil migration is
responsible for the peculiar distributions of these hydrocarbons, the source of the migrating oil is not far
from the sample. However, further work will be required to determine the extent of secondary oil
migration in Carrara 1.

The data collected to compile this master’s project is part of a much larger initiative to understand
the geology, resource potential and paleobiology of Northern Australia. Though we still have much to

learn about these basins, the data presented here is instrumental to our understanding of the Carrara Sub-
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basin and will provide a strong foundation for further exploration as we continue to uncover the secrets of

the early Earth that would otherwise remain locked away in deep time.
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VII. Appendix
Appendix A — Table of samples

Sample Depth  Depth Age Lithology

ID top (m) bottom (m)

7533132 361.71 361.79 Drumian Micritic limestone with wavy irregular muddy laminae
and small concentrations of calcite (Geoscience Australia
2020).

7533139 39497 395.12 Drumian Micritic limestone with wavy irregular muddy laminae
and small concentrations of calcite (Geoscience Australia
2020).

7533159 494.48 494.60 Wuliuan Micritic limestone with low concentrations of calcite
(Geoscience Australian 2020).

6725604 528.33 n.d Wuliuan Oil Stain

7533185 610.47 610.62 Wuliuan Mostly micritic limestone, but it also has sections of
dolostone (Geoscience Australia 2020) which might be
an indication of sulphur reducing bacteria (\Vasconcelos
et al. 1995).

7533204 689.82 689.95 Proterozoic Carbonaceous shale (Geoscience Australia 2020).

7533210 719.31 719.38 Proterozoic Calcareous mudstone and micritic limestone (Geoscience
Australia 2020).

7373044 763.10 n.d Proterozoic Oil stain

7373046 763.10 n.d Proterozoic Oil stain

7533225 794.71 794.86 Proterozoic Calcareous mudstone and micritic limestone (Geoscience
Australia 2020).

7533569 925.37 925.53 Proterozoic Mudstone (Geoscience Australia 2020).

7533584 998.66 998.76 Proterozoic Mudstone (Geoscience Australia 2020).

7533609 1069.16 1069.32 Proterozoic Micritic limestone with calcite minerals (Geoscience
Australia 2020).

7533625 1150.08 1150.21 Proterozoic Micritic limestone with calcite minerals (Geoscience
Australia 2020).

7533635 1199.60 1199.72 ~1600Ma (Carson Mudstone with some limestone (Geoscience Australia

et al. 2022) 2020).
7533644 1244.79 1244.95 ~1600Ma (Carson Mudstone with some limestone (Geoscience Australia
et al. 2022) 2020).
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7533668

7533682

7533705

7533872

1345.03

1405.10

1461.32

1593.64

1345.17

1405.26

1461.45

1593.78

~1600Ma (Carson
et al. 2022)
~1600Ma (Carson
etal. 2022)
~1612Ma (Carson
et al. 2022)
~1612Ma (Carson
et al. 2022)

Turbidite (Geoscience Australia 2020).

Turbidite (Geoscience Australia 2020).

Turbidite (Geoscience Australia 2020).

Sandstone (Geoscience Australia 2020).
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Appendix B — Photos of samples
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