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0.1. Abstract

The Shoalhaven Group in the southern Sydney Basin contains an extensive sedimentary record of
the Permian period. Regional thermal maturity and palaeoenvironments have been interpreted
using hydrocarbons primarily from drillcore DM Callala DDH1, Jervis Bay. Palaeoenvironmental
interpretation is largely inhibited by thermal maturity in the Shoalhaven Group, with calculated
vitrinite reflectance values associated with the wet gas condensate window. These high thermal
maturities are attributed to the large volume of overburden deposited above the Shoalhaven Group
during the Mesozoic. Wildfire-associated polycyclic aromatic hydrocarbons have been used in place
of more common biomarkers, and indicate relative changes from cooler climates in the early
Permian to warmer, more temperate climates in the mid Permian and probable cool, dry climate in
the mid to late Permian. Relative proportions of dibenzothiophene to fluorene are recommended as
indicators of source input for high thermal maturity organic matter, as data preferentially clustered

by formation and expected source input.
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Chapter 1

Introduction

The southern Sydney Basin offers an extensive sedimentary record of the Permian period, providing
an opportunity to reconstruct past environmental conditions. This region is dominated by the
Shoalhaven Group, which contains a semi-continuous sedimentary record of the Permian and has
been previously studied with respect to its sediments and sedimentary features. The formations of
the Shoalhaven Group will be used here to infer information on the palaeoenvironments of
south-east Australia during the Permian, and the thermal maturities of the preserved organic
matter. The formations of interest in this thesis are the Wandrawandian Siltstone, the Snapper

Point Formation, the Pebbley Beach Formation and the Yarrunga Coal Measures.

The purpose of this research is to identify the depositional environments and climatic conditions
during the Permian and the associated thermal maturities in the southern Sydney Basin region.
Drillcore DM Callala DDH1 has been chosen for sampling, as it has been preserved in relatively
good condition and contains approximately 570 m of the Shoalhaven Group formations of interest
to this study. The Currambene Dolerite was intruded into the upper Snapper Point Formation,
close to the Wandrawandian Siltstone, so the opportunity has also been taken to analyse the effect

of this intrusion on hydrocarbons with increasing proximity to the heated margin.

This thesis identifies and interprets the palaeoenvironmental and thermal maturity characteristics
of the organic compounds from the Wandrawandian Siltstone, Snapper Point Formation, Pebbley

Beach Formation and Yarrunga Coal Measures. Organic matter was extracted from 30 samples in
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DM Callala DDH1, and hydrocarbons analysed by gas chromatography-mass spectrometry
(GC-MS). Palaeoenvironmental and thermal maturity analyses used relative abundances of

different hydrocarbons.

Published research on hydrocarbons in sedimentary rocks from the southern Sydney Basin does not
yet exist. Palaeoenvironments in this region during the Permian have previously been inferred from
sedimentology, palynology, fossils and trace fossils (Hunt, 1988; Tye et al. 1996; Bann et al.
2004). This research therefore contributes new knowledge on the depositional environments and
climate of south-east NSW during the Permian era. The effects of proximity to igneous intrusions
on hydrocarbons have been published before (George, 1992; Bishop & Abbott, 1993; Galushkin,
1997; Farrimond et al. 1999), though not yet from the Shoalhaven Group. Therefore, this research
will also contribute to existing knowledge of how to recognise and correct for thermal maturity

effects on hydrocarbon results from GC-MS analysis.

Descriptions of the Permian-age formations as they occur in drillcore DM Callala DDH1, Jervis
Bay, are used for comparison with organic geochemistry data published in this thesis. Other
published reports from outcrops and drillcores within the southern Sydney Basin are used for
regional comparisons. Shoalhaven Group drillcores of relevance to this and previous studies include
Elecom Clyde River DDHO1 (drilled 1982), Elecom Clyde River DDHO7 (drilled 1982), Nowra
DDH1 (also named Wandandian Bore, Wandrawandian Bore and Wandrawandian DDH1) (drilled
1891), Coonemia 1 (drilled 1969), the Jervis Bay (Genoa) Scout Holes (drilled 1970), Wollongong
BMR 2 & 2A (drilled 1970), and DM Callala DDH1 (drilled 1972). Coastal outcrops of interest to
this study are located at Warden Head, Merry Beach, Point Upright and Wasp Head, between
Ulladulla and Batemans Bay on the South Coast of NSW (Figure 1.1). These drillcores were for
the most part commissioned by the Electrical Commission of NSW (Elecom) and the NSW
Department of Mines (DM), for the purpose of investigating the economic coal, petroleum and

natural gas potential of the southern Sydney Basin (Bembrick & Holmes, 1976).

1.1. Geological setting

The Shoalhaven Group sediments were deposited during the Permian, while Australia was part of
Gondwana and adjacent to Antarctica (Figure 1.2) (Bembrick & Holmes, 1976; Eyles et al., 1998;

Torsvik & Cocks, 2013). Deposition in and the development of the Sydney Basin occurred as a

3
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result of thermal subsidence, and eventual formation of a foreland basin to the New England
Foldbelt (Scheibner, 1993; Tye et al. 1996). Extensive subduction and ocean island volcanics were
active to the east of Australia during this period (Li & Powell, 2001; Metcalfe, 2009; Torsvik &
Cocks, 2013). During the Permian, the Lord Howe Rise was not yet rifted, and was therefore

located on the eastern side of the Sydney Basin (Hayes & Ringis, 1973). Palaecomagnetic

Kiama

Elecom Clyde
River DDHO1

Genoa Oil NL
Jervis Bay drillcores

35°00'S =
DM Callala DDH1

Wollongong BMR 2 & 2A

Nowra DDH1

150".50’ E

Geological units:

1 Quaternary colluvial deposits

1 Quaternary alluvial deposits

Cainozoic sedimentary rocks
- Cainozoic mafic volcanics
Jurassic mafic volcanics
Mesozoic mafic intrusives
[
L {| Triassic sedimentary rocks

- Permian silicic-intermediate volcanics

Permian sedimentary rocks
o/ — Point UpRiGHT

Wasp Hean Ordovician - Devonian metasedimentary
Scale: 20 km rocks with Carboniferous granites

—— MERrRy BeacH

¥

Figure 1.1: Geological map with selected drillcore and outcrop localities, and lateral onshore extent of the
Permian-age sedimentary units. Drillcore localities are indicated by circles, and outcrop localities are indicated
along the coast, south of Ulladulla. Based on spatial data from the Geoscientific Data Warehouse of the
Geological Survey of New South Wales.
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reconstruction for the Sydney Basin in the Early Permian place it at approximately 65 to 70°S
latitude (Irving, 1964; Li & Powell, 2001; Torsvik & Cocks, 2013). The Shoalhaven Group were
therefore most likely deposited in a shallow inland sea between the east coast of Australia and the

continental crust now known as the Lord Howe Rise, in polar climate conditions.

Early Permian (~280 Ma)

Antarctica

|:| Glaciation |:| Continental crust above sea level
™. Present coastlines |:| Continental crust below sea level

Figure 1.2: Palaeogeographic reconstruction of Australia during the Early Permian, based on palacomagnetic
data. The Sydney Basin experienced periodic glacial events during this time (Fielding et al. 2008). Modified
from Li & Powell, 2001, Fielding et al. 2008 and Torsvik & Cocks, 2013.

1.2. Updated and superseded stratigraphic nomenclature

The basal Talaterang Group, the Shoalhaven Group and their formations have been repeatedly
redefined (David & Stonier, 1890; McElroy & Rose, 1962; Gostin & Herbert,1973; Tye et al.,
1996). When DM Callala DDH1 was drilled in 1972, the geological formations of the Nowra-Jervis

Bay region were defined as follows:

e The Talaterang Group was comprised of the Tallong and Yadboro Conglomerates, and the

Clyde Coal Measures (Bembrick & Holmes, 1976).

e The Shoalhaven Group was comprised of (oldest to youngest) the Yarrunga Coal Measures,
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the Pebbley Beach Formation, the Snapper Point Formation, the Wandrawandian Siltstone,

the Nowra Sandstone and the Berry Siltstone (Bembrick & Holmes, 1976).

The Tallong Conglomerate is presently included as part of the Shoalhaven Group, as it is now

considered to have been deposited laterally adjacent to the Conjola Subgroup (Tye et al., 1996;
Fielding et al., 2008) (Figure 1.3). It is unclear whether the conglomerate unit near the base of
DM Callala DDHL1 is part of Tallong Conglomerate. Although initially identified as the Tallong
Conglomerate (Bembrick & Holmes, 1972; 1976), it has also been described as being of similar

position and lithology to the Talaterang Group formations (Tye et al. 1996).

W LITHOSTRATIGRAPHY E DEPOSITIONAL ENVIRONMENT

Nearshore marine and volcanic

Offshore marine

Nearshore marine and coastal

| LATE PERMIAN?

T

Offshore marine

o~ Fluvial and Nearshore
E Snapper Point coastal marine
E Formation Coastal plain
w
: . . Nearshore and
= Basu?-margln offshore marine
< Pebbley Beach alluvial apron and estuarine
Formation
. Mainly
Alluvial nearshore
L valley fill marine

Yarrunga Coal Measures

Figure 1.3: Southern Sydney Basin regional stratigraphy and inferred depositional environments. DM Callala
DDHI1 is situated laterally between the Clyde Coal Measures and the Wasp Head Formation. In this figure the
Conjola Subgroup is comprised of the Snapper Point Formation and the Pebbley Beach Formation. Modified
from Tye et al. 1996 and Bann et al. 2004.

Regionally, the Shoalhaven Group is generally agreed to be comprised of (oldest to youngest) the
Clyde Coal Measures (debatably, see Condon, 1969; Elecom, 1986; Tye et al., 1996), the Pigeon
House Creek Formation, the Yadboro Conglomerate, the Conjola Subgroup (the Wasp Head
Formation (debatably, see Condon, 1969; Elecom, 1986; Tye et al., 1996), the Pebbley Beach
Formation and the Snapper Point Formation), the Wandrawandian Siltstone, the Nowra
Sandstone, the Berry Siltstone and the Broughton Formation. The Broughton Formation was

added to the Shoalhaven Group based on further observations from drillcores Coonemia 1, the
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Jervis Bay Scout Holes, and DM Callala DDH1 (Tye et al., 1996).

Stratigraphic nomenclature and age interpretations for the upper Shoalhaven Group have been
formalised in the Australian Stratigraphic Units Database, Geoscience Australia (based on Bann et
al., 2004). The ‘Ulladulla Mudstone' and ‘Conjola Beds' names (David & Stonier, 1890) are now
considered to be obsolete. The 'Ulladulla Mudstone’ was incorporated into the 'Conjola Formation’
(McElroy & Rose, 1962) (also now an obsolete term) and the Wandrawandian Siltstone. The
'"Conjola Beds' (David & Stonier, 1890) was replaced by the 'Conjola Formation’ (McElroy &
Rose, 1962), which was then replaced by the Conjola Subgroup (further divided into the Snapper
Point Formation, the Pebbley Beach Formation and sometimes the Wasp Head Formation) (Gostin

& Herbert, 1973).

1.3. Formation descriptions

DM Callala DDH1 contains (deepest to shallowest) the Sydney Basin basement rocks of the
Lachlan Fold Belt, the Tallong Conglomerate (debatably, see Tye et al., 1996), the Yarrunga Coal
Measures, the Pebbley Beach Formation, the Snapper Point Formation, the Currambene Dolerite
and the Wandrawandian Siltstone. The following section will describe in detail the formations of
interest as they appear in DM Callala DDH1, summarised from the well completion report and the
Nowra-Jervis Bay regional summary by Bembrick & Holmes, 1972 & 1976. Brief descriptions of
the formations from previous publications are also provided, and fossils found previously in these

formations.

1.3.1. Yarrunga Coal Measures

The Yarrunga Coal Measures in DM Callala DDH1 extend from approximately 485 m to 520 m
depth, at the base of which it unconformably overlies the Tallong Conglomerate. The Yarrunga
Coal Measures appear as interbedded fine-medium sandstones, siltstones and claystones, with
minor conglomerate near the base. Thin coal bands occur at approximately 508 m and 517 m

depths, interbedded with clay and silt. Pyrite occurs at around 491 m depth.

The upper third of the Yarrunga Coal Measures in DM Callala DDH1 has been interpreted as

being deposited in a meandering fluvial environment, transitioning to a marshy (paludal)
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environment in the lower two thirds. The presence of coal, clay and pyrite suggest a terrestrial

environment in marshy, stagnant, euxinic conditions (Wang & Morse, 1996).

Regionally, the Yarrunga Coal Measures have been described as interbedded sandstone, shale and
coal (Condon, 1969), typical of a muddy (low energy), lacustrine and alluvial environment

dominated by tidal channels and coaly deposits (Tye et al., 1996).

1.3.2. Pebbley Beach Formation (Conjola Subgroup)

A thick succession of the Pebbley Beach Formation is seen in DM Callala DDH1, extending from
approximately 275 m to 485 m depth. Many alternating phases are recorded in this formation —
changes include grain size, colour, composition, degree of bioturbation, and from these, the
inferred depositional environments. Larger scale changes can be broken down into four slightly

distinct phases.

The Pebbley Beach Formation is overall moderately well sorted, though with angular to
sub-angular grains. Approximately 95 % of these grains are quartz, with the remaining 5 % mostly
consisting of albite, muscovite, chloritic lithic fragments and siderite. Based on the features seen in

DM Callala DDH1, this formation has been classified as an orthoquartzitic sandstone.

Carbonate, iron oxide, chlorite, microcrystalline quartz and sericite make up the cementing and
matrix minerals, together comprising approximately 5-10 % of the overall volume of rock. As in
the Wandrawandian Siltstone, the presence of these minerals suggests high input from an eroding
metamorphic unit, most likely the onshore Ordovician-Devonian metasedimentary basement
presently situated below the southern Sydney Basin formations. Notable quantities of terrigenous

organic input could therefore be expected in the Pebbley Beach Formation.

The upper 54.39 m of the Pebbley Beach Formation in DM Callala DDH1 typically alternates
between silt and fine-medium sand, with some zones containing pebbles and lithic fragments. Silty
burrows are common in the fine sand and silt deposits of this section, particularly in the younger
deposits. Shell fragments are recorded in the fine to medium and coarse sand deposits. Notable
soft sediment features are silty wisps and sandy laminae. The depositional environments inferred
from these described features are subtidal and shallow shelf in the upper parts, transitioning to

subtidal, and then to tidal flats and channels towards the base.
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The upper-middle 75.26 m section, below that just described, is generally coarser grained, though
it contains a wide range of grain sizes, and only minor evidence of bioturbation. Here the grain
size ranges between very large pebbles (up to 5 cm diameter) and clay, generally coarsening
upwards but with pebbles throughout. Shell fragments are common in the coarser horizons of the
middle part of this section. Minor cross bedding, as well as carbonaceous, coaly and pyritic
accumulations are also found in this section. The depositional environments inferred from these
described features are tidal flats and channels in the upper half, transitioning to beach/barrier and

lagoon in the lower half.

The lower-middle 51.04 m section is finer grained than the three surrounding sections, with a
lesser range of grain sizes, generally ranging between silt and fine to medium sand, with one
coarser horizon containing lithic and quartz pebbles. All horizons in this section display evidence of
burrowing and churning. Minor shell fragments occur in the coarser horizon only. The depositional

environments inferred from these described features are tidal and sub-tidal flats.

The lower 50.99 m section contains grain sizes ranging between silt and pebbles, coarsening
towards the base, with pebbles also becoming more frequent. The features of this section are more
uniform than those of the above three sections, with the main changes between horizons being
alternating grain sizes. The depositional environments inferred from these described features are
nearshore shallow marine in the upper half, transitioning to high energy nearshore shelf with

transgressing sea level in the lower half of the section.

Regionally, the Pebbley Beach Formation has been described as a combination of siltstone and
claystone, with some sandstone and conglomerate (Gostin & Herbert, 1973). Its deposition has
been loosely dated to the Early Permian, around 295 to 290 Ma (Gostin & Herbert, 1973). The
regional depositional environment was likely polar coastal deposits, such as low-energy tidal flats to

low-energy shallow marine (Gostin & Herbert, 1973; Tye et al., 1996; Eyles et al., 1998).

1.3.3. Snapper Point Point Formation (Conjola Subgroup)

The DM Callala DDH1 record of the Snapper Point Formation extends from approximately 50 m
to 275 m depth, however it is intruded by the Currambene Dolerite sill between approximately 52
m and 146 m depth. The Snapper Point Formation as it appears in DM Callala DDH1 is relatively

homogeneous, consisting of poorly sorted angular quartz grains mainly in the coarse to very coarse
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sand range. Approximately 95 % of the grains are quartz, with the remaining 5 % being lithic
fragments of quartz sericite. The grains are cemented with microcrystalline calcite, and show only

a few interlocking grains, suggesting minimal pressure-temperature alteration.

The Currambene Dolerite intrusion in the nearby Wollongong BMR 2 & 2A drillcores (Figure 1.1)

has been dated to 234+6 Ma, determined by potassium-argon dating of plagioclase phenocrysts
(Ozimic, 1970).

Fossils present in the Snapper Point Formation are brachiopods at around 160 m depth, shell
fragments from around 160 m to 275 m depth, bryozoa around 235 m depth, and unidentified
plant remains at around 260 m depth. The likely depositional environment for this formation was
interpreted to be nearshore shallow marine below wave base in the upper majority, and subtidal

and shallow shelf in the lower part and into the Pebbley Beach Formation.

Regionally, the Snapper Point Formation has been described as mainly sandstone, with some
siltstone and conglomerate intervals (Gostin & Herbert, 1973). The regional depositional
environment was likely shallow marine with local sediment supply outstripping an otherwise
regional sea level rise, thus explaining the anomalously thick sediments (Gostin & Herbert, 1973;

Eyles et al., 1998).

1.3.4. Wandrawandian Siltstone

DM Callala DDH1 includes the base of the Wandrawandian Siltstone, extending from the top of
the drillcore to approximately 50 m depth. It appears increasingly metamorphosed consistent with
increasing proximity to the intruded Currambene Dolerite immediately below. Apart from the
contact metamorphism, the Wandrawandian Siltstone appears mainly unchanged and continuously

deposited.

The Wandrawandian Siltstone shows high bioturbation throughout, in the form of burrowing.
Several coral and brachiopod fragments are found in the upper half, as well as crinoids and shells
in the lower half.Weathered lithic and calcite fragments are common, and large cobbles up to 180

mm diameter occur sporadically throughout.

Aside from this, the Wandrawandian Siltstone is poorly sorted with sub-angular grains, generally

ranging in size from coarse silt to very fine sand. Approximately 70 % of these are quartz grains,
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with the remaining 30 % being perthite, orthoclase, plagioclase, muscovite and chloritic lithic
fragments, as well as possible zircon, pyrite and glauconite. The presence of these minerals
suggests a high input from an eroding metasedimentary unit, most likely the onshore
Ordovician-Devonian basement outcrops presently situated below the southern Sydney Basin

formations.

In the Coonemia 1 drillcore, slightly east of the DM Callala DDH1 location, the Wandrawandian
Siltstone is described as a sandy siltstone, dark grey in appearance and containing high quantities
of mica and carbon (Condon, 1969). Quartzite, quartz and other igneous rock-type pebbles are
found scattered throughout this formation (Condon, 1969). The Wandrawandian Siltstone is
recorded here as containing pyrite and glauconite, consistent with DM Callala DDH1 (Condon,
1969). Brachiopod fossils are also present (Condon, 1969), contributing to the conclusion of a

marine depositional environment.

In the context of the regional southern Sydney Basin, the Wandrawandian Siltstone has been
interpreted as being deposited in an offshore marine environment with sea ice present (as
evidenced by dropstones), and with turbidites recording tectonic subsidence and basin flooding

(regional sea level rise) (Gostin & Herbert, 1973; Tye et al., 1996; Eyles et al., 1998).

1.4. Brief geological history of the southern Sydney Basin

Based primarily on the sedimentary features described in DM Callala DDH1, the following brief
geological history can be inferred. Listed ages are approximate, inferred from macrofauna
correlations between Western Australian and northern Sydney Basin equivalents (Briggs, 1998;

Bann et al. 2004).

e Late Carboniferous: Uplift and erosion of the Ordovician-Devonian metasediments, with

sediment transported to the east within a north-south oriented extensional basin (Tye et al.

1996).

e Late Carboniferous: Ongoing thermal subsidence and development of the foreland Sydney

Basin (Scheibner, 1993; Tye et al. 1996).

e Late Carboniferous/Early Permian: Deposition of the Tallong Conglomerate as ice-rafted
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glacial debris, probably within a glacial lake in a flood-plain and due to raised relative sea

level.

Late Carboniferous/Early Permian: Short erosional period after deposition of the Tallong

Conglomerate, likely due to lowered relative sea level.

Early Permian: Melting and stagnation of a glacial lake, with a paludal environment

developing with high input of terrigenous organic matter (the lower Yarrunga Coal Measures).

Early Permian: Meandering (Bembrick & Holmes, 1976) river channel development,
probably caused by periodic erosion and higher energy deposition due to channel migration

(the upper Yarrunga Coal Measures).

Early Permian: Short period of erosion of the Yarrunga Coal Measures.

Early/mid Permian: Transgressing sea level, with deposition of sediments in a high energy
shelf environment, cycling between high energy deposit above wave-base, and low energy

deposition below wave-base (the lower Pebbley Beach Formation).

Early/mid Permian: Regional relative sea level lowering, with deposition in tidal flats and
lagoonal environments with sporadic high energy storm and alluvial fan migration events and

ice-rafting (middle Pebbley Beach Formation).

Early/mid Permian: Regional flooding due to relative sea level rise, with deposition at or

below wave base, continuing to feature ice-rafted debris (upper Pebbley Beach Formation).

Early/mid Permian: Deposition below wave base, with rare ice-rafted debris. Higher

energy sediment transport processes than in previous phases (Snapper Point Formation).

Mid Permian: Regional flooding due to a relative sea level rise, with deposition in a marine

continental shelf environment (Wandrawandian Siltstone).

Late Triassic: Intrusion of the Currambene Dolerite at 234+6 Ma (Ozimic, 1971).

Jurassic onwards: Regional erosion and uplift.

12
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1.5. Biomarkers and other parameters used for organic geochemical

analysis of DM Callala DDH1

Samples have been taken from the Yarrunga Coal Measures, the Pebbley Beach Formation, the
Snapper Point Formation and the Wandrawandian Siltstone in DM Callala DDH1. Organic matter
contained in these samples has been extracted and analysed, in order to infer palaeoenvironments
of south-east Australia during the Permian and the thermal maturities of the preserved organic

matter. Biomarkers and other parameters selected for interpreting the results are as follows.

1.5.1. Palaeoenvironmental parameters

Variation between pristane/n-Cy7 (Pr/n-Cy7) and phytane/n-Cig (Ph/n-Cyg) indicates organic
matter type, level of maturation and biodegradation, and level of oxidation/salinity (Peters et al.
1999). Organic matter types that can be differentiated by these ratios are terrestrial sourced (Type
I, gas-prone), mixed terrestrial and marine/transitional environment (Type III/Il) and marine

sourced (Type Il, oil-prone) (Peters et al., 2005).

Pristane/phytane (Pr/Ph) can be plotted against dibenzothiophene/phenanthrene (DBT/P) to
infer source rock and some depositional environment information. The isoprenoids pristane and
phytane are mainly sourced from the side-chain of chlorophyll (Volkman & Maxwell, 1986), and
are sensitive to redox conditions during deposition (Brooks et al. 1969). DBT/P is sensitive to the
availability of reduced sulfur during deposition (Hughes et al. 1995), decreasing with increased

water water washing due to DBT being more water soluble (Palmer, 1984; Sivan et al. 2008).

The relative proportions of dibenzofuran, fluorene and dibenzothiophene can be used to infer
source rock and depositional environment information. The abundance of dibenzothiophene
relative to fluorene and dibenzofuran is influenced by salinity, while fluorene and dibenzofuran

proportions are higher in freshwater conditions (Fan et al. 1991; Li et al. 2013).

The polycyclic aromatic hydrocarbons (PAHs) benzo[a]anthracene, benzo[bjk|fluoranthenes,
benzo[a]pyrene, indeno[1,2,3-cd]pyrene, perylene, benzo[ghi]perylene, benzo[e]pyrene and
coronene have been used as biomarkers for warm temperate climate conditions, and are thought to

be derived from combustion products from wildfires, such as charred woody debris (Killops &
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Massoud, 1992; Jiang et al. 1998; Nabbefeld et al., 2010).

1.5.2. Thermal maturity parameters

Plotting the trimethylnaphthalene ratio (TMNr; 1,3,7-TMN/(1,2,5+1,3,7-TMN)) against the
tetramethylnaphthalene ratio (TeMNr; 1,3,6,7-TeMN/1,2,5,6+1,3,6,7-TeMN)) indicates variation
at lower levels of thermal maturity. Proportions of 1,3,7-TMN (in TMNr) and 1,3,6,7-TeMNr (in
TeMNIrr) increase at higher thermal maturities. The methyl groups of 1,3,7-TMN and
1,3,6,7-TeMN are stable at higher temperatures, due to greater steric hindrance than 1,2,5-TMN
and 1,2,5,6-TeMN (van Aarssen et al. 1999). Both TMNr and TeMNr equilibrate in the early gas
window, at values of approximately 0.8 to 1.0, when the proportion of the more stable isomer

reaches nearly 100 %.

Variation of the methylbiphenyl ratio (MBpR; 3-MBp/2-MBp) relative to the dimethylbiphenyl
ratio (DMBpR; 3,5-DMBp/2,5-DMBp) can be used to indicate variation at high levels of thermal
maturity. Proportions of 3-MBp (in MBpR) and 3,5-DMBp (in DMBpR) increase relative to
2-MBp and 2,5-DMBp, respectively, at higher thermal maturities (Cumbers et al. 1987). The
MBpR and DMBpR do not equilibrate in the same way as TMNr and TeMNr.

Plotting the methylnaphthalene ratio (MNR; 2-MN/1-MN) against calculated vitrinite reflectance
from the methylphenanthrene index (R, from (0.6xMP1)+4-0.4 for lower maturity samples and
(-0.6xMPI)+2.3 for higher maturity samples; see Appendices Table 7.1) indicates variation of
thermal maturity. MNR and R, from MPI do not equilibrate in the same way as TMNr and TeMNr.

The methylphenanthrene ratio (MPR; 2-MP/1-MP) against the dimethylphenanthrene ratio
(DMPR; (3,542,64+2,7-DMP)/(1,343,942,10+3,10+1,6+2,9+2,5-DMP)) will also be used for
comparison of thermal maturity data. MPR and DMPR do not equilibrate in the same way as

TMNr and TeMNr.
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Methods

2.1. Formations and depths sampled

Drillcore DM Callala DDH1 (drilled near Jervis Bay, 1971) was sampled at the Londonderry
Drillcore Library, NSW. Samples were chosen on the basis of richness in organic matter. A total of
thirty half core samples were taken from the Callala drillcore at various depths, of average length
and weight 11.7 cm and 268.5 g (Table 2.1). Before the outer surfaces were removed, sample
colours, proportions of clasts, clast sorting, roundness and sphericity were described by observation
of the outer surface of the sampled section of drillcore, and as per the Munsell Soil Colour Charts
(2000 revised edition). Other details recorded were total weight and length, grain size, bedding
thickness and structures, clast proportions, clast long-axis measurements, clast sorting, clast

roundness and sphericity, and any possible trace fossils.

2.2. Sample preparation

The following methods are common to the organic geochemistry research group at Macquarie

University (for example, see Flannery & George, 2014; Hoshino et al. 2015; Luo et al. 2016).
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Table 2.1: DM Callala DDH1 sample names, lower extents of depth, weight of sample and interpreted formation.

Sample Lower Total

hame depth (m) | weight (g) Interpreted Formation
BCCO01 19.96 365.8

BCCO02 24.03 411.2

BCCO03 28.55 273.5

BCCO04 32.49 233.9

BCCO05 36.73 221.0

BCCO6 38.04 265 6 Wandrawandian Siltstone
BCCO7 42.27 482.8

BCCO08 44.63 415.7

BCCO09 46.25 356.3

BCC10 47.32 3315

BCC11 250.11 302.6

BCC12 259.88 268.7 Snapper Point Formation
BCC13 264.92 284.4

BCC14 290.70 271.1

BCC15 311.51 324.0

BCC16 348.69 408.3

BCC17 380.11 121.5 Pebbley Beach Formation
BCC18 410.21 284.1

BCC19 433.16 270.2

BCC20 463.96 254.7

BCC21 483.07 169.9

BCC22 488.14 128.8

BCC23 495.12 199.1

BCC24 502.73 188.1

BCC25 505.31 218.6

BCC26 505.97 50 1 Yarrunga Coal Measures
BCC27 506.91 177.9

BCC28 510.15 182.6

BCC29 513.07 191.8

BCC30 520.15 200.7

2.2.1. Removal and treatment of contaminated outer surfaces

Exposed surfaces (to approximately 3 mm depth) were cut away to remove contamination using a

diamond tipped rock saw with tap water. Remaining pieces were then cleaned by covering with

dichloromethane and methanol (DCM:MeOH, 9:1 volume:volume) in glass beakers and

ultrasonicated for 10 min, followed by 5 min rest, followed by a further 10 min ultrasonication.

Samples were crushed for two to three minutes in a ROCKLABS Standard Ring Mill tungsten

carbide crusher. The cleaning procedure for this crusher was rinsing in tap water, followed by
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rinsing with reverse osmosis water, then a small amount of ethanol absolute was applied to assist

with drying.

2.2.2. Extraction of organic matter

Extractable organic matter (EOM) was removed using a Dionex Accelerated Solvent Extractor
(ASE300) (Richter et al. 1996). Crushed samples were weighed, then 50.0 g was taken from each
(43.3 g used for BCCO1, 40.0 g used for BCC28). 100 mL metal cylinders were used in the
ASE300, with two glass fibre filters at the base of each cylinder to prevent the removal of the
powdered sample. Cleaned sand was added to fill the remaining air space in the cylinder, and
mixed thoroughly with the sample to increase porosity. The run cycle for the extraction was 5 min
preheating, 5 min heating to 100 °C, 5 min static, 100 % flush of the cylinder containing the
sample, followed by 120 sec purging at 1500 psi. This cycle was repeated four times per sample.
Nitrogen gas was used for purging and DCM:MeOH 9:1 as the solvent mixture. Sand was cleaned
by running it through two cycles in the ASE300 as described above, before being added to the

samples during extraction of organic matter.

EOMs were transferred to round bottom flasks (RBF), and reduced in volume to approximately 75
mL using a BUCHI Vacuum Controller V-850, Rotavapor R-210 and Heating Bath B-491 at
vacuum pressures ranging between 200 and 950 mbar and 45 °C (% 5 °C) bath temperature.

Temperatures and pressures were adjusted as needed to limit boiling.

2.2.3. Removal of elemental sulfur

Elemental sulfur was removed by adding activated copper pieces to the EOM of each sample, and
allowing to sit overnight. Copper pieces were activated by washing in concentrated hydrochloric
acid, then washing five times with water, twice with purified water, twice with MeOH and twice
with DCM, then stored under DCM until use. Samples that showed a reaction on the surface of
the copper pieces had fresh activated copper added, and were then refluxed under heat for 20 min
to remove remaining sulfur from the sample. EOM was transferred to either a 10 mL measuring
cylinder or a 100 mL RBF if further rotary evaporation was needed to fit the measuring cylinder.
To remove remaining EOM, the copper pieces and RBF were triple rinsed with DCM and further

rinsing done as needed.
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2.2.4. Weighing of EOM

EOM was homogenised, and a 1 mL aliquot was transferred to a glass 2 mL (previously weighed)
vial and evaporated until dry. The dry remaining EOM in the vial was weighed to determine the
total weight of EOM for that sample and the volume required to reach up to 10-20 mg EOM for
fractionation, as needed for GC-MS analysis. The appropriate volume from the remaining 9 mL of
each EOM was removed and reduced in a glass 2 mL vial to minimum volume (approximately 50
pL) in preparation for fractionation. Volume reduction was achieved using nitrogen blowing and a

heater block temperature of approximately 45 °C.

2.2.5. Fractionation of EOM by column chromatography

Silica gel was prepared by covering with DCM:MeOH 9:1 in a glass beaker, ultrasonicating for 10
min, resting 5 min, then ultrasonicating another 10 min. Used solvent was decanted and discarded.

Silica gel was then baked at 120 °C for 3 hr. Prepared silica gel was stored in a dessicator until use.

The EOM of each sample was first fractionated into total hydrocarbons (THCs) and polar
compounds using short silica columns. Columns were prepared in 10 cm x 5.7 mm pasteur
pipettes. A minimum amount of glass wool was inserted to block the tip of the pipette, which was
then filled to 50 mm with silica gel (10-20 um size particles, approximately 0.74 g used per
column). Prepared columns were preconditioned with 3.5 mL of n-hexane (n-hex):DCM 4:1

volume:volume, and the eluted solvent discarded.

EOM was reduced to a minimum volume (5 to 10 ulL), added to the top of the column, and left
for approximately two minutes to allow excess solvent to separate from the sample. THCs were
eluted first, by adding 3 mL of 4:1 (n-hex:DCM) to the top of the column, and then collected in a
glass beaker below the column. Polar compounds were then eluted by adding 3.5 mL of 1:1
(MeOH:DCM volume:volume) to the top of the column, and collected in a separate glass beaker
below the column. The column was then discarded, and each fraction reduced in volume to be

stored in 2 mL vials at approximately 4 °C.
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2.2.6. Fractionation of THCs by column chromatography

THCs of each sample were fractionated into aliphatic and aromatic hydrocarbons using silica
columns prepared as above. Prepared columns were preconditioned with 3.5 mL of n-hexane, and

the eluted solvent discarded.

The total HC fraction were reduced to a minimum volume, added to the top of the column, and
left for approximately two minutes to allow excess solvent to separate from the sample. The
aliphatic fraction was eluted first, by adding approximately 2.5 mL of n-hexane to the top of the
column, and then collected in a glass beaker below the column. The volume of n-hexane was
adjusted based on how quickly the aliphatics ran through the column, as seen by monitoring the
aromatics with long-wave ultraviolet light. Elution was stopped when the fluorescing aromatic
hydrocarbons were approximately 1 cm from the glass wool at the base of the column. The
aromatic fraction were then removed by adding 3.5 mL of 4:1 (n-hex:DCM) to the top of the
column, and collected in a glass beaker below the column. Additional 4:1 (n-hex:DCM) was
sometimes added to the top of the column to remove remaining aromatic compounds when
needed. The column was then discarded, and each fraction reduced in volume into 2 mL glass
vials, or into glass inserts for samples with very low OM content. Organic-rich samples were
generally reduced to approximately 300 pL and organic-poor samples to approximately 50 uL in

order to optimise the concentration for chromatogram peak resolution during GC-MS analysis.

2.3. Analysis of aliphatic and aromatic fractions by gas

chromatography-mass spectrometry (GC-MS)

GC-MS analysis of the aliphatic and aromatic fractions of each sample was performed on an
Agilent 7890A GC with a DB5MS Ultra Inert (60 m x 0.25 mm x 0.25 mm, phenyl arylene
polymer) capillary column, and a Pegasus 4D GCxGC TOFMS running in 1D mode. A splitless
front inlet mode was used for injection, and helium was used for the carrier gas, with gas flow rate
set to 1.5 mL/min for the entire run. The GC oven was initially held at 40 °C for 2 min, then
heated at 4 °C/min to 310 °C, held for for 45 min. The MS was run with a 10 min filament delay,
electron energy was set to 70 eV, and ion source temperature at 200 °C. lons from m/z 50-550

were acquired at a rate of 10 spectra s~!. Acquisition voltages used were 1750 and 1850 V,
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depending on the organic richness of the individual samples.

Compounds of interest were integrated using the LECO Chroma TOF (optimised for Pegasus 4D)
software. Aliphatic and aromatic peak areas were measured from the mass chromatograms
produced with the aliphatic and aromatic fractions of each sample. Peak areas were measured, and
ratios used to correlate against hydrocarbon data from existing literature. Peaks were identified by
comparison with known retention times of internal laboratory standards, and by MS library

searches.
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Chapter 3

Results

3.1. Sample descriptions

The following subsection contains descriptions of the samples taken from DM Callala DDH1, as
they appeared before organic matter extraction. Note that sample selection was influenced by
likelihood of organic richness, and so the following sample descriptions are biased towards the dark
coloured, fine-grained horizons of the drillcore. This sampling selection method was used to reduce
the influence of potential contamination due to the length of time between drilling of the core and
sampling at the drillcore library (45 years) and the partially unknown storage and usage history of

the core.

The ten Yarrunga Coal Measures samples contain grain sizes ranging from approximately 0.98 pm
to 250 pum (clay to fine sand), although only two of the ten samples contain grain sizes greater
than the silt range (>62.5 um). Bedding horizon thicknesses range from 1 to 10 mm and typically
include at least one coaly horizon, though no horizon boundaries are visible in the upper three
samples. Two samples have clasts larger than the clay to fine sand grain size, one with
approximately 2 % and the other with 30 % clasts relative to the total sample. Clasts in these two
samples range in size from <0.1 mm to 2 mm, and the samples are very poorly to moderately well
sorted, angular to rounded, and of moderate sphericity. Possible Ophiomorpha and Halopoa trace

fossils occur in three samples.
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The seven Pebbley Beach Formation samples contain grain sizes ranging from approximately 0.98
pum to 62.5 um (clay to silt). Bedding horizon thicknesses range from 1 to 8 mm, and are not
visible in two samples. Five samples have no recognisable bioturbation, and the remaining two
samples have possible Teichichnus and Ophiomorpha or Thalassinoides trace fossils. No Pebbley

Beach Formation samples have clasts larger than the clay to silt range.

The three Snapper Point Formation samples have grain sizes ranging from 62 um to 125 um (very
fine sand). Bedding horizon thicknesses range from 2 to 5 mm, with some soft sediment
deformation visible but no recognisable trace fossils. Two samples contain a small (<1 %)
proportion of clasts larger than the very fine sand range. These clasts range in size from 0.5 to 3

mm, are well sorted, angular to subangular and have moderate to high sphericity.

The ten Wandrawandian Siltstone samples have grain sizes ranging from 3.9 um to 125 um (silt to
very fine sand). Bedding horizon thicknesses range from 1 mm to 15 mm, with some bioturbation
present. Trace fossils present resemble Skolithos, Ophiomorpha, Thalassinoides, Nereites and
possible Halopoa. Clasts larger than the silt to very fine sand range are also common in each of
the ten samples. Estimated proportions of larger clasts, relative to the total sample size, range
from approximately 0.5 % to 20 %. These larger clasts range in size from 0.1 mm to 17 mm
(measurement of the longest exposed axis), are generally poorly sorted, very angular to well

rounded and widely varying in sphericity.

3.2. Aliphatic hydrocarbon data comparisons

Aliphatic hydrocarbon compounds have been grouped by molecular similarity for the purposes of
comparing compositional changes with depth and within formations (Appendices, Table 7.1). Few
biomarkers from these samples are analysed due to the high thermal maturity of the organic
matter in the Shoalhaven Group from DM Callala DDH1, causing poor preservation of biomarker
compounds. Pristane/phytane (Pr/Ph), pristane/C;; n-alkane (Pr/n-Cy7), phytane/C;g n-alkane
(Ph/n-Cyg), the carbon preference index for Cy4 to Csy n-alkanes (CPlyg3;) and the wax index
((C21+Ca)/ (Cas+Cag)) n-alkanes have been plotted with depth for comparison (Figure 3.1).
Pr/Ph fluctuates in the Wandrawandian Siltstone (from 1.6 to 3.0), is relatively constant in the
Snapper Point Formation and upper Pebbley Beach Formation (approximately 1.5), fluctuates in

the lower Pebbley Beach Formation (from 0.7 to 1.4) and is relatively constant with an overall
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slight increase (from 1.9 to 2.3) with increasing depth in the Yarrunga Coal Measures. Pr/n-Cy7
fluctuates widely in the Wandrawandian Siltstone, is relatively low and constant in the Snapper
Point Formation and upper Pebbley Beach Formation and is moderately low and constant in the
lower Pebbley Beach Formation and Yarrunga Coal Measures. Ph/n-Cyg has the most variation in
the Wandrawandian Siltstone, including an apparent outlier which has been excluded from these
data due to a phytane peak nearly twice as high as the surrounding peaks (Appendices, Figure 7.1).
Ph/n-Cyg is relatively constant through the lower three formations. CPly, 3, remains at 1.00 +0.2
in all formations. The wax index decreases with increasing depth in the Wandrawandian Siltstone,
is relatively constant through the Snapper Point Formation and Pebbley Beach Formation, and
fluctuates with an overall increase with increasing depth in the Yarrunga Coal Measures.
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Figure 3.1: Variation with depth of aliphatic hydrocarbon ratios pristane/phytane (Pr/Ph), pris-tane/Cy7
n-alkane (Pr/n-Ci7), phytane/Cig n-alkane (Ph/n-Cig), carbon preference index for Cay to Cso n-alkanes
(CPIy4.32) and the wax index n-Co1+n-Cas/n-Cog+n-Cag. For a full list of ratios, see Appendices, Table 7.1.

3.3. Aromatic hydrocarbon data comparisons

Aromatic hydrocarbon compounds have been grouped by molecular similarity for the purposes of
comparing compositional changes with depth and within formations. Total peak areas for similar
compounds within each sample have been added, then proportions of each compound plotted with
depth and on ternary plots by formation. Other more specific compounds of interest have been

plotted with depth, and are included in the relevant subsections (Appendices, Table 7.1).
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Total aromatic compounds, including parent and alkylated groups of benzene, naphthalene,
biphenyl, fluorene, phenanthrene, fluoranthene and pyrene have been plotted with depth (Figure
3.2). These data have the most variation in proportions of alkylnaphthalenes and
alkylphenanthrenes, which vary in opposing directions with depth. Overall, the variations in
proportion of each compound remain generally consistent with depth, aside from the rapid increase
in alkylphenanthrenes, alkylfluoranthenes and alkylpyrenes, and corresponding decrease in

alkylbenzenes and alkylnaphthalenes, in the lowest three samples of the Yarrunga Coal Measures.

The lower three Yarrunga Coal Measures samples have been excluded from further data
comparisons due to a bias towards heavier hydrocarbon compounds (indicated in grey, Figure 3.2).
Comparison of the chromatograms from the first extract and combined second and third extracts
indicate a tendency for lighter hydrocarbons to be extracted earlier then heavier hydrocarbons (see
Appendices, Figures 7.2 & 7.3). This separation is a result of the first extract of organic matter
being discarded due to suspected contamination in the ASE300 collection bottles (relevant
methods stage for contamination: subsection 2.2.2), and the combined second and third extracts

being used for GC-MS analysis.

3.3.1. Alkylbenzenes

Cy, C5 and C4 alkylbenzenes (AB) have a consistent trend of moderate C3 AB proportions when
C, and C4 are at roughly equal proportions, but with C3 decreasing rapidly as levels of C, or C4
become dominant (Figure 3.3b). The Wandrawandian Siltstone has fluctuating proportions of Cy,
Cs and C4 AB, with a relative decrease of C, and C3 AB with depth and a corresponding increase
in C4 AB (Figure 3.3a). The Snapper Point Formation samples have increasing proportions of C;
AB with depth, with a corresponding decrease of C, AB. The Pebbley Beach Formation has highly
variable C, and C4 AB proportions. C, AB vary >60 % as a proportion of the total AB, and C,4
AB vary >40 % as a proportion of the total AB (Figure 3.3a). Two Yarrunga Coal Measures
samples from depths 495 and 502 m were evaporated to dryness during preparation for GC-MS
analysis, which is likely to have caused the lack of C, and C3 AB at these depths (Ahmed &
George, 2004). Despite this, the AB proportions still plot within the same curve as those of the

other formations (Figure 3.3b).
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Figure 3.2: Variation of parent plus alkylated group compounds with depth in DM Callala DDHI1, calculated
as a % of their total.

3.3.2. Naphthalene and alkylnaphthalenes

Naphthalene (N), methylnaphthalenes (MN) and dimethylnaphthalenes plus ethylnaphthalenes
(DMN-+EN) have distributions such that as the relative amount of N (and to a lesser extent, MN)
decreases, the amount of DMN+EN increases (Figure 3.4). Of the three groups of compounds,
MN has the least variability. By formation, the Wandrawandian Siltstone and Yarrunga Coal
Measures plot with very similar proportions, and the Snapper Point and Pebbley Beach Formations
have similar and overlapping values (Figure 3.4a). Both the Wandrawandian Siltstone and the
Yarrunga Coal Measures have variability of up to approximately 40 %, with slight overall decreases
in N and MN proportions with increasing depth. Both the Snapper Point and the Pebbley Beach
Formations have variability of up to approximately 30 %, with the Snapper Point Formation having
a slight increase in N proportion with depth, and the Pebbley Beach Formation having a slight

decrease in N proportion with depth.
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Figure 3.3: Variation of Cy, C3 and Cy alkylbenzenes (AB) in DM Callala DDHI1, calculated as a % of total

alkylbenzenes.

Alkylnaphthalene isomer ratios have been plotted with depth for comparison (Figure 3.5). The
methylnaphthalene ratio (MNR; 2-MN/1-MN) increases with increasing depth in the
Wandrawandian Siltstone, Snapper Point Formation and Yarrunga Coal Measures, but remains
relatively constant in the Pebbley Beach Formation. The dimethylnaphthalene ratio (DNR-1;
(2,6-DMN+2,7-DMN)/1,5-DMN) also increases with increasing depth in the Wandrawandian
Siltstone, Snapper Point Formation and Yarrunga Coal Measures, and is also relatively constant in
the Pebbley Beach Formation. The trimethylnaphthalene ratio (TNR-1; 2,3,6-TMN/(1,4,6-TMN
+1,3,5-TMN)) also increases with increasing depth in the Wandrawandian Siltstone and Snapper
Point Formation, but remains relatively constant in both the Pebbley Beach Formation and the
Yarrunga Coal Measures. The trimethylnaphthalene ratio (TMNr; 1,3,7-TMN/(1,3,7-TMN
+1,2,5-TMN)) has little change with depth, except it decreases with decreasing depth in the
Snapper Point Formation. The tetramethylnaphthalene ratio (TeMNR-1;
2,3,6,7-TeMN/1,2,3,6-TeMN) overall increases with increasing depth in the Wandrawandian
Siltstone, Snapper Point Formation and (to a lesser extent) the Yarrunga Coal Measures, and has
a slight overall decrease with increasing depth in the Pebbley Beach Formation. The

tetramethylnaphthalene ratio (TeMNr; 1,3,6,7-TeMN /(1,3,6,7-TeMN+1,2,5,6-TeMN)) has the
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Figure 3.4: Variation of naphthalene (N), methylnaphthalenes (MN), dimethyl- + ethylnaphthalenes (DMN +
EN), trimethylnaphthalenes (TMN) and tetramethlynaphthalenes (TeMN) in DM Callala DDH1, calculated as
a % of their total.

lowest values in the Snapper Point Formation and Yarrunga Coal Measures, consistent and
relatively constant values in the Pebbley Beach Formation and the highest values in the

Wandrawandian Siltstone.
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Figure 3.5: Variation with depth of selected methylnaphthalene (MN), dimethylnaphthalene (DMN), trimethyl-
naphthalene (TMN) and tetramethylnaphthalene (TeMN) ratios in DM Callala DDH1. Ratios in this fig-
ure are 2-MN/1-MN (MNR), (2,6-DMN+2,7-DMN)/ 1,5-DMN (DNR-1), 2,3,6-TMN/(1,4,6-TMN+1,3,5 TMN)
(TNR-1), 1,3,7-TMN/(1,3,7-TMN+1,2,5TMN) (TMNr), 2,3,6,7-TeMN/1,2,3,6-TeMN (TeMNR-1) and 1,3,6,7-
TeMN/(1,3,6,7-TeMN+1,2,5,6-TeMN) (TeMNr). For a full list of ratios, see Appendices, Table 7.1.
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3.3.3. Biphenyl and alkylbiphenyls

Biphenyl (Bp) is the most variable compound when compared with methylbiphenyls (MBp) and
ethylbiphenyls plus dimethylbiphenyls (EBp+DMBp). MBp is the least variable, varying by <10 %
within each formation (Figure 3.6b). The Wandrawandian Siltstone has variation of up to 15 %,
though with no overall increase or decrease in relative proportions of these compounds (Figure
3.6a). The Snapper Point Formation has an increase in Bp, and decrease in EBp+DMBp and (to
a lesser extent) MBp, with increasing depth (Figure 3.6a). The Pebbley Beach Formation mostly
remains relatively constant, within a 10 % range of variability. However, the deepest sample in this
formation has a much lower (nearly 20 %) Bp proportion, with return to the previous range in the
upper Yarrunga Coal Measures (Figure 3.6a). The Yarrunga Coal Measures has the highest
proportions of Bp in the upper samples, followed by an overall decrease of Bp of approximately 30

%, and corresponding increase in EBp+DMBp with increasing depth (Figure 3.6a).
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Figure 3.6: Variation of biphenyl (Bp), methylbiphenyls (MBp) and diethylbiphenyls + ethylbiphenyls (DMBp
+ EBp) in DM Callala DDHI, calculated as a % of their total.

MBp and DMBp isomer ratios have been plotted with depth for comparison (Figure 3.7). The
methylbiphenyl ratio (MBpR; 3-MBp/2-MBp) increases with increasing depth in the

Wandrawandian Siltstone, is lowest in the shallowest Snapper Point Formation samples, but has an
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overall increase with increasing depth through the Snapper Point Formation, Pebbley Beach
Formation and Yarrunga Coal Measures. The dimethylbiphenyl ratio (DMBpR-x;
3,5-DMBp/2,5-DMBp) increases with increasing depth in all formations, though is relatively
constant through the Pebbley Beach Formation. The dimethylbiphenyl ratio (DMBpR-y;
3,3'-DMBp/2,3'-DMBp) has an overall increase with increasing depth, though less prominently in

the Yarrunga Coal Measures.
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Figure 3.7: Variation with depth of selected methylbiphenyl (MBp) and dimethylbiphenyl (DMBp) ratios in
DM Callala DDH1. Ratios in this figure are 3-MBp/2-MBp (MBpR), 3,5-DMBp/2,5-DMBp (DMBpR-z) and
3,3-DMBp/2,3’-DMBp (DMBpR-y). For a full list of ratios, see Appendices, Table 7.1.

3.3.4. Fluorene and methylfluorenes

Proportions of fluorene (F) and methylfluorenes (MF) vary relatively little until the lower Pebbley
Beach Formation and Yarrunga Coal Measures, where proportions fluctuate more greatly
(Appendices, Figure 7.4). In the Wandrawandian Siltstone, variation of F relative to MF with
depth is within 10 %. The Snapper Point Formation proportions also fall within this same range.
Variation outside of this range does not occur until below 400 m depth, in the Pebbley Beach
Formation. At approximately 433 m depth and below, F proportions fluctuate by up to 20 %,
though have a steady overall decrease of F proportions in the Yarrunga Coal Measures by

approximately 25 %.
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3.3.5. Phenanthrene and alkylphenanthrenes

Phenanthrene (P) and dimethylphenanthrenes plus ethylphenanthrenes (DMP+EP) have the most
varying proportions overall, while methylphenanthrenes (MP) have the least variation at <10 %
across all samples (Figure 3.8b). The Wandrawandian Siltstone has the largest range of variation,
with lower amounts of P than in other formations. The proportion of P peaks at around 39 m
depth, but decreases rapidly towards the base of the formation (Figure 3.8a). The variations in P
correspond with opposite trends in DMP-+EP and trimethylphenanthrenes (TMP), while MP
remains relatively constant. The Snapper Point Formation has relatively little variation aside from
an increase in P with increasing depth (Figure 3.8). The Pebbley Beach Formation also has
relatively constant P and alkylphenanthrene proportions until the lowest sampled depth at 464 m,
where P proportions are approximately 10 % lower (Figure 3.8a). P and DMP+EP proportions
fluctuate the most (and in opposing, approximately equal amounts) in the Yarrunga Coal

Measures. TMP also has variation similar to DMP+EP, while MP remains mostly constant.

Alkylphenanthrene isomer ratios have been plotted with depth for comparison (Figure 3.9).
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Figure 3.8: Variation of phenanthrene (P), methylphenanthrenes (MP), dimethylphenanthrenes plus
ethylphenanthrenes (DMP+EP) and trimethylphenanthrenes (TMP) in DM Callala DDH1, calculated as a
% of their total. TMP has been excluded in (b).
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Calculated vitrinite reflectance values from the higher methylphenanthrene index range (R
(-0.6xMPI)+2.3) are overall relatively constant in all formations except the lower Pebbley Beach
Formation and Yarrunga Coal Measures, where values decrease with increasing depth. The
methylphenanthrene ratio (MPR; 2-MP/1-MP), the methylphenanthrene distribution fraction
(MPDF; (3-MP+2-MP)/~MP) and the DMP ratio (DMPR;
(3,5+2,64+2,7)-DMP/(1,34-3,9+2,10+3,10+1,6+2,94+2,5)-DMP) increase with increasing depth
in all formations, returning to lower values in the Snapper Point Formation samples before

increasing again through the Pebbley Beach Formation and Yarrunga Coal Measures.
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Figure 3.9: Variation with depth of selected methylphenanthrene (MP) and dimethylphenanthrene (DMP)
isomer ratios in DM Callala DDH1. Ratios in this figure are (1.5x(3-MP+2-MP))/(P+9-MP+1-MP) (MPI),
Re (-0.6xMPI)+2.3) (R, from MPI), 2MP/1-MP (MPR), (3-MP+2-MP)/SMP (MPDF) and (3,5+2,6+2,7)-
DMP/(1,3 +3,9+2,10+3,10+1,6+2,9+2,5)-DMP (DMPR). For a full list of ratios, see Appendices, Table 7.1.

3.3.6. Pyrene, methylpyrene, fluoranthene and methylfluoranthene

Proportions of pyrene (Py) and methylpyrenes (MPy) are relatively consistent with depth, +15 %
(Figure 3.10). Fluoranthene (FI) is also relatively consistent with depth, but methylfluoranthenes
(MFI) have the most variation, in equal opposite proportions to Py and MPy. There is a slight
increase of MFI with depth until the Yarrunga Coal Measures, where the range of MFI proportions

decrease slightly.

The methylpyrene ratio (MPyR; 4-MPy/1-MPy) is plotted with depth for comparison (Figure
3.11). This ratio has an overall decrease with increasing depth in the Wandrawandian Siltstone
and Snapper Point Formation, is relatively constant in the Pebbley Beach Formation, and has a

slight increase with increasing depth in the Yarrunga Coal Measures.
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Figure 3.10: Variation of pyrene, methylpyrene, fluoranthene and methylfluoranthene with depth in DM Callala
DDHI, calculated as a % of their total.
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Figure 3.11: Variation with depth of selected methylpyrene (MPy), methyldibenzothiophene (MDBT) and

dimethyldibenzothiophene (DMDBT) isomer ratios in DM Callala DDH1. Ratios in this figure are 4-MPy/1-
MPy (MPyR), 4-MDPT/1-MDBT (MDR) and 4,6-DMDBT/(3,6-DMDBT+2,6-DMDBT) (DMDBTY). For a
full list of ratios, see Appendices, Table 7.1.

3.3.7. Dibenzothiophene and alkyldibenzothiophenes

Overall, the proportions of methyldibenzothiophenes (MDBT) remain the most constant through

the formations, compared to dibenzothiophene (DBT) and ethyldibenzothiophenes plus
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dimethyldibenzothiophenes (EDBT+DMDBT) (Figure 3.12). The Snapper Point and Pebbley
Beach Formations have the highest proportions of DBT. The Wandrawandian Siltstone and
Yarrunga Coal Measures have the widest range and highest proportions of EDBT+DMDBT. In
particular, the Wandrawandian Siltstone has increasing DBT and decreasing EDBT+DMDBT in
the upper five samples, which then reverses as depth increases. The lower Pebbley Beach
Formation samples and the Yarrunga Coal Measures have fluctuations of DBT and

EDBT+DMDBT proportions, with an overall decrease in DBT as depth increases.
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Figure 3.12: Variation of dibenzothiophene (DBT), methyldibenzothiophenes (MDBT) and ethyldibenzothio-
phenes plus dimethyldibenzothiophenes (EDBT+DMDBT) in DM Callala DDHI1, calculated as a % of their
total.

MDBT and DMDBT isomer ratios have been plotted for comparison (Figure 3.11). The
methyldibenzothiophene ratio (MDR; 4-MDBT /1-MDBT) varies relatively widely in the
Wandrawandian Siltstone and is relatively constant through the Snapper Point Formation, Pebbley
Beach Formation and Yarrunga Coal Measures, though a slight increase with increasing depth
occurs in the Pebbley Beach Formation. The dimethyldibenzothiophene ratio (DMDBTr;
4,6-DMDBT/(3,6-DMDBT+2,6-DMDBT)) has a wide range, but overall decreases with
increasing depth in the Wandrawandian Siltstone, decreases with increasing depth in the Snapper

Point Formation, then is relatively constant in the Pebbley Beach Formation and increases with
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increasing depth in the Yarrunga Coal Measures.

3.3.8. Methylfluoranthenes

The methylfluoranthene (MFI) peaks areas measured (Appendices, Figure 7.6) have little variation
between the samples, mostly within a range of 10 % (Appendices, Figure 7.5). There is a higher
proportion of MFI-C towards the base of the Wandrawandian Siltstone, and then this peak
decreases. Both MFI-C and MFI-A have fluctuating proportions in the Yarrunga Coal Measures,

and MFI-A also fluctuates throughout the Pebbley Beach Formation.

3.3.9. Benzo[a]anthracene, triphenylene and chrysene

Benzo[a]anthracene, triphenylene and chrysene have little variation in proportions with depth,
mostly within a range of 10 to 15 % (see Appendices, Figure 7.7). Most notable is the reduction
and then return to previous levels of triphenylene proportions in the Wandrawandian Siltstone

samples.

3.3.10. Benzo[b,j,k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene and perylene

The Wandrawandian Siltstone has the highest variability in proportions of benzo[bjk]fluoranthene
and benzo[e]pyrene (Figure 3.13). In the Wandrawandian Siltstone, benzo[bjk|fluoranthene
proportions are relatively low at around 25 % in the upper samples, but increase rapidly with
increasing depth to around 60 % in the lower samples, with corresponding reduced proportions of
benzo[e]pyrene. Perylene was only detected in the Wandrawandian Siltstone. Variability in the
Snapper Point Formation, Pebbley Beach Formation and Yarrunga Coal Measures is much lower,

within an approximately 10 % range.

3.3.11. Indeno[1,2,3-cd]perylene and benzo[ghi]perylene

The Wandrawandian Siltstone has the highest variability of indeno[1,2,3-cd]perylene and
benzo[ghi]perylene proportions (Figure 3.14). In the Wandrawandian Siltstone, the proportion of

indeno[1,2,3-cd]perylene is around 15 % in the upper samples, and rapidly increases with increasing
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Figure 3.13: Variation of benzo[bjk]fluoranthene, benzo|e]pyrene, benzo[a]pyrene and perylene in DM Callala
DDHI1, calculated as a % of their total. Perylene has been excluded in (b).

depth to reach around 55 % in the lower samples. Variability in the Snapper Point Formation,

Pebbley Beach Formation and Yarrunga Coal Measures is within an approximately 15 % range.

3.3.12. Wildfire-associated polycyclic aromatic hydrocarbons

Wildfire-associated polycyclic aromatic hydrocarbons (PAH) have been calculated as a proportion
of pyrene and plotted with depth (Figure 3.15). PAHs used here are benzo[a]anthracene,
benzo[bjk]fluoranthenes, benzo[a]pyrene, indeno|[1,2,3-cd]pyrenes, perylene, benzo[ghi]perylene,
benzo[e|pyrene and coronene. All of these PAHs have the most variability in the Wandrawandian
Siltstone and the upper Pebbley Beach Formation. The Snapper Point Formation PAHs have the
highest proportions overall, and relatively moderate variability. The lower Pebbley Beach Formation
and the Yarrunga Coal Measures have the least variability overall. Perylene peaks were of poor
quality or absent in the Snapper Point Formation, the Pebbley Beach Formation and the Yarrunga
Coal Measures. Benzo[a]anthracene varies differently to the other PAHs, with greater range of
variability in the Pebbley Beach Formation and Yarrunga Coal Measures, less range of variability in

the Wandrawandian Siltstone, and has the lowest values overall in the Snapper Point Formation.
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Figure 3.14: Variation of indeno[1,2,3-cd]perylene and benzo[ghi|perylene with depth in DM Callala DDHI,

calculated as a % of their total.
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Figure 3.15: Variation with depth of selected wildfire-associated polycyclic aromatic hydrocarbons (PAH) in

DM Callala DDHI.

Ratios in this figure are benzo[alanthracene, benzo[bjk]fluoranthenes, benzo[a|pyrene,

indeno[1,2,3-cd]pyrenes, perylene, benzo[ghi]-perylene, benzo[e]-pyrene and coronene, all calculated relative

to pyrene.

3.3.13. Dibenzofuran, fluorene and dibenzothiophene

Overall there is little variation of dibenzofuran (DBF) relative to dibenzothiophene (DBT) and

fluorene (F), particularly within individual formations. DBF proportions increase by approximately

10 % with depth until the Pebbley Beach Formation, however the Yarrunga Coal Measures has
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lower DBF proportions (Figure 3.16). Most variation in the relative proportions of these
compounds are between DBT and F. Generally DBT increases while F decreases with depth,
though there are many overlapping values between the formations, as seen in the fluctuations
when plotted by depth (Figure 3.16a). In the Wandrawandian Siltstone, DBF decreases initially
then remains relatively constant, while F rapidly increases then rapidly decreases with depth. This
formation contains mostly very low DBF proportions, along with most of the highest F
proportions. Relative proportions of DBT, DBF and F in the Snapper Point Formation plot in
between those of the other formations, and when seen plotted against depth have less variation
than the other formations. The Pebbley Beach Formation contains the highest proportions of DBF
in these formations, spiking at approximately 433 m depth. Proportions of F relative to DBT
fluctuate with F decreasing relative to DBT with increasing depth. DBT proportions are highest in
the Yarrunga Coal Measures, peaking at approximately 502 m depth (Figure 3.16a). In this
formation, F proportions are at their lowest, and DBF proportions are lower relative to the Snapper

Point Formation and the Pebbley Beach Formation.
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Figure 3.16: Variation of dibenzofuran (DBF), fluorene (F) and dibenzothiophene (DBT) proportions in DM
Callala DDH1, calculated as a % of their total.
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3.3.14. Fluoranthene, pyrene and chrysene

Overall, fluoranthene (FI) proportions increase with increasing depth, then decrease in the
Yarrunga Coal Measures (Figure 3.17). Chrysene (Chr) proportions are highest in the Yarrunga
Coal Measures, and pyrene (Py) occurs in its highest proportions in the Wandrawandian Siltstone
and Pebbley Beach Formation (Figure 3.17b). Variation within the formations is primarily by
changes to the Chr and Py proportions, while Fl is less variable within each formation. The
Yarrunga Coal Measures have the least variation of FI, Py and Chr proportions, with data points

grouping within a <15 % range.
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Figure 3.17: Variation of fluoranthene (F1), pyrene (Py) and chrysene (Chr) proportions in DM Callala DDHI,

calculated as a % of their total.

3.3.15. Methyldibenzofurans

Most variation in MDBF proportions occurs in the Wandrawandian Siltstone, which has higher
proportions of MDBF-A and lower proportions of MDBF-B and MDBF-C than the other three
formations (see Appendices, Figure 7.9b). The highest proportions of MDBF-A in the

Wandrawandian Siltstone occur in the lower four samples, closest to the Currambene Dolerite
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intrusion (see Appendices, Figure 7.9a). The Snapper Point and Pebbley Beach Formations and
the Yarrunga Coal Measures MDBF data plot within an area of approximately 15 %. Of these, the
Pebbley Beach has the least similar proportions to the other formations, with lower MDBF-A
proportions than the Snapper Point Formation and the Yarrunga Coal Measures. The

methyldibenzofuran (MDBF) peaks used are indicated in the Appendices, Figure 7.8.

3.4. Instrument precision

Instrument precision was calculated for three aliphatic ratios and six aromatic ratios. The aliphatic
fraction of sample BCC22 and the aromatic fraction of BCC06 were each run five times on the
same GC-MS as was used for all other analyses. Peak area ratios of selected compounds were
calculated and the percentage range of variation from the average value used as the measure of
precision (Table 3.1). The first run of the aliphatic fraction of BCC22 was excluded due to poor
chromatogram peak separation between pristane and n-Cy7. Overall, the range of instrument
precision as a percentage is relatively small, 1.1 to 5.5 % in the aromatic ratios and 5.9 to 14.3 %
in the aliphatic ratios. These estimates of precision do not affect interpretation of the results, and
in most cases do not even extend outside the data points on the graphs shown (example: Figure

3.18).

Table 3.1: Calculated instrument precision (%) using selected aromatic and aliphatic ratios.

Aromatic ratios % variation Aliphatic ratios % variation
MNR 1.9 Pr/Ph 14.3

TeMN ratio 5.2 Pr/n-Cy7 10.7
3-MBp/2-MBp 35 Ph/n-Cyg 5.9
1-MP/9-MP 1.1

4-Mpy/1-Mpy 1.4

4MDBT/1-MDBT | 55
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Figure 3.18: Variation of the methyldibenzothiophene ratio (MDR; 4-MDBT/1-MDBT) with depth and calcu-

lated instrument precision (%), as an example of associated instrumental error in these analyses.
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Chapter 4

Discussion

Hydrocarbon ratios are compared for indications of palaeoenvironment and thermal maturities in
DM Callala DDH1. Unpublished aromatic hydrocarbon data from other Shoalhaven Group
drillcores Elecom Clyde River DDHO1 and Elecom Clyde River DDHO7 (courtesy of Brave Manda,
data collected while completing the Master of Geoscience course at Macquarie University, 2017),
and outcrop samples from the South Coast of NSW (courtesy of Shirin Baydjanova, data collected
while completing the Master of Research course at Macquarie University, 2015) (locations shown
on Figure 1.1) have been included for regional comparison of hydrocarbon data from the southern
Sydney Basin. Three McArthur Basin wells (Middle Proterozoic, Velkerri Formation, approximately
1.4 Ga, central-northern Australia) at varying stages of thermal maturity have been included for
comparison with the Shoalhaven Group thermal maturity data: Walton-2 with lower maturity, and

Shea-1 and McManus-1 at peak to late-stage oil generation maturities (George & Ahmed, 2002).

4.1. Palaeoenvironment interpretation

Biomarkers from this drillcore were not analysed extensively, due to the high thermal maturity of
the organic matter in the Shoalhaven Group causing poor preservation of biomarkers. Hydrocarbon
ratios presented in this section are pristane/phytane plotted against dibenzothiophene/
phenanthrene, pristane/n-C;7 against phytane/n-Cig, a zoned ternary diagram of fluorene,

dibenzothiophene and dibenzofuran, and depth plots of selected polycyclic aromatic hydrocarbons

41



DiscussioN

(PAHs) associated with wildfire events.

4.1.1. Pristane/n-C;; against phytane/n-Cyg

Variation between pristane/n-Cy7 (Pr/n-Cy7) and phytane/n-Cig (Ph/n-Cyg) indicates organic
matter type, level of maturation and biodegradation, and level of oxidation/salinity (Peters et al.
1999). Organic matter types differentiated by these ratios are terrestrial sourced (Type IlI,
gas-prone), mixed terrestrial and marine/transitional environment (Type Ill/11) and marine sourced
(Type I, oil-prone) (Peters et al., 2005). It would be expected for Wandrawandian Siltstone
samples to fall within the Type Il zone, Snapper Point and Pebbley Beach samples to fall within

the Type IlI/Il zone and Yarrunga Coal Measures samples to fall within the Type Il zone.

The Shoalhaven Group samples have a wide range of Pr/n-C;; against Ph/n-Cyg, but overall fall
within the Type Il to Type I1/Il range for organic matter type, and have greater influence of
maturation than biodegradation on peak height distributions (Figure 4.1). Aside from a linear
grouping of the Yarrunga Coal Measures samples from DM Callala DDH1, there are no other
apparent trends in these data. Formations do not preferentially fall within their expected zones,
suggesting large input from less common sources of organic matter and/or other controls

influencing these ratios, such as thermal maturity.

10
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e Snapper Point Formation
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W & o Pebbley Beach Formation
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Figure 4.1: Cross-plot of Pr/n-Cy7 against Ph/n-Cig for samples from DM Callala DDH1, Elecom Clyde River
DDHO1 (ECR-1), Elecom Clyde River DDH0O7 (ECR-7) and South Coast NSW outcrops (see Figure 1.1 for
locations). Adapted from Peters et al. 1999.
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4.1.2. Pristane/phytane against dibenzothiophene/phenanthrene

Pristane/phytane (Pr/Ph) can be plotted against dibenzothiophene/phenanthrene (DBT/P) to
infer source rock and some depositional environment information. The isoprenoids pristane and
phytane are mainly sourced from the side-chain of chlorophyll (Volkman & Maxwell, 1986), and
are sensitive to redox conditions during deposition (Brooks et al. 1969). DBT/P is sensitive to the
availability of reduced sulfur during deposition (Hughes et al. 1995), and decreases with increased
water water washing due to DBT being more water soluble than P (Palmer, 1984; Sivan et al.

2008).

The organic matter from DM Callala DDH1 primarily falls within the 'marine shale and other
lacustrine zone' for Pr/Ph against DBT /P (Figure 4.2), implying neither strongly anoxic nor
strongly oxic conditions, and very little available reduced sulfur during deposition. Samples from
Elecom Clyde River DDHO7 have a relatively wide range of Pr/Ph, without preferential clustering
by formation. Elecom Clyde River DDHO1 has three out of five samples in the lower end of the
fluvial/deltaic zone. The other two samples range from the boundary of lacustrine sulfate-poor and
marine shale and other lacustrine, to very high Pr/Ph, well into the fluvial deltaic zone for a
Wandrawandian Siltstone sample, which would be expected to plot within a marine zone based on
its sedimentary characteristics. The South Coast outcrop samples fall in the 'marine shale and
other lacustrine’, to the lower 'fluvial /deltaic’ zone, and are clustered by formation and/or location.
These differences between the depositional environment inferred from physical sedimentary
characteristics (most obviously in the Wandrawandian Siltstone (ECR-1) sample mentioned) are
likely due to large inputs of pristane and phytane from sources other than chorophyll (Koopmans

et al. 1999), such as input of ether lipids produced by archaea (Risatti et al. 1986).

4.1.3. Dibenzofuran, fluorene and dibenzothiophene

The relative proportions of dibenzofuran, fluorene and dibenzothiophene can be used to infer
source rock and depositional environment information. The abundance of dibenzothiophene
relative to fluorene and dibenzofuran is influenced by salinity, while fluorene and dibenzofuran

proportions are higher in freshwater conditions (Fan et al. 1991; Li et al. 2013).

The Shoalhaven Group data does not fall within the expected biomarker zones for the relative
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Figure 4.2: Cross-plot of pristane/phytane against dibenzothiophene/phenanthrene for samples from DM Callala
DDH1, Elecom Clyde River DDHO1 (ECR-1), Elecom Clyde River DDH07 (ECR-7) and South Coast NSW
outcrops (see Figure 1.1 for locations). Adapted from Hughes et al. 1995.

proportions of dibenzofuran, fluorene and dibenzothiophene (Figure 4.3). These proportions do,
however, cluster by formation rather than by drillcore or outcrop locality, suggesting that source
input was possibly of a greater influence than thermal maturity in these ratios. This apparent
source-control has led to higher proportions of fluorene relative to dibenzothiophene in formations
expected to have greater input of marine organic matter, and higher dibenzothiophene in
formations expected to have greater input of terrigenous organic matter. These data are in partial
agreement with suggestions from research on the Permian-Triassic boundary, which claimed that
dibenzothiophene and dibenzofuran are biomarkers for land plants (Fenton et al., 2007; Nabbefeld
at al. 2010).

4.1.4. Wildfire-associated polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) benzo[a]anthracene, benzo[bjk]|fluoranthenes,
benzo[a]pyrene, indeno[1,2,3-cd]pyrene, perylene, benzo[ghi]perylene, benzo[e]pyrene and
coronene have been used as biomarkers for warm temperate climate conditions, and are thought to
be derived from combustion products from wildfires, such as charred woody debris (Killops &

Massoud, 1992; Jiang et al. 1998; Nabbefeld et al., 2010). Overall, the wildfire-associated PAHs
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Figure 4.3: Ternary diagram of relative proportions of dibenzofuran (DBF), fluorene (F) and dibenzothiophene

(DBT) for samples from DM Callala DDH1, Elecom Clyde River DDHO01 (ECR-1) and Elecom Clyde River

Pebbley Beach Formation (ECR-7)

DDHO7 (ECR-7) (see Figure 1.1 for locations). Depositional environment zoning from Chinese basins are

included for comparison (Fan et al. 1990; Li et al. 2011).

in DM Callala DDH1 have consistent variation with depth, relative to pyrene (Figure 3.15). The
Wandrawandian Siltstone and upper Pebbley Beach Formation have a wide range of variability in
PAH abundances, which is interpreted as indicating fluctuating periods of higher frequency and/or
intensity wildfire events. Consistently higher proportions of PAHs occur in the Snapper Point
Formation, again suggesting a higher frequency and/or intensity of wildfire events and a probable
warmer, more temperate climate. The lower Pebbley Beach Formation and Yarrunga Coal
Measures have overall less variability and lower abundances of PAHs, indicating less frequent
and/or lower intensity wildfire events, and probable cooler climate, although these abundances

could also be lower due to the higher thermal maturity of these intervals.

4.2. Thermal maturity of the southern Sydney Basin units

Thermal maturity of the organic material in DM Callala DDH1 is indicated in cross-plots of
polycyclic aromatic hydrocarbon (PAH) isomer proportions. Isomer structures with greater steric
hindrance (isomers in 3 positions) are stable under higher levels of thermal stress, therefore
thermal maturity ratios have been defined using proportions of more stable isomers relative to the

less stable isomers (isomers in « positions) from the same parent group (Alexander et al. 1983;
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Radke & Willsch, 1986; Cumbers et al. 1987) (for a full list, see Appendices, Table 7.1).

4.2.1. Trimethylnaphthalene and tetramethylnaphthalene ratios

Plotting the trimethylnaphthalene ratio (TMNr; 1,3,7-TMN/(1,2,5+1,3,7-TMN)) against the
tetramethylnaphthalene ratio (TeMNr; 1,3,6,7-TeMN/1,2,5,6+1,3,6,7-TeMN)) indicates variation
at lower levels of thermal maturity. Proportions of 1,3,7-TMN (in TMNr) and 1,3,6,7-TeMNr (in
TeMNr) increase at higher thermal maturities. The methyl groups of 1,3,7-TMN and
1,3,6,7-TeMN are stable at higher temperatures, due to greater steric hindrance than 1,2,5-TMN
and 1,2,5,6-TeMN (van Aarssen et al. 1999). Both TMNr and TeMNr equilibrate in the early gas
window, at values of approximately 0.8 to 1.0, when the proportion of the more stable isomer

reaches nearly 100 %.

TMNr and TeMNr are at equilibrium in DM Callala DDH1, and therefore thermally mature in the
gas window (Figure 4.4). The Elecom Clyde River DDH07 data also plots at equilibrium in the gas
window, along with the more mature Shea-1 and McManus-1 McArthur Basin wells. The Elecom
Clyde River DDHO1 and South Coast outcrop samples plot at lower maturities, in the oil window
with the Walton-2 well. The Wandrawandian Siltstone is less mature than the Snapper Point
Formation in Elecom Clyde River DDHO1, whereas in the South Coast outcrop samples the
Wandrawandian Siltstone is the most mature, followed by the Snapper Point Formation and then
the Pebbley Beach Formation as the least mature formation. This trend of decreased maturity
with increased depth of formation in the South Coast outcrop samples could be explained by basin
thicknesses at the sampling locations. The deeper Pebbley Beach Formation was sampled at Point
Upright, close to the southernmost extent of the Sydney Basin. By contrast, the shallower
Wandrawandian Siltstone was sampled at Warden Head, further into the basin, with more
potential for thicker sediment loading and therefore higher thermal maturities than at the southern

edge of the basin.

4.2.2. Methylbiphenyl and dimethylbiphenyl ratios

Plotting the methylbiphenyl ratio (MBpR; 3-MBp/2-MBp) against the dimethylbiphenyl ratio
(DMBpR; 3,5-DMBp/2,5-DMBp) indicates variation at high levels of thermal maturity.
Proportions of 3-MBp (in MBpR) and 3,5-DMBp (in DMBpR) increase relative to 2-MBp and
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Figure 4.4: Cross-plot of the trimethylnaphthalene ratio (TMNr; 1,3,7-TMN/(1,2,541,3,7-TMN)) against the
tetramethylnaphthalene ratio (TeMNr; 1,3,6,7-TeMN/1,2,5,6+1,3,6,7-TeMN)) for samples from DM Callala
DDHI, Elecom Clyde River DDHO1 (ECR-1), Elecom Clyde River DDH07 (ECR-7) and South Coast NSW
outcrops (see Figure 1.1 for locations). Three McArthur Basin wells (Walton-2, Shea-1, McManus-1; George &

Ahmed, 2002) are included for comparison.

2,5-DMBp, respectively, at higher thermal maturities (Cumbers et al. 1987). The MBpR and
DMBpR do not equilibrate in the same way as TMNr and TeMNr.

DM Callala DDH1 has MBpR and DMBpR values associated with high maturity, well into the gas
window (Figure 4.5). The Elecom Clyde River DDHO7 data also plots at high maturity, though
with more scatter. The Walton-2 and Shea-1 McArthur Basin wells are separated by slightly higher
MBpR values in Shea-1, but both have very low thermal maturities in the MBpR-DMBpR-x
cross-plot. Elecom Clyde River DDHOL plots at slightly higher thermal maturity than Walton-2
and Shea-1, though lower than the McManus-1 samples. The MBpR and DMBpR-x separate out
the formations of DM Callala DDH1 by maturity, aside from an outlier from the Yarrunga Coal
Measures and another from the Snapper Point Formation, both of which plot at lower thermal
maturities than the majority of samples in each of their formations. Despite the Currambene
Dolerite intrusion below the Wandrawandian Siltstone, it plots here at the lowest overall maturity

of the DM Callala DDH1 formations, followed by the Snapper Point and Pebbley Beach
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Formations and Yarrunga Coal Measures, a trend which correlates with increasing depth of

formations. This trend is also present in the Elecom Clyde River DDH07 samples.
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Figure 4.5: Cross-plot of the methylbiphenyl ratio (MBpR; 3-MBp/2-MBp) against the dimethylbiphenyl ratio
(DMBpR; 3,5-DMBp/2,5-DMBp) for samples from DM Callala DDH1, Elecom Clyde River DDH0O1 (ECR-1)
and Elecom Clyde River DDH07 (ECR-7) (see Figure 1.1 for locations). Three McArthur Basin wells (Walton-2,
Shea-1, McManus-1; George & Ahmed, 2002) are included for comparison. No methylbiphenyl data are available

for the South Coast outcrop samples.

4.2.3. Methylnaphthalene ratio and calculated vitrinite reflectance from the

methylphenanthrene index

Plotting the methylnaphthalene ratio (MNR; 2-MN/1-MN) against calculated vitrinite reflectance
from the methylphenanthrene index (R. from (0.6xMP1)+0.4 for lower maturity samples and
(-0.6xMPI)+2.3 for higher maturity samples; see Appendices Table 7.1) indicates variation of
thermal maturity. MNR and R, from MPI do not equilibrate in the same way as TMNr and TeMNr.

MNR and R. from MPI values for the DM Callala DDH1 samples indicate high thermal maturities
(Figure 4.6). The Elecom Clyde River DDH07 data also plots at high maturity, though overall

slightly lower than the DM Callala DDH1 data. Walton-2 has the lowest maturity in this cross-plot,
closely followed by the South Coast outcrop samples and Elecom Clyde River DDHO1. Shea-1 and

McManus-1 have relatively moderate maturities based on MNR and R, from MPI data, for the
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most part falling in the oil window. MNR against R. from MPI has more overlap by formation
within drillcores than TMNr against TeMNr and MBpR against DMBpR-x, though still groups by
drillcore, again with the DM Callala DDH1 and Elecom Clyde River DDHO7 from the thicker
region of the southern Sydney Basin correlating with much higher thermal maturities than Elecom

Clyde River DDHO1 and the South Coast outcrop samples from the thinner region of the basin.
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Figure 4.6: Cross-plot of the methylnaphthalene ratio (MNR; 2-MN/1-MN) against calculated vitrinite re-
flectance from the methylphenanthrene index (R. from (0.6xMPI)+0.4 for lower maturity samples and (-
0.6xMPTI)+4-2.3 for higher maturity samples) for samples from DM Callala DDH1, Elecom Clyde River DDHO01
(ECR-1), Elecom Clyde River DDHO7 (ECR-7) and South Coast NSW outcrops (see Figure 1.1 for locations).
Three McArthur Basin wells (Walton-2, Shea-1, McManus-1; George & Ahmed, 2002) are included for compar-

ison. Approximate maturity windows are shown, based on Radke & Welte, 1983.

4.2.4. Methylphenanthrene and dimethylphenanthrene ratios

Plotting the methylphenanthrene ratio (MPR; 2-MP /1-MP) against the dimethylphenanthrene
ratio (DMPR; (3,5+2,6+2,7-DMP) /(1,3+3,942,10+3,10+1,6+2,9+2,5-DMP)) indicates
variation of thermal maturity. MPR and DMPR do not equilibrate in the same way as TMNr and
TeMNr.

MPR and DMPR values for the DM Callala DDH1 samples indicate high thermal maturities
(Figure 4.7). The Elecom Clyde River DDHO07 data also plot at high maturities, with higher values
and more scatter than the DM Callala DDH1 data. Walton-2, Shea-1, Elecom Clyde River DDHO1
and some McManus-1 data have the lowest thermal maturities in this cross-plot, and are

differentiated by MPR but overlap in DMPR values. The remaining McManus-1 data plots with
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the Wandrawandian Siltstone and Snapper Point Formation data from DM Callala DDH1 in the
middle region of the overall MPR and DMPR data. The other formations that plot in order of
overall increasing maturity are the Wandrawandian Siltstone (Elecom Clyde River DDHQ7), the
Pebbley Beach Formation (DM Callala DDH1) and the Snapper Point Formation (Elecom Clyde
River DDHO7), the Yarrunga Coal Measures (DM Callala DDH1) and the Pebbley Beach
Formation (Elecom Clyde River DDHO07).
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Figure 4.7: Cross-plot of the methylphenanthrene ratio (MPR; 2-MP/1-MP) against the dimethyl-phenanthrene
ratio (DMPR; (3,5+2,6+2,7-DMP)/(1,343,9+2,1043,10+1,64+2,9+ 2,5-DMP)) for samples from DM Callala
DDH1, Elecom Clyde River DDHO1 (ECR-1) and Elecom Clyde River DDH07 (ECR-7) (see Figure 1.1 for
locations). Three McArthur Basin wells (Walton-2, Shea-1, McManus-1; George & Ahmed, 2002) are included

for comparison.

4.2.5. Summary of the Shoalhaven Group thermal maturity

Thermal maturity values from the southern Sydney Basin primarily group by drillcore and outcrop
location, rather than by formation (Figures 4.4, 4.5, 4.6, 4.7). Grouping by formation occurs
within individual drillcore and outcrop locations only. The extent of thermal maturity therefore

appears to be dependant on sampling location within the southern Sydney Basin, and not on the
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relative ages of the formations. Extensive deposition above the Shoalhaven Group would assist in

explaining these lateral differences in thermal maturity.

Deposition throughout the entire Sydney Basin continued until the middle Triassic, when thick
formations such as the Hawkesbury Sandstone were rapidly deposited (Mayne et al. 1974; Herbert
& Helby, 1980). There is also evidence of deposition towards the centre of the basin during the
Jurassic, based on sedimentary xenoliths and breccia found in Jurassic-aged diatremes (Crawford et
al. 1980; Helby et al. 1980). Maximum burial depth for early Permian coal measures of the
Sydney Basin is estimated to be between 2.5 and 4 km (Thomson et al. 2014). More locally to
DM Callala DDH1, the maximum burial depth of the Shoalhaven Group near Ulladulla is 1 to 3
km, based on vitrinite reflectance data and burial overprinting of natural remanent magnatism in
the Mesozoic-age Milton Monzonite (for location see Figure 1.1) (Dunlop et al. 1997). The
Wandrawandian Siltstone outcropping near Ulladulla is intruded by the Milton Monzonite and
therefore of equivalent depth, implying thermal maturities equivalent to 1 to 3 km burial should be

expected here.

The Lachlan Fold Belt metasediments (Ordovician to Devonian aged; Tye et al. 1996) form the
basement of the Sydney Basin, and increase in depth from the southern end to the centre of the
basin (Figure 4.8) (Danis et al. 2011). Uniformly increasing the basement depths by 2 km from
present basement depths does not explain the high thermal maturities of organic matter from DM
Callala DDH1 and Elecom Clyde River DDHOQ7, which here have present basement depths
equivalent to the much less mature Warden Head outcrop samples of the Wandrawandian Siltstone
(Figure 4.9b). Differential subsidence of the Sydney Basin would help explain these differences. It
seems probable that the volume of sediment eroded from on top of the southern Sydney Basin is
greater towards the northeast, and the presence of this overburden during the Mesozoic caused the

higher temperature and pressure characteristics in the organic matter there.
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Conclusions

The organic matter in the Shoalhaven Group is very mature, resulting from up to 4 km of
sediment being deposited above during the Mesozoic (Dunlop et al. 1997). Thermal maturity
parameters have been compared, and together place the South Coast outcrop samples and the
Elecom Clyde River DDHOL1 drillcore, from the edge of the Sydney Basin, in the mid to late oil
window. DM Callala DDH1 and Elecom Clyde River DDHO7 are well into the gas window, with

calculated R, from MPI plotting in the wet gas condensate range (Figure 4.6).

Palaeoenvironment data from DM Callala DDH1 and Elecom Clyde River DDHO7 do not plot in
the expected regions for their described lithologies, suggesting interference from high thermal
maturities and probable uncommon source-input interferences (Figures 4.1 & 4.2). Interestingly, a
ternary diagram of dibenzothiophene, fluorene and dibenzofuran did not show palaeoenvironmental
data as expected, yet still separated data points into formations and dominant organic matter
input (Figure 4.3). The wildfire-associated PAHs were also useful for inferring palaeoclimate, with
the Snapper Point Formation indicating relatively warmer, more temperate climates during

deposition, and the Yarrunga Coal Measures indicating relatively cooler climates (Figure 3.15).

The majority of the Shoalhaven Group in the southern Sydney Basin, and likely the northern
extent of the Sydney Basin, contains organic matter in the gas window. Future sampling of the
southern Sydney Basin for palaeoenvironmental data using biomarkers would best be done at the

western and southwestern edges of the basin for greater biomarker preservation potential (Figure
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4.9a). Further sampling of DM Callala DDH1 and the Elecom Clyde River drillcores DDHO1 and
DDHO07 would be of interest for comparison with current data sets. These three drillcores are
relatively intact, and stored at the Londonderry Drillcore Library, NSW. Other southern Sydney
Basin drillcores in good condition for sampling are Elecom Clyde River DDHO02, 03, 04, 06, 08, 09,
10 and 11, also stored at the Londonderry Drillcore Library, NSW. The Elecom Clyde River
drillcores also have the advantage of being fairly spread out across the southern Sydney Basin
region, allowing for a more detailed understanding of the regional variation in thermal maturities

and palaeoenvironmental change.
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7.1. BCCO5 aliphatic fraction chromatogram for m/z 57
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7.2. Hydrocarbon ratios used

Table 7.1: Hydrocarbon ratios used. Modified from George & Ahmed, 2002.

Ratio

Abbreviation

Definition

References

2,6,10,14-tetramethylpentadecane/2,6,10,14-

Pristane over phytane ratio Pr/Ph Brooks et al. 1969
tetramethylhexadecane

Pristane over C17 n-alkane Pr/n-Cy7 2,6,10,14-tetramethylpentadecane/heptadecane Peters et al. 1999
Phytane over Cig n-alkane Ph/n-Cyg 2,6,10,14-tetramethylhexadecane/octadecane Peters et al. 1999
Carbon preference index, n-alkanes )
Cas 10 Caz CPlyg.32 2><C(25+27+29+31)/(C24+2><C(26+28+30)+C32) Scalan & Smith, 1970
Wax index (n-Ca1+n-Cp2)/(n-Cag+n-Cag)
DBT/P dibenzothiophene/phenanthrene Hughes et al. 1995
Methylnaphthalene ratio MNR 2-MN/1-MN Radke et al. 1982b
Dimethylnaphthalene ratio 1 DNR-1 (2,6+2,7-DMN)/1,5-DMN Radke et al. 1982b
Trimethylnaphthalene ratio 1 TNR-1 2,3,6-TMN/(1,4,6+1,3,5-TMN) Alexander et al. 1985
Trimethylnaphthalene ratio TMNr 1,3,7-TMN/(1,3,74+1,2,5-TMN) van Aarssen et al. 1999
Tetramethylnaphthalene ratio TeMNR-1 2,3,6,7-TeMN/1,2,3,6-TeMN George et al. 1996
Tetramethylnaphthalene ratio TeMNr 1,3,6,7-TeMN/(1,3,6,7+1,2,5,6-TeMN) van Aarssen et al. 1999
Methylbiphenyl ratio MBpR 3-MBp/2-MBp Alexander et al. 1986
Dimethylbiphenyl ratio x DMBpR-x 3,5-DMBp/2,5-DMBp Cumbers et al. 1987
Dimethylbiphenyl ratio y DMBpR-y 3,3'-DMBp/2,3'-DMBp Cumbers et al. 1987
Methylphenanthrene index MPI (1.5x(3-MP+2-MP))/(P49-MP+1-MP) Radke et al. 1982a
Calculated reflectance from MPI Rc from MPI | (0.6xMP1)+0.4 or (-0.6xMPI)+2.3 Radke & Welte, 1983
Methylphenanthrene ratio MPR 2-MP/1-MP Radke et al. 1982b
Methylphenanthrene  distribution

MPDF (3-MP+2-MP)/MP Kvalheim et al. 1987
fraction
Dimethylphenanthrene ratio DMPR (3.5+2,6+2,7-DMP) Radke et al. 1982b

/(1,3+3,94+2,10+3,10+1,6+2,94+2,5-DMP)

Methyldibenzothiophene ratio MDR 4-MDBT/1-MDBT Radke et al. 1986
Dimethyldibenzothiophene ratio DMDR 4,6-DMDBT/(3,6+2,6-DMDBT) George et al. 2001
Methylpyrene ratio MPyR 4-MPy/1-MPy
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7.3. TICs for BCC28 aromatics
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Figure 7.3: TIC of the combined second and third extracts of sample BCC28. Decreased peak size earlier in the chromatogram indicates lower proportions of

lighter hydrocarbons.
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7.4. Methylfluorenes: variability with depth
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Figure 7.4: Variation of fluorene and methylfluorenes with depth in DM Callala DDHI, calculated as a % of
their total.
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7.5.

Depth

% total methylfluoranthenes

and peak identification

Methylfluoranthenes: variability with depth, ternary diagram data
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Figure 7.5: Variation of methylfluoranthenes in DM Callala DDH1, as a % of their total.
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7.6. Benzo[a]anthracene, triphenylene and chrysene depth and ternary

diagram data
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Figure 7.7: Variation of benzo[a]anthracene, triphenylene and chrysene in DM Callala DDH1, calculated as a
% of their total.
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7.7. Methyldibenzofurans: variability with depth, ternary diagram data
and peak identification
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Figure 7.9: Variation of methyldibenzofuran (MDBF) isomer proportions in DM Callala DDHI1, calculated as
a % of their total.
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