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Abstract 

The Permian Roseneath Shale, Epsilon Formation, and Murteree Shale comprise a 

~ 140 m thick succession (informally known as the REM strata) within the Cooper 

Basin of South Australia and Queensland. This succession hosts important 

conventional and unconventional gas plays. An integrated study of the 

sedimentology, facies architecture, sequence stratigraphy, and related 

geochemical data allows an understanding of the paleogeographic evolution of the 

basins that provides a perspective on the petroleum potential of the REM strata. 

Previous studies of the REM strata have tended to be localised in nature whereas 

this study provides a regional perspective on the facies distribution, stacking 

patterns and regional sequence stratigraphic framework allowing a better 

understanding of the evolution of the sedimentary environments and the 

depositional trends.  

Cores from nine wells with a total length of in excess of 1400 m were logged. 

Twelve lithofacies were identified and were further categorised into eight facies 

associations. The REM strata are interpreted as a fluvial-deltaic-lacustrine system 

with glacial influences. The Roseneath and Murteree Shales were deposited in a 

widespread lake with dominant rhythmites and claystones whereas the Epsilon 

Formation formed in a transitional environment with a mixture of fluvial, deltaic, 

shoreface and mire environments.  

Sequence stratigraphic analysis indicates that the REM strata were deposited 

within two 1st-order Transgressive-Regressive (T-R) sequences that can be further 

separated into four sequence units: SU1, SU2, SU3, and SU4. 2nd-order 
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transgressive and regressive cycles are present within each stratigraphic unit. The 

depositional history of the REM is divided into four phases: I, II, III, and IV, 

which were mostly controlled by basin subsidence, lake level, and paleo-climate. 

Coals within the Epsilon Formation are characterised by low ash and sulphur 

content, and great continuity, which were most likely raised mires. The 

distribution of siderites and pyrites within the REM strata suggests that the 

Patchawarra Trough was likely a closed or restricted lake while the lake in the 

Nappamerri Trough may have had occasional connections with the marine realm 

to the east. Further elemental and isotopic analyses of siderites can reveal 

important information on marine influences.   

Petroleum plays with the REM strata are arguably part of a continuous gas 

accumulation and additional evidence is needed to confirm this hypothesis. The 

southern flank of the GMI Trend, east Nappamerri Trough, and some major basin 

highs are prospective areas for conventional structural, stratigraphic, and 

combination traps. Unconventional petroleum potential (shale gas, deep coal seam 

gas, and tight gas) is relatively limited in terms of current extraction techniques. 

Compared to North American shale gas plays, the Roseneath and Murteree Shales 

appear to be not as favourable for gas production due to the low organic content 

and high ductility. The potential of coal seam gas in the REM strata is limited by 

its ultra-deep burial and thin nature of the coal seams.  
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Chapter 1 Introduction 

1.1 Contextual statement 

This thesis examines a series of fluviodeltaic to lacustrine sediments within the 

Permian Roseneath-Epsilon-Murteree (REM) strata of the Cooper Basin in 

Australia. As the largest onshore gas and oil producer in the Australia, the Cooper 

Basin has been explored and developed for nearly 60 years, thus having the 

richest datasets of any onshore sedimentary basin in Australia. Several studies 

have been conducted with a focus on the Patchawarra Formation, which is the 

major gas-producing unit. The mudstone-dominated REM strata, in comparison, 

has received relatively little attention. With the global interest over the last 

decade, the REM strata were considered the most feasible shale gas play in 

Australia and was explored by petroleum companies. Although there have been 

some localised studies on the REM strata, a solid, regional sequence stratigraphic 

framework for the REM strata is less developed compared to the underlying 

Patchawarra Formation. In particular, there has been relatively little effort focused 

on the regional facies distribution and stacking patterns in the mudstone-

dominated REM strata, which is key to understanding the sedimentary process 

and depositional trends during deposition.  

This is the first study in which the REM interval has been regionally described 

and studied in detail across the entire basin. The rich dataset of the Cooper Basin 

provides a great opportunity to study sedimentary processes, sequence 

stratigraphy, and the petroleum potential of the REM strata integrating 
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sedimentologic, stratigraphic, geochemical, and petrophysical knowledge. This 

multidisciplinary study aims to improve the understanding of the lithofacies 

distribution, facies architecture, depositional trends, and paleogeography of the 

REM strata, leading to a better perception and prediction of reservoir, source, and 

seal rocks. By enhancing our understanding of the Roseneath and Murteree shales, 

this will allow better comparisons to be made with similar gas shales across the 

world.  

The thesis is divided into the following chapters. Chapter 1 provides a synopsis of 

the entire study and defines the problems, aims, and objectives. Chapter 2 is a 

detailed literature review related to this study, which primarily covers the existing 

research on the geology of the Cooper Basin and the REM strata. Chapter 3 

describes the data and methodology utilised in the study. Chapter 4 details 

identified lithofacies and facies associations from cores, electrofacies from 

wireline logs, and interpreted paleo-environments. Chapter 5 describes the 

established regional sequence stratigraphic framework from well correlation and 

areal distribution of stratigraphic units. Chapter 6 portrays the reconstructed 

paleogeography, controls on deposition, and evolution of the basin during the 

Kungurian to Wordian stage of the Permian. Chapter 7 tentatively explores the 

petroleum potential of the formations, especially their unconventional potential. 

The final chapter (Chapter 8) summarises the study, details the conclusions, and 

makes some recommendations for further work.  

1.2 Research aims and objectives 

The major aims of this study of the Roseneath-Epsilon-Murteree strata (REM) of 

the Cooper Basin are:  
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1) To document the vertical and lateral facies distribution and 

heterogeneity and interpret sedimentary processes and depositional 

environments. 

2) To build a regional sequence stratigraphic framework through 

multidisciplinary studies.  

3) To reconstruct the paleogeography and provide an understanding of 

controls on the ancient depositional system. 

4) To suggest implications for potential plays and petroleum potential. 

In order to achieve these aims, a series of steps were defined:  

1) Collect as much stratigraphic data as possible in the form of cores, 

wireline logs, palynology, chemostratigraphy, geochemistry, and 

petrology.  

2) Make detailed sedimentological descriptions of cores and undertake 

facies analysis to interpret sedimentary processes and depositional 

environments. 

3) Calibrate cores with wireline logs, conduct electrofacies analysis to 

identify electrofacies assemblages, and relate them to depositional 

environments.  

4) Identify key sequence stratigraphic surfaces from cores and wireline 

logs, and correlate wells across the basin to establish a sequence 

stratigraphic framework supported by SGR, palynology, and 

geochemistry data.  

5) Map regional lithologies across the basin and generate isopach, 

lithology thickness, and percentage maps for stratigraphic units.  
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6) Construct paleogeographic maps and establish their link to autogenic 

and allogenic controls.  

7) Assess the petroleum potential, especially of the shale gas with 

comparison to North American gas shales.  
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Chapter 2 Background and Literature Review 

2.1 Study area 

The Pennsylvanian-Middle Triassic Cooper Basin is an intracratonic basin in 

northeastern South Australia and southwestern Queensland (Figure 2.1). It has an 

area of ~127,000 km2 (Stuart, 1976) and is up to 2400 m thick (Gravestock and 

Jensen-Schmidt, 1998). The Cooper Basin unconformably overlies the Cambrian-

Devonian Warburton Basin in the southwest and Carboniferous granitic 

intrusive/associated metasediments in the northeast (Battersby, 1976; Gatehouse, 

1986). The Cooper Basin succession is completely overlain by strata that is up to 

2600 m thick belong to the Jurassic–Cretaceous Eromanga Basin and Cenozoic 

Lake Eyre Basin (Gravestock and Jensen-Schmidt, 1998).  

The Cooper Basin is often grouped with the overlying Jurassic–Cretaceous 

Eromanga Basin and together they form Australia’s largest onshore producer of 

gas and oil from conventional reservoirs (APPEA, 2018). The Cooper Basin is 

predominantly gas producing with a considerable light liquid component (Heath, 

1989; Heath et al., 1989). Petroleum production in the Cooper Basin over the past 

60 years has come from eight formations, predominantly from the Pennsylvanian–

Permian Gidgealpa Group (Boreham and Hill, 1998). To date, more than 3816 

petroleum wells have been drilled within the Cooper Basin area (Geoscience 

Australia, 2015), and as a result, the Cooper Basin has the richest datasets of any 

onshore sedimentary basin in Australia (Carr et al., 2016). Latest assessment 

result of the Cooper and Eromanga basins indicates that they have a mean total 
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undiscovered, technically recoverable conventional resource of 68 million barrels 

of oil, 964 billion cubic feet of gas and 19 million barrels of natural gas liquids, 

(Schenk et al., 2016b). 

 

Figure 2.1: Geologic context of the Cooper Basin, showing the location and structural elements. 

Adapted from Hall et al. (2015).  

As production from conventional reservoirs declines, petroleum companies have 

been pursuing a range of new unconventional plays in the Cooper Basin, 

especially over the last decade. These include deep coal seam gas associated with 
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the Patchawarra and Toolachee Formations, extensive tight gas accumulations in 

the Gidgealpa Group, and shale gas in the Roseneath-Epsilon-Murteree (REM) 

play (Goldstein et al., 2012; Menpes et al., 2013; Greenstreet, 2015). The most 

recent estimated result from the USGS shows that the Cooper Basin contains 

mean continuous (unconventional) resources of 482 million barrels of oil, 29.8 

trillion cubic feet of gas, and 80 million barrels of natural gas liquids (Schenk et 

al., 2016a). 

2.2 Previous work 

The REM strata in the Cooper Basin were first described by Kapel (1972) as the 

“Moomba Formation”, which was later separated and raised to three different 

formations by Gatehouse (1972). Thornton (1978) later accomplished the first 

basin-wide lithofacies study of the REM and reconstructed paleogeographic maps 

delineated from palynologic stages, though in a very rough way. Structural 

influence on the sedimentation and stratigraphy of Cooper Basin was firstly 

explored by Apak (1994) and Apak et al. (1997) using wireline logs, seismic 

interpretation, and palynology. As a result, formation-scale chronological 

framework for the REM in formation scale was constructed in the Gidgealpa-

Merrimelia-Innamincka (GMI) Trend (Apak et al., 1993), Dunoon, Murteree, and 

Della-Nappacoongee ridges (commonly known as the MN Trend) (Apak et al., 

1995), and some other areas (Apak, 1994). Gravestock et al. (1998b) conducted 

the first comprehensive regional study of the lithology, distribution, 

sedimentology, paleo-environment and stratigraphy of the REM for the South 

Australia area and a similar study for the Queensland area was later accomplished 

by Draper (2002). The most recent regional study from Hall et al. (2015) provides 
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a more detailed overview of the architecture, tectonic evolution, and 

lithostratigraphy of the REM strata and characterises the formation extent and 

thickness through a regional 3D geologic model with updated data coverage 

across the Cooper Basin. These and other major contributions to the 

sedimentology and/or stratigraphy of the REM strata in the Cooper Basin are 

listed in Table 2.1.  

As defined, the Roseneath and Murteree Shales are comprised of lacustrine 

mudstones, whereas the Epsilon Formation consists of sandstones with 

interbedded shale and coal seams deposited in a fluviodeltaic setting. The 

mudstones were most likely to be deposited in a broad, deep lake during periods 

of transgression (Gravestock et al., 1995), however other possible depositional 

environments have been proposed, including an open basin with access to the sea 

to the east (Stuart, 1976), and a restricted sea with access to the open ocean from 

the south (Thornton, 1978). 

As the Epsilon Formation is an important hydrocarbon reservoir, especially in 

southwest Queensland, it has received much more attention than the other two 

units. Smith (1987) specifically studied the Epsilon Formation in the Toolachee 

Field and identified 15 facies and 4 genetic units within. In order to characterise 

the Epsilon Formation in the Moomba-Big Lake area, Lang et al. (2000) used both 

ancient and modern analogues and divided the Epsilon Formation from log 

signatures into eleven deltaic cycles, separated by major flooding surfaces. Lang 

et al. (2001a), Ceglar (2002), and Lang et al. (2002) were the first to apply the 

principle of sequence stratigraphy to the Epsilon Formation and Murteree Shale in 

the Baryulah Complex, southwest  
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Table 2.1: Comprehensive list and summary of previous investigations of the REM strata in the Cooper Basin that discuss sedimentology or stratigraphy. 

Author (year) Type of study Key notes  

Kapel (1972) Peer-reviewed Publication Collectively called the REM strata as "Moomba Formation.” 

Gatehouse (1972) Peer-reviewed Publication Raised the Roseneath Shale, Epsilon Formation, and Murteree Shale to formation status. 

Thornton (1978)  Peer-reviewed Publication First regional sedimentologic study of the REM strata across the entire basin despite in fewer 

details;  

Correlated the REM formations across the basin;  

Reconstructed the paleogeography. 

Smith (1987) Honours Thesis Local study of the Epsilon Formation;  

Identified 15 facies, then classified into four genetic units;  

Two major fluvial events are found. 

Apak et al. (1993)  Peer-reviewed Publication Local study in the GMI Trend and Patchawarra Trough; 

Focused mainly on the Patchawarra Formation, a little on the REM strata;  

Further consolidated previous understanding about the deposition of REM;  

Established a palynological framework in formation scale. 

Apak (1994) PhD Thesis Local study in the Moomba/Big Lake area and Murteree high;  

Focused mainly on the Patchawarra Formation, a little on the REM;  

Established a palynology-controlled framework on formation scale;  

Not much detail on the sedimentology and sequence stratigraphy. 

Apak et al. (1995)  Peer-reviewed Publication Local study in the Nappamerri Trough and MN Trend areas;  

Focused mainly on the Patchawarra Formation, not much on the REM. 

Apak et al. (1997)  Peer-reviewed Publication Focused mainly on the Patchawarra Formation but also discussed transgression-regression cycles 

during deposition of the REM strata.  

Gravestock et al. (1998b)  South Australia Report Book The first detailed and comprehensive summary of the sedimentology and sequence stratigraphy 

of the REM strata, including lithology, distribution and palynology zones, etc. 
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Author (year) Type of study Key notes  

Lang et al. (2000)  Peer-reviewed Publication Local study of the Epsilon Formation in the Moomba-Big Lake area;  

The first study with a sequence stratigraphic perspective;  

The Epsilon Formation is divided into eleven deltaic cycles based on log signatures; 

A major flooding surface divided the Epsilon into lower and upper units. With no correlation 

across the area. 

Lang et al. (2001a)  Peer-reviewed Publication Further study of the Epsilon Formation in the Moomba-Big Lake area in the view of sequence 

stratigraphy;  

The Epsilon Formation is interpreted to be deposited as a complete sequence, includes Lowstand 

Systems Tract, Transgressive Systems Tract, and Highstand Systems Tract;  

UC00 as the sequence boundary; TC 50 is the maximum flooding surface; TC00  is another 

transgressive flooding surface. 

Nakanishi and Lang (2001b)  Peer-reviewed Publication Local study of the Patchawarra, Epsilon and Toolachee Formations in the Pondrinie structural 

high; 

Identified six sedimentary facies and divided them into TST, HST and TST by the MFS and SB;  

Established a sequence stratigraphic framework in the Pondrinie area.  

Nakanishi and Lang (2001a)  Peer-reviewed Publication Similar study to the Nakanishi and Lang (2001b); 

The Murteree Shale and Epsilon Formation belong to the a 2nd sequence: Sequence 20, which 

includes a transgressive systems tract (TST20) and a highstand systems tract (HST20).  

Lang et al. (2002)  Conference Proceeding Mostly similar to the Lang et al. (2000).  

Ceglar (2002) MSc Thesis Local study of the Patchawarra, Murteree Shale, Epsilon and Toolachee Formations in the 

Baryulah area, using wireline-log data, cores and seismic data and divided the strata into 17 time-

rock units.  

Draper (2002) Queensland Report Book Similar to that of the Gravestock et al. (1998b), but with major description of the Cooper Basin in 

QLD.  

Lang et al. (2002) Peer-reviewed Publication Local study of the Epsilon Formation in the Baryulah Complex; included in the Ceglar (2002); 

Epsilon Formation belongs to a 3rd HST and could be further divided into TST and HST two 4th 

order sequence. 
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Author (year) Type of study Key notes  

Nakanishi and Lang (2002)  Peer-reviewed Publication Local study in the Moorari and Pondrinie areas;  

Identified six sedimentary facies in the Patchawarra, Murteree, Epsilon, and Toolachee 

formations, and divided them into three second-order sequences: sequence 10, sequence 20, and 

sequence 30. 

Nakanishi (2002) PhD Thesis Similar to the Nakanishi and Lang (2001a, 2001b, 2002). 

Matali (2013) Master Thesis Local study of the Roseneath Shale in the Patchawarra Trough of the southwestern Cooper 

Basin;  

Interpreted five depositional environments and divided the Roseneath Shale into two units with a 

flooding surface between: APP41a unit, APP41b unit;  

Reconstructed the paleogeography during the deposition of the Roseneath Shale.  

Trembath et al. (2015)  Conference Presentation Local study of the Permian deposition of the Cooper Basin in the eastern Nappamerri Trough;  

Integration of wireline logs, cores, chemostratigraphy, image logs to study the stratigraphic 

framework;  

Identified five lithofacies within the REM and reconstructed their distribution.  

Hall et al. (2015) Geoscience Australia Record Book Similar to the Gravestock et al. (1998b) but with integration of updated data and extension to the 

northeastern Cooper Basin in the Queensland;  

A more detailed overview of the architecture, tectonic evolution, and lithostratigraphy of the 

REM strata and characterises the formation extent and thickness across the entire basin.  

Jadoon et al. (2017)  Peer-reviewed Publication Identified four lithofacies within the Roseneath and Murteree Shales from core samples in two 

wells;  

Reconstructed the depositional environment and studied the evolution on a formation scale. 
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Queensland and interpreted them as a 3rd order HST, which was further divided 

into a 4th order TST and HST. This methodology was later applied to several other 

areas, including the Pondrinie (Nakanishi and Lang, 2001b), Moorari (Nakanishi 

and Lang, 2001a), Merrimelia (Nakanishi, 2002; Nakanishi and Lang, 2002) 

areas, which greatly enhanced the understanding of local reservoir architecture 

and basin evolution.  

High resource prices and the commercial success of North American gas shales 

plays has increased attentions in potential unconventional resources in the REM 

play (Kuuskraa et al., 2013). Ahmad and Haghighi (2012) studied the mineralogy 

of two Roseneath and Murteree shale samples using Quantitative Evaluation of 

Minerals by Scanning Electron Microscopy (QEMSCAN) and Computed 

Tomography (CT) techniques. Based on wireline log and palynology, Matali 

(2013) divided the Roseneath Shale in the southwestern Patchawarra Trough into 

the lower regressive APP41a and upper transgressive APP41b units. Trembath et 

al. (2015) further integrated core analysis, wireline logs, image logs, and 

chemostratigraphy to determine the facies distribution of the Permian strata in the 

eastern Nappamerri Trough. This study greatly improved the understanding of 

Permian deposition, including the REM strata, in the Nappamerri Trough though 

in a lithostratigraphic/ chemostratigraphic framework. Most recently, Jadoon et al. 

(2017) undertook a detailed lithofacies study focusing on the Roseneath and 

Murteree Shales and identified four distinct lithofacies within the cores from the 

Dirkala-2 and Moomba-46 wells: siliceous mudstone, silty siliceous mudstone, 

organic siliceous mudstone, and calcareous siliceous mudstone. The shale units 

are dominated by the siliceous and organic siliceous mudstone lithofacies. Jadoon 
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et al. (2017) also constructed a depositional model to illustrate the deposition 

process of the REM strata in the lake.  

2.3  Regional geology 

2.3.1 Structural setting 

The Cooper Basin is separated by a series of northwest–southeast trending ridges, 

known as the Jackson–Naccowlah–Pepita (JNP) Trend, into northeastern and 

southwestern areas (Figure 2.1), which have different structural elements and 

sedimentary histories (Heath, 1989; Gravestock and Jensen-Schmidt, 1998; 

McKellar, 2013). The southwestern Cooper Basin generally has deeper 

depocentres and a thicker succession than the northeastern area (Gravestock and 

Jensen-Schmidt, 1998). The complex structural fabric in the northeastern Cooper 

Basin appears to have been inherited from basement features, but was reactivated 

and superimposed on the Cooper Basin succession post-deposition during and 

after the late Cretaceous (Hoffmann, 1989; Gravestock and Jensen-Schmidt, 

1998).  

2.3.1.1 Ridges 

Ridges that are referred to in this thesis relate to elevated features up to 30 km 

long by 10 km wide either with structural or topographic origin (Gravestock and 

Jensen-Schmidt, 1998). The Jackson–Naccowlah–Pepita (JNP) Trend aligns west-

northwest to east-southeast in the Queensland and extends to the southeast beyond 

the Cooper Basin. It divides the Cooper Basin into northeastern and southwestern 

areas (Figure 2.1). 



Chapter 2 Background and Review of Relevant Literatures 

14 

In the southwestern part, the most prominent ridges are the Gidgealpa, 

Merrimelia, Packsaddle and Innamincka ridges (Figure 2.1) (Gravestock and 

Jensen-Schmidt, 1998; McKellar, 2013). They are, for the greater part, located 

partly in line and partly en-echelon, forming an arcuate southwest-northeast 

trending ridge complex (GMI Trend). Each ridge is asymmetric with major faults 

bounding the north margin and minor faults on the south margin (Gravestock and 

Jensen-Schmidt, 1998). The Dunoon, Murteree, and Della-Nappacoongee ridges 

(commonly known as the MN Trend) are in the southernmost part of the basin 

(Figure 2.1) (Gravestock and Jensen-Schmidt, 1998; McKellar, 2013). The north-

south striking Tinga Tingana Ridge stretches from the Dunoon Ridge to the 

southern margin of the Cooper Basin and separates the Weena Trough from the 

rest of the Cooper Basin (Figure 2.1) (Gravestock and Jensen-Schmidt, 1998).  

The ridges in the northeastern part of the basin mainly consist of a series of 

northwest-trending, north-trending, and northeast to north-northeast trending 

features, but are generally less prominent than those in the southwestern basin 

(Figure 2.1) (Hoffmann, 1989; Gravestock and Jensen-Schmidt, 1998; McKellar, 

2013).  

2.3.1.2 Troughs 

Troughs that are referred to in this thesis relate to the major depressions of either 

structural or topographic origin (Gravestock and Jensen-Schmidt, 1998). The 

three major troughs in the southwestern part of the basin (Patchawarra, 

Nappamerri and Tenappera troughs) are separated by the GMI and MN trend 

ridge complexes, which approximately align northeast–southwest, and are parallel 

to the main depositional axis of the basin (Figure 2.1) (Gravestock and Jensen-
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Schmidt, 1998). The Nappamerri Trough is over 4400 m deep and contains the 

thickest sedimentary succession (~2400 m) in the Cooper Basin (Gravestock and 

Jensen-Schmidt, 1998). Despite a significant amount of strata missing due to non-

deposition or erosion, the Patchawarra Trough still has a thickness of over 1000 m 

of Cooper Basin strata (Gravestock and Jensen-Schmidt, 1998). The Tenappera 

Trough, to the south of the Nappamerri Trough, also contains over 1000 m of 

Permian-Carboniferous strata of (Figure 2.1) (Gravestock and Jensen-Schmidt, 

1998). Some troughs in the southwest, including the Wooloo, Allunga, and Weena 

troughs (Figure 2.1), also have a considerable thickness of Cooper Basin strata. In 

the northeastern part of the Cooper Basin, the Permian succession is thinner than 

in the southwest, and major depocentres, including the Arrabury Trough, 

Windorah Trough and Ullenbury Depression (Figure 2.1), are generally less well 

defined (Draper, 2002; McKellar, 2013). 

2.3.2 Tectonic evolution 

The tectonic evolution of the Cooper Basin occurred in three phases: 1) The 

development of pre-Permian existing basement structure, 2) Syn-depositional 

structural growth events during the Permian-Triassic periods, and 3) Post-

depositional structuring events (Figure 2.2) (Hall et al., 2015). Reactivation of 

pre-existing basement architecture has had a major structural influence on the 

Cooper Basin, whereas the basin floor morphology controlled early depositional 

patterns in the basin (Apak et al., 1995; Gatehouse et al., 1995; Gravestock and 

Jensen-Schmidt, 1998). 
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Figure 2.2: Time-space plot (left) showing the vertical superimposition of basins and planar 

distribution (right) of pre-Permian geologic provinces in the Cooper Basin region. The boundaries 

of Eromanga and Lake Eyre basins are outside of the study area thus are not included in this 

figure. Adapted from Hall et al. (2015) and Kulikowski et al. (2015). 

2.3.2.1 Pre-Permian basement evolution 

The pre-Permian basement to the Cooper Basin consist of a series of sedimentary 

basins and metamorphic terrains that have been subject to some igneous activity. 

The Cambrian-Ordovician metasedimentary rocks of the Thomson Orogen, a 

component of the Tasmanides of eastern Australia, underlie the eastern part of the 

Cooper Basin (Purdy et al., 2013). The southwestern boundary of the Thomson 

Orogen remains unclear (Purdy et al., 2013), where it transitions into the coeval 

Warburton Basin (Figure 2.2). The Warburton Basin underlies the central and 

western Cooper Basin and mainly consists of sedimentary and volcanic rocks that 

have been subjected to deformation and erosion during the Silurian Alice Springs 

Orogeny phase 1 (Gatehouse, 1986; Champion et al., 2009). The North Flinders 

arm of the Adelaide Rift System may underlie the southern part of the Cooper 
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Basin (Meixner et al., 2012). Significant palaeotopographic ridges formed as a 

result of thrusting of the upper Warburton succession. This may have created 600 

m relief between depocentres by the time of initial glacial deposition in the 

southwestern Cooper Basin area (Gatehouse, 1986; Champion et al., 2009). A 

mega-bolide impact later resulted in a large area of metamorphism under the 

southwestern part of the Cooper Basin and triggered crustal rebound and 

subsequent rise of the eastern Warburton Basin (Glikson et al., 2013). Parts of the 

northeast Cooper Basin intersect or overlie the Devonian Adavale Basin which 

formed in the early Devonian as a intracontinental volcanic rift basin and 

terminated with NW-SE orientated contraction related to third phase of the Alice 

Springs Orogeny (Figure 2.2) (McKillop et al., 2007; McKellar, 2013; McKillop, 

2013).  

Two periods of granite emplacement, one in the Silurian and the other in the 

Carboniferous, have been inferred prior to the onset of deposition of the Cooper 

Basin (Figure 2.2) (Draper et al., 2004). Initial dated results from granites in the 

southwest Queensland indicate a Silurian-Devonian age (Murray, 1986; Murray, 

1994), while granites intersected in South Australia, generally referred as the Big 

Lake Suite (BLS), are mostly of Carboniferous age (Gatehouse et al., 1995). Later 

zircon dating from the BLS granite further confirms the two periods of granite 

emplacement (Marshall, 2014; Middleton et al., 2014). Granodiorites of the BLS 

are enriched with heat-producing elements that are commonly believed to be the 

reason for the present day thermal anomaly in the Nappamerri Trough (Middleton, 

1979; Beardsmore, 2004; McLaren and James Dunlap, 2006; Meixner et al., 

2012).  
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2.3.2.2 Permian-Triassic Cooper Basin 

The Cooper Basin formed in an intraplate setting, well inboard of the convergent 

plate margin affecting eastern Australia (McKellar, 2013). Although the basin is 

relatively well studied, researchers still have not reached a consensus about the 

basin’s origin (McKellar, 2013). Despite that the Cooper Basin was considered as 

an intracratonic sag basin due to thermal subsidence from deep mantle processes 

or high heat flow from the BLS (Kapel, 1966; Battersby, 1976; Hill and 

Gravestock, 1995), it does not have typical circular geometry characteristics of 

this subsidence mechanism. Other authors have proposed a variety of tectonic 

models for basin development, including extension (Stanmore, 1989; Evans et al., 

1990), contractional tectonism (Kuang, 1985; Wopfner, 1985; Apak et al., 1997; 

Sun, 1997), and dextral strike-slip tectonics (Kantsler et al., 1983; Middleton and 

Hunt, 1989). 

With the lifespan of the Cooper Basin spanning over 100 Ma, it is most likely that 

it is a polyphase basin which experienced both contractional and extensional 

events during its evolution (Hall et al., 2015). The first phase of subsidence 

occurred in the Pennsylvanian after a phase of granite emplacement (Gravestock 

and Jensen-Schmidt, 1998; Draper, 2002). The pre-existing landscape, i.e. glacial 

geomorphology, was likely to have played some role in controlling the 

sedimentation (Merrimelia Formation and Tirrawarra Sandstone) (Gravestock and 

Jensen-Schmidt, 1998; Cubitt, 2000). After the waning glaciation and post-

glaciation, there was a time of widespread peat swamps (Patchawarra and Epsilon 

Formations) and lacustrine deposition (Murteree and Roseneath Shales) with 

relative quiescence through most of the remaining Permian. However, two 
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episodes of minor tectonic uplift, indicated by the development of local 

unconformities on structural highs within the middle and upper Patchawarra 

Formation, occurred during this period (Apak et al., 1997). A phase of mechanical 

extension in the east, which commenced in the late Pennsylvanian, and a phase of 

subsidence due to thermal relaxation were likely to have a far field effect on 

subsidence in the Cooper Basin (Hall et al., 2015).  

Structural growth of the basement ridges commenced in the early to mid-Permian, 

forming the Daralingie Unconformity (Heath, 1989; Apak et al., 1997). This 

tectonic event had negligible effects in the troughs but eroded strata from some 

ridges, including the GMI, MN, and JNP trends (Hill and Gravestock, 1995; 

Alexander et al., 1998; Draper, 2002). The northwest-southwest trending JNP 

trend developed as a strike-slip structure whereas the northeast-southwest oriented 

GMI and MN ridges formed as contractional structures as a result of reactivation 

of pre-basement structures (Apak et al., 1997).  

The Cooper Basin subsided again for a second time in the late Permian and 

deposited the extensive Toolachee Formation and Nappamerri Group. This was 

likely due to indicate continuing crustal thermal subsidence (Draper, 2002) 

despite minor contractional events occurred during the deposition of the 

Toolachee Formation (Apak et al., 1997). It is possible that the far field effects 

from coeval foreland loading in the east coast also had some effects on subsidence 

of the Cooper Basin (Hall et al., 2015).  

During deposition of the Tinchoo Formation in the middle Triassic, tectonism 

recommenced and caused the basin to tilt towards northwest, which is suggested 

from the thickening of the Nappamerri Group to the north and erosion in the 
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southern areas (Apak et al., 1995; Gravestock and Jensen-Schmidt, 1998). A final 

phase of tectonic reactivation, uplift, and erosion in the late Triassic, caused by 

apparent northeast-southwest contraction, terminated deposition in the Cooper 

Basin and formed the major post-Nappamerri Unconformity (Kuang, 1985; Apak 

et al., 1997; Gravestock and Jensen-Schmidt, 1998; McKellar, 2013).  

2.3.2.3 Post-depositional evolution 

Deposition in the Eromanga Basin was initiated in the early Jurassic with 

subsidence resulting from down-warping (Thornton, 1979; Alexander and 

Sansome, 1996). The early Jurassic to mid-Cretaceous succession of the 

Eromanga Basin strata is relatively thin but continuous and extensive. It extends 

well beyond the limit of the Cooper Basin and covers much of eastern Australia 

(Gravestock and Jensen-Schmidt, 1998). More than 2500 m of strata were 

deposited in the central Eromanga depocentre overlying the Cooper Basin 

(Alexander et al., 1998). The sedimentary succession of the Eromanga Basin can 

be divided into four main depositional stages (Gray et al., 2002; Cook and Jell, 

2013). Several subsidence mechanisms, including deep crustal metamorphism 

(Middleton, 1980), subduction-related dynamic tilting, thermal decay (Gallagher, 

1990; Gallagher et al., 1994), sediment loading (Gallagher, 1990), and tectonic 

events from plate movement (Kuang, 1985; Russell and Gurnis, 1994), were 

proposed to account for the formation of Eromanga Basin. The cessation of the 

Eromanga Basin deposition is marked by the erosion of a large part of the Winton 

Formation during the late Cretaceous-Tertiary, which is attributed to a widespread 

compressional uplift driven by accelerated spreading and increased rotation of the 
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Australia-Antarctica plate boundary (Moore and Pitt, 1984; Kuang, 1985; Draper, 

2002). 

The Cenozoic Lake Eyre Basin overlies the Eromanga Basin. Strata in the basin is 

less than 300 m thick over the Cooper Basin region (Ransley and Smerdon, 2012) 

and contains fluvial and lacustrine sediments (Alley, 1998). The Lake Eyre Basin 

is characterised by continued compressional uplift and exhumation with several 

periods of sedimentation (Moore and Pitt, 1984; Mavromatidis, 1997). The 

compressional uplift continued rejuvenation of pre-existing faults and further 

enhanced structures in the Cooper Basin (Apak, 1994). 

2.3.3 Stratigraphy and sedimentology 

The Cooper Basin went through several regressive and transgressive cycles as it 

responded to structural reactivation and down-warping periods (Kuang, 1985; 

Veevers and Powell, 1987; Apak, 1994). Stratigraphically, the Cooper Basin is 

divided into two groups; the Pennsylvanian to late Permian Gidgealpa Group, and 

the early to middle Triassic Nappamerri Group (Figure 2.3) (Alexander et al., 

1998). The Gidgealpa Group consists of glacial deposits that transition into mire, 

fluvial and lacustrine deposits (Alexander et al., 1998; McKellar, 2013). The 

overlying Triassic Nappamerri Group is dominated by fluvial deposits (Alexander 

et al., 1998; McKellar, 2013).  
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Figure 2.3: Stratigraphy of the Cooper Basin, showing geologic age, units, palynology zones, 

lithology, depositional environments, conventional petroleum occurrences and identified source 

rocks. Grey area highlighting the studied formations (REM strata). Adapted from Hall et al. 

(2015).  
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2.3.3.1 Gidgealpa Group 

The Gidgealpa Group (oldest to youngest) consists of Merrimelia Formation, 

Tirrawarra Sandstone, Patchawarra Formation, Murteree Shale, Epsilon 

Formation, Roseneath Shale, Daralingie Formation, and Toolachee Formation 

(Figure 2.3) (Alexander et al., 1998). It is entirely nonmarine, initially of glacial 

origin and is characterised by coal measures that are separated by lacustrine shales 

(Alexander et al., 1998). The Gidgealpa Group unconformably overlies middle 

Carboniferous and older sedimentary, igneous and metamorphic rocks and is 

conformably overlain by the Nappamerri Group or disconformably by the 

Eromanga Basin (Alexander et al., 1998). The Gidgealpa Group is the thickest to 

the south of the JNP trend, reaching up to 1700 m in the Nappamerri Trough and 

over 750 m in the Patchawarra Trough (Gray and McKellar, 2002; McKellar, 

2013). The group thins to the northwest, with intersected thicknesses reaching 

350–450 m immediately north of the JNP trend. In the Windorah Trough and 

Ullenbury Depression, the Gidgealpa Group thickness ranges between 50 and 170 

m (Gray and McKellar, 2002; McKellar, 2013). 

The basal units of the Gidgealpa Group; the Merrimelia Formation and Tirrawarra 

Sandstone, are terminoglacial, proglacial and glaciofluvial deposits (Alexander et 

al., 1998). The Merrimelia Formation is a heterolithic proglacial unit with 

numerous lithotypes (Alexander et al., 1998; McKellar, 2013). The Tirrawarra 

Formation consists of sandstone, conglomerate with minor shale interbeds and 

rare thin coal seams and stringers (Gatehouse, 1972; Kapel, 1972; McKellar, 

2013). It is interpreted as reworked terminoglacial braided stream deposits (Kapel, 

1972; Battersby, 1976). The Merrimelia Formation and Tirrawarra Sandstone 
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unconformably overlie Warburton Basin strata and interfinger with each other, 

which records the successive advancement and retreat stages of the continental 

glaciers (Alexander et al., 1998).  

The Patchawarra Formation is the first formation that was extensively deposited 

across the entire Cooper Basin covering an area of ~69,600 km2 (Hall et al., 

2015). It is the thickest unit of the Gidgealpa Group, with an average thickness of 

~130 m and a maximum thickness > 680 m in the Nappamerri Trough (Hall et al., 

2015). The Patchawarra Formation overlies/interfingers with the glacial sediments 

of the Tirrawarra Sandstone/Merrimelia Formation, or unconformably directly 

overlies pre-Permian basements (Alexander et al., 1998; McKellar, 2013). The 

Patchawarra Formation mainly consists of interbedded sandstone, siltstone, shale, 

and coal deposits (Gatehouse, 1972; Kapel, 1972). Overall, the Patchawarra 

Formation is transgressive and can be roughly divided into three units (Apak, 

1994). The basal Patchawarra unit is a post-glacial sand-dominated unit with 

minor siltstones and coals. The middle unit is a meandering fluvial deposits of 

channel belt, floodplain/lacustrine, peat mire and crevasse splay facies 

assemblages (Alexander et al., 1998). The upper Patchawarra unit is similar to the 

middle unit but with increased floodplain and peat mire deposits due to 

subsequent lacustrine transgression (Gravestock and Jensen-Schmidt, 1998).  

The Murteree Shale marks the end of the first fluvial phase and the beginning of 

two lacustrine transgressive/regressive cycles of the Murteree-Epsilon-Roseneath-

Daralingie strata (Stuart, 1976; Apak et al., 1995). It conformably overlies and 

interfingers with the Patchawarra Formation and is conformably overlain by the 

Epsilon Formation (Alexander et al., 1998). Both the Murteree and Roseneath 
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shales consist of argillaceous siltstone with minor sandstone (Alexander et al., 

1998; Gray and McKellar, 2002; McKellar, 2013). These were deposited in a 

restricted lacustrine environment evidenced from the presence of horizontally 

laminated siltstone, rare symmetrical ripples , and occasional rhythmites 

(Alexander et al., 1998; Gray and McKellar, 2002). The uniform thickness and 

lithology indicates continual and widespread deposition across the basin. But they 

are absent from the GMI and MN trends due to either non-deposition or later 

uplift erosion (Stuart, 1976; Apak et al., 1995).  

The Epsilon Formation is characterised by sandstone with interbedded siltstone 

and shale, and coal seams that are predominately thin (Gatehouse, 1972; 

Alexander et al., 1998; Gray and McKellar, 2002). It conformably overlies the 

Murteree Shale and intertongues with and is conformably overlain by the 

Roseneath Shale (Alexander et al., 1998). The Epsilon Formation is 

unconformably overlain by the Toolachee Formation where the Roseneath and 

Daralingie strata are not present (Alexander et al., 1998). The Epsilon Formation 

covers an area of over 30,000 km2 and is widespread from the Tenappera Trough 

to the Patchawarra Trough (Hall et al., 2015). However, there is little deposition 

to the north of the JNP Trend and it is absent in the Weena Trough. The strata was 

eroded from the Dunoon and Murteree ridges during the late Permian uplift 

(Alexander et al., 1998). The Epsilon Formation represents an aggradational 

lacustrine delta succession and three major depositional stages have been 

identified within: a lower coarsening-upward fine to medium sand cycle, a coal-

dominated middle stage, and an upper progradational succession of shale and 

sandstone with a few coals (Fairburn, 1992; Alexander et al., 1998; Lang et al., 
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2002). The Epsilon Formation has an average thickness of ~50 m but reaches 200 

m in the Nappamerri Trough (Hall et al., 2015).  

The Daralingie Formation is comprised of interbedded siltstone, mudstone, coal, 

and minor sandstone (Alexander et al., 1998; McKellar, 2013), which was 

deposited by northeasterly prograding delta systems during the recession of the 

“Roseneath Lake” (Stuart, 1976; Thornton, 1978). The Daralingie Formation is 

transitional with and conformably overlies the Roseneath Shale. It was 

subsequently eroded and disconformably overlain by the Toolachee Formation 

after the late Permian uplift in the southern Cooper Basin, thus forming the 

Daralingie Unconformity (Alexander et al., 1998). It covers an area of ~19,300 

km2 and is mostly distributed around the south of the GMI Trend and southwest of 

the JNP Trend (Hall et al., 2015). It has an average thickness of ~50 m and 

reaches up to ~130 m in the Nappamerri Trough (Hall et al., 2015).  

The Toolache Formation is the upper most unit of the Gidgealpa Group and is 

comprised of fluvio-lacustrine interbedded sandstone, mudstone, carbonaceous 

shale with thin coal seams and conglomerates (Kapel, 1972; Gatehouse, 1986; 

Gravestock and Jensen-Schmidt, 1998; Gray and McKellar, 2002). The Toolache 

Formation covers an area of ~88,500 km2 (Hall et al., 2015) and is the most 

widespread of all Permian units in Queensland, which also extends across the 

entire southwestern Cooper Basin (Gray and McKellar, 2002). It has an average 

thickness of 60 m and forms a blanket disconformably over the underlying 

sediments and basement rocks (Hall et al., 2015). However, the Toolachee 

Formation has subsequently been eroded from several ridge crests, including the 

Dunoon and Murteree ridges (Alexander et al., 1998).  
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2.3.3.2 Nappamerri Group 

The late Permian-Triassic Nappamerri Group is comprised of the Arrabury 

Formation and Tinchoo Formation (Figure 2.3) (Powis, 1989). The Nappamerri 

Group covers an area of ~114,000 km2 (Powis, 1989). It conformably overlies the 

Gidgealpa Group and is unconformably overlain by the Eromanga Basin or 

eroded remnants of the late Triassic Cuddapan Formation (Papalia, 1969; Powis, 

1989). The Nappamerri Group has an average thickness of ~200 m and is widely 

distributed across the entire basin (Hall et al., 2015). It is thickest in the 

Nappamerri Trough where it is up to 600 m thick (Beach Energy, 2013). The 

thickness of the Nappamerri Group in the Patchawarra, Arrabury and Windorah 

troughs are in excess of 450 m (Gray and McKellar, 2002). All structural ridges, 

with the exception of the Dunoon and Murteree ridges, are covered by the 

Nappamerri Group. The Nappamerri Group on the margins of the Cooper Basin in 

South Australia is absent  due to either erosion or non-deposition (Gray and 

McKellar, 2002). Deposition of the Nappamerri Group occurred at a high latitude 

similar to that of the Gidgealpa Group but with a humid rather than arid climate 

(Retallack et al., 1996). The Nappamerri Group has been interpreted to transition 

from a floodplain environment with associated ephemeral lakes in low-lands with 

pedogenesis in higher areas (Alexander et al., 1998; Gray and McKellar, 2002). 

2.3.4 Exploration and production history 

In 1945, the A.J. Keast on behalf of the Zinc Corp. Ltd. acquired the first Oil 

Exploration Licence (OEL) in the Cooper Basin (Mackie, 2015) and this was 

followed by Santos and its partners in 1954. The first wildcat well was drilled in 
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1959, Innamincka-1 (Mackie, 2015). Hydrocarbon shows during this drilling 

indicated the oil and gas potential of the Cooper Basin (Mackie, 2015). The 

geologic understanding of the basin was steadily enhanced by the acquisition of 

new seismic data and drilling of more wells (Mackie, 2015). The breakthrough 

came with the success of the first discovery of commercial gas from the 

Gidgealpa-2 well (Mackie, 2015), which attracted more players to the basin and 

accelerated petroleum exploration (Hall et al., 2015; Mackie, 2015). In 1970, 

Bridge Oil made the first Permian oil discovery in the basin in the Tirrawarra 1 

well (Mackie, 2015). More exploration wells were drilled after the discovery of 

natural gas in Moomba-1 well drilled by Delhi-Santos in 1966. These wells 

further proved the large widespread gas reserves in the Cooper Basin, which laid a 

strong foundation for later commercial development (Mackie, 2015). At the same 

time, gas sales to Adelaide started in 1969, then in 1976 to Sydney and finally to 

Brisbane 20 years later (Hall et al., 2015). Ever since then, the exploration and 

development of conventional oil and gas from the Cooper Basin has been 

continuing (Hall et al., 2015).  

Driven by strong interests in newly discovered large unconventional plays and 

high resource prices, exploration activities revived in the Cooper Basin between 

2009 and 2014. A new record of 119 petroleum wells were drilled in the southern 

part of the basin in 2014 (Hall et al., 2015). However, during the period of low 

global oil prices after 2015, activities in the basin began to cool down despite the 

continuing infill gas development drilling and oil discovery appraisals (Hall et al., 

2015).  
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Current conventional gas production comes from gas fields on the flanks of major 

depocentres including the Moomba, Big Lake gas fields from South Australia and 

the Challum gas field in Queensland (Hall et al., 2015). Meanwhile, a range of 

unconventional plays, e.g., the Roseneath-Epsilon-Murteree (REM) shale play and 

deep coal seam gas in the Patchawarra and Weena troughs, are being explored and 

appraised (Goldstein et al., 2012). Moomba-191 was the first dedicated vertical 

shale gas well in the Cooper Basin, drilled by Santos in December 2011. Existing 

processing and pipeline infrastructure in the Cooper Basin allowed for Moomba-

191 to be rapidly commercialised and became the first commercial shale gas well 

in the Australia in October 2012 (Eastern Australia Business Unit, 2012; 

Goldstein et al., 2012). In May 2015, the first stand-alone deep coal producer in 

the Cooper Basin, Tirrawarra South-1, also drilled also by Santos, successfully 

flowed wet gas in-line (Santos, 2015).   

In 2015, there were approximately 82 oil fields and 98 gas fields in South 

Australia and 84 oil fields and 158 gas fields in Queensland on production in the 

Cooper Basin (Hall et al., 2015). Major gas and oil field locations are shown in 

Figure 2.4. As of December 2013, 315 million barrels of oil, 92 million barrels of 

condensate and 6.2 trillion cubic feet of gas had already been produced from the 

Cooper and Eromanga basins since the beginning of gas sales in 1969 (Hall et al., 

2015).  
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Figure 2.4: Major oil and gas fields in the Cooper/Eromanga Basin. Taken from Hall et al. 

(2015). 

2.4 Geology of the Roseneath-Epsilon-Murteree 

(REM) play 

This study focuses on the Roseneath-Epsilon-Murteree (REM) play in the Cooper 

Basin. It comprises the Permian Murteree and Roseneath shales separated by tight 

sands of the Epsilon Formation within the Gidgealpa Group. The two shale units 

are thick, generally flat lying, and laterally extensive, comprised of siltstone and 

siliceous mudstone. These form important regional seals for reservoirs in the 

Patchawarra and Epsilon Formations (Gravestock et al., 1998a). The REM strata 
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belong to the Gidgealpa composite resource play and hold shale gas in the 

Roseneath and Murteree Shales and tight gas and coal seam gas in the Epsilon 

Formation (Menpes et al., 2013).  

2.4.1 Murteree Shale 

The Murteree Shale is comprised of black to dark grey-brown argillaceous 

siltstone with minor fine-grained sandstone and becomes sandier in the southern 

Cooper Basin (Gatehouse, 1972; Alexander et al., 1998; Gray and McKellar, 

2002; McKellar, 2013). The Murteree Shale is characterised by common 

carbonaceous material, muscovite, and pyrite grains. The Murteree Shale covers 

an area of ~31,300 km2 and is present in the Nappamerri and Tenappera troughs 

(Hall et al., 2015). It is mostly absent on and to the north of the JNP Trend and 

pinches out south of the Tinga Tingana Ridge (Alexander et al., 1998; Gray and 

McKellar, 2002). The unit is relatively uniform in thickness and is ~33 m thick 

but reaches over 80 m in the Nappamerri, Wooloo, Allunga and Tenappera 

troughs (Hall et al., 2015), with a maximum of 90 m intersected in Holdfast-1 

(Figure 2.5a) (Beach Energy, 2011b).  
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Figure 2.5: Major geologic features of the Murteree Shale: a) Formation thickness distribution; b) 

TOC distribution; c) OI vs. HI plot highlighting the kerogen types; d) HI distribution. From Hall 

et al. (2015) and Hall et al. (2016a). 

The Murteree Shale has been interpreted to be deposited in a relatively deep lake 

environment with restricted circulation evidenced from the presence of horizontal 

siltstone, minor linsen bedding, rare wavy bedding, and occasional turbidites and 

rhythmites (Alexander et al., 1998; Gray and McKellar, 2002). Slump folds and 

microfaults are also present in the unit, which indicate slope instability or possibly 

seismic activity (Gravestock and Morton, 1984). Dropstones from possible ice or 

vegetation rafting are locally abundant. Bioturbation and massive beddings are 
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also present. Rhythmites are deposited by episodic gravity flows, possible related 

to seasonal influences, such as spring thaws in the hinterland (Alexander et al., 

1998).  

The mean total organic content (TOC) content of rock samples from the Murteree 

Shale is 2.7 ± 2.1%, with a range from 0.1 to 12.8% (Figure 2.5b) (Hall et al., 

2016a) and has good to excellent source rock potential . The Patchawarra Trough 

has the highest TOC contents (Figure 2.5b). Organic matter within the Murteree 

Shale has a mean hydrogen index (HI) of 75 ± 38 mg HC/g TOC (Figure 2.5d) 

and is predominated by dry gas-prone type III kerogen (Figure 2.5c) (Hall et al., 

2016a). The thermal maturity strongly affects the present HI distribution, with the 

central Nappamerri Trough having the lowest HI values (Figure 2.5d).  

2.4.2 Epsilon Formation 

The Epsilon Formation consists of fine to medium-grained quartzose sandstone 

interbedded with dark grey-brown carbonaceous siltstone and shale, and thin coal 

seams (with a few up to >3 metres) (Gatehouse, 1972; Alexander et al., 1998; 

Lang et al., 2001a; Gray and McKellar, 2002; Lang et al., 2002). The Epsilon 

Formation is widespread in the southwestern Cooper Basin but is very limited to 

the north of the JNP Trend, covering an area of ~31,400 km2 (Alexander et al., 

1998). It occurs from the Tenappera Trough in the south to the Patchawarra 

Trough in the north, but was eroded from the Dunoon and Murteree ridges during 

the late Early Permian uplift (Alexander et al., 1998). Palynology data from the 

Davenport-1 well indicate that the Epsilon Formation is present in the Milpera 

Depression (Beach Energy, 2012a). The Epsilon Formation has an average 
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thickness of ~50 m, but reaches ~195 m thick in the Moonta-1/ST1 well in the 

Nappamerri Trough (Figure 2.6a) (Beach Energy, 2012b).  

The Epsilon Formation has been interpreted as an aggradational lacustrine delta 

succession and divided into three major intervals (Fairburn, 1992). A further 

eleven deltaic cycles were identified based on detailed log signatures (Lang et al., 

2000; Lang et al., 2001a; Lang et al., 2001b; Lang et al., 2002). The three major 

intervals include a lower interval consisting of coarsening-upward fine to medium 

sandy cycles capped by shale and coal, a coal-dominated middle unit, and an 

upper progradational succession of shale and sandstone with occasional coal 

(Fairburn, 1992). The Epsilon Formation has a cumulative coal thickness of 10-15 

m in the Patchawarra and western Nappamerri troughs (Figure 2.6b) (Sun and 

Camac, 2004), and has 37 m in the Davenport-1 well in the Milpera Depression 

(Beach Energy, 2012a). These coal seams rarely exceed 3 m and are commonly < 

0.3 m thick despite being laterally extensive across the basin (Alexander et al., 

1998; Gray and McKellar, 2002). Net shale thickness of the Epsilon Formation is 

the thickest (100 m) in deepest Nappamerri Trough whereas net sand thickness is 

the greatest in the central and eastern part of the Nappamerri Trough (Figure 2.6c) 

(Sun and Camac, 2004).  

The Epsilon Formation has been interpreted to have been deposited in 

fluviodeltaic and lacustrine depositional environments over three broad 

depositional stages (Fairburn, 1992; Alexander et al., 1998). The earliest 

depositional stage was interpreted as  a lacustrine delta fill and delta slope 

sequence with beach, beach barrier and shoreline deposits, which formed 

sandstone sheets and strandlines parallel to the shoreline of the “Murteree Lake” 
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(Fairburn, 1992). The middle depositional stage was characterised by distributary 

channels on a prograding delta perpendicular to the lake shoreface (Fairburn, 

1992) with crevasse splay and mires developed at some places. The final 

depositional stage was dominated by a coarsening-upward succession interpreted 

as lacustrine or back barrier lagoonal facies with some fluvial influences 

(Fairburn, 1992). Shoreface and delta distributary sands form the main 

conventional reservoirs within the Epsilon Formation (Gravestock et al., 1998a). 

The principal petroleum source rocks of the Epsilon Formation are coal, 

carbonaceous shale, and shale. The TOC content of the Epsilon Formation 

samples average 15%, with a range from 1 to 80% (Figure 2.6d) (Hall et al., 

2016a). There is good to excellent source rock potential across the entire 

formation. The Patchawarra Trough as well as basin edges have higher TOC 

contents. Organic matter within the Epsilon Formation has a mean HI of 150 ± 84 

mg HC/g TOC, ranging from 7 to 523 mg HC/g TOC, indicating highly variable 

source rock quality (Figure 2.6f) (Hall et al., 2016a). The coal-rich facies have 

high oil generation potential owing to high HI values with both oil/gas-prone type 

II/III and gas-prone type III kerogens (Figure 2.6e). The shaly source rocks, in 

contrast, have lower HI values and are dominated by gas-prone type III kerogens. 

The distribution of the present HI values is strongly influenced by maturity, with 

the central Nappamerri Trough having the lowest HI values (Figure 2.6f) (Hall et 

al., 2016a). 
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Figure 2.6: Major geologic features of the Epsilon Formation: a) Formation thickness 

distribution; b) Net coal thickness distribution; c) Net shale, coaly shale, and shaly coal thickness 

distribution; d) TOC distribution; e) OI vs. HI plot highlighting the kerogen types; f) HI 

distribution. From Hall et al. (2015) and Hall et al. (2016a). 
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2.4.3 Roseneath Shale 

The Roseneath Shale consists of light to dark brow-grey siltstone, mudstone, and 

minor fine-grained sandstone interbeds (Alexander et al., 1998; Gray and 

McKellar, 2002; McKellar, 2013). The Roseneath Shale covers an area of ~21,900 

km2 and is less extensive than the Murteree Shale. It is mainly present in the 

Nappamerri, Wooloo, Allunga, and Tenappera Troughs in the southwestern basin. 

It was eroded from the Dunoon and Murteree ridges during the early Permian 

uplift (Alexander et al., 1998). The Roseneath Shale is 57 m thick on average 

(Hall et al., 2015), but is up to 240 m thick in the Nappamerri Trough (Figure 

2.7a) (Beach Energy, 2013). The depositional environment of the Roseneath Shale 

has been interpreted as similar to that of the Murteree Shale, and mainly lacustrine 

with some mass flows deposits (Stuart, 1976; Thornton, 1978; Alexander et al., 

1998).  

Similar to the Murteree Shale, the principal source rock of the Roseneath Shale 

consists of organic rich siltstone/shale. The mean TOC content of rock samples is 

3.5 ± 3.1%, with a range from 0.1 to 22.4% (Figure 2.7b) (Hall et al., 2016a). The 

Roseneath Shale has good to excellent source rock potential, with the highest 

TOC contents located in the Patchawarra Trough and basin edges (Figure 2.7b). 

Organic matter within the Roseneath Shale has a mean HI of 95 ± 32 mg HC/g 

TOC and is dominated by dry gas-prone type III kerogen (Figure 2.7c) (Hall et al., 

2016a). The lowest HI values are associated with the overmature area of the 

central Nappamerri Trough (Figure 2.7d) (Hall et al., 2016a). 
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Figure 2.7: Major geologic features of the Roseneath Shale: a) Formation thickness distribution; 

b) TOC distribution; c) OI vs. HI plot highlighting the kerogen types; d) HI distribution. From 

Hall et al. (2015). 
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Chapter 3 Data and Methodology 

3.1 Introduction 

Thanks to more than 60 years of continuous exploration and development, Cooper 

Basin has the largest datasets of any onshore sedimentary basin in Australia (Carr 

et al., 2016). However, despite there being good data coverage across most of the 

study area, certain areas remain poorly understood owing to lack of geologic data. 

These areas include the eastern Nappamerri Trough and the depocentres in the 

northeastern basin, especially those areas that do not have wells intersecting the 

REM strata. This study was accomplished by integrating data from cores, thin 

sections, wireline logs, palynology, chemostratigraphy, and Rock-Eval pyrolysis. 

Seismic data are also available, but these were not used in this study due to their 

limited distribution across the basin and low vertical resolution compared to the 

thickness of the REM strata. 

The methodology and workflow of this study is outlined in Figure 3.1. Key wells 

were firstly selected to identify the lithofacies and determine depositional 

environments from cores. These were then calibrated with wireline logs to 

establish the lithofacies-log response relations and identify key sequence 

stratigraphic surfaces. Regional lithofacies were mapped in uncored wells across 

the entire basin. Well correlation was conducted primarily on wireline logs, with 

the aid of geochemistry, chemostratigraphy, and palynology data, and 

subsequently a sequence stratigraphic framework was developed. Isopach and 

lithology percentage maps for each unit were generated to study the source of 
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sediments and reconstruct the paleogeography. Finally, possible play types within 

the REM strata and their petroleum potential were briefly reviewed.  

 

Figure 3.1: Workflow diagram of the study, outlining key steps undertaken to achieve the aims 

described in Chapter 1.  
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3.2 Dataset 

The dataset of this study mainly include cores, thin-sections, petrology, well 

completion reports (WCRs), wireline logs, palynology, chemostratigraphy, and 

Rock-Eval pyrolysis data (Table 3.1). The majority of these data, including WCRs 

and digital wireline logs were acquired directly from the Department of State 

Development (DSD), South Australia and the Department of Natural Resources, 

Mines and Energy (DNRME), Queensland. Other additional data were mostly 

collected from state survey databases and websites as follows: 

• Petroleum Exploration and Production System, South Australia (PEPS-

SA) (Department of State Development (DSD), 2015); 

• Queensland Petroleum Exploration Data (QPED) (Department of Natural 

Resources_Mines_Energy (DNRME), 2016). 

3.2.1 Well data 

The well header and formation tops data were acquired from the South Australia 

and Queensland state survey databases. Formation tops were then combined into a 

single database with formation names standardised to ensure consistency across 

the state border. Preferred names are consistent with the Geoscience Australia 

stratigraphic names database (Geoscience Australia, 2015). The combined 

database includes approximately over 1537 wells with formation tops intersecting 

the REM strata of the Cooper Basin, and 1039 of these wells penetrating the 

bottom of the Murteree Shale (Figure 3.2). Thus, these wells can generally 

represent the full REM strata at a given well location.  
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Table 3.1: Datasets utilised in this study, including the data type, details, source, use, and representative wells.  

Data type Details Source Use Representative wells 

Well data Well header, formation top State survey databases Basic data check, creating the 

petrel project 

All studied wells (1537 wells 

intersecting the REM) 

Cores Cores with enough length or notable 

features 

South Australia Drill Core 

Reference Library 

Core description, lithofacies 

analysis 

9 selected key wells, e.g., 

Holdfast-1, Skipton-1, etc. 

Wireline logs Primarily GR and DT logs, minor 

SGR logs 

DSD of the South Australia 

and DNRME of the 

Queensland 

Electrofacies analysis, lithology 

mapping, well correlation, 

paleogeography reconstruction 

All studied wells 

Petrography Basic analysis, XRD, SEM, SEM-

FIB 

Well completion reports Sedimentologic analysis: grain 

size, mineral composition, pore 

types, etc. 

All logged wells, some others 

Palynology Extensive coverage State survey databases Basic data check, well correlation All studied wells 

TOC & Rock-Eval pyrolysis TOC, S1, S2, S3, Tmax, HI, OI, RHP Mostly from state survey 

databases, some from WCRs 

Source rock assessment, well 

correlation 

All logged wells and some others 

Chemostratigraphy Elemental geochemistry from cores 

and cuttings 

State survey databases Well correlation, possible use for 

source analysis 

7 wells, e.g., Holdfast-1, 

Encounter-1,  etc. 
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Figure 3.2: Cooper Basin petroleum exploration wells used in this study, only wells intersecting 

the REM are included and shown. The base map is adapted from Hall et al. (2015). 

Schlumberger’s Petrel E&P Software Platform was used for this study, because it 

contains correlation, geostatistical, and petrophysical modules that can be applied 

to well correlation, lithofacies analysis, and unit mapping. All the well header and 

formation tops data were loaded into the Schlumberger’s Petrel E&P Software 

Platform. For simplicity, it will be referred as Petrel in the following text. Basic 

quality checks were applied to the formation picks to ensure all depth and 
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thickness values were geologically reasonable, and further interpretation was 

undertaken by calibrating with wireline logs and palynology data.  

3.2.2 Cores 

The Roseneath and Murteree Shale Formations are generally homogeneous shaly 

intervals with few distinct features although some variations could be observed 

from intervals with thin sections. Despite there being around 70 wells with partial 

or full cores from the REM strata in the Cooper Basin, only those wells that either 

have a core length >30 m or have distinct features of the REM strata (e.g., 

lithology changes, transition of formations, etc.) were selected to be described. In 

total, nine wells are selected and their location and other information are shown in 

Figure 3.3 and Table 3.2. These wells are all located in the South Australia and no 

suitable cored wells were found within Queensland due to their thin core intervals. 

All studied cores are stored at the South Australia Drill Core Reference Library in 

Adelaide, South Australia.  
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Figure 3.3: Key wells logged in this study, showing other representative conventional and 

unconventional wells in the Cooper Basin. The base map is adapted from Hall et al. (2015). 

The cored wells are widely distributed over a distance of ~170 km, with an 

average spacing of ~30 km, which is quite sparse. However, this was the best 

result that could be achieved as the number of cored wells is very small compared 

with large area of the whole basin. The Holdfast-1 well was selected as a type 

well and logged in detail. It is the only well that fully penetrated and sampled the 
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entire REM strata in the Cooper Basin. It is located at the east Nappamerri Trough 

and has a continuous full suite of core > 300 m.  

Table 3.2: Well information for cored wells from the Cooper Basin for the study.  

Well Operator Spud date Logged interval (core depth, m) 

Holdfast-1 Beach Energy Limited 21/01/2011 3033.0 - 3181.3; 3217.6 - 3451.0; 

Encounter-1 Beach Energy Limited 3/10/2010 3102.0 - 3125.0; 3266.0 - 3293.3; 

3380.0 - 3406.0; 3488.0 - 3542.0; 

Skipton-1 Senex Energy Limited 15/08/2012 2449.0 - 2710.0; 

Talaq-1 Senex Energy Limited 10/04/2012 2340.0 - 2578.7; 

Sasanof-1 Senex Energy Limited 3/02/2012 2375.0 - 2450.0; 2559.0 - 2632.1; 

Streaky-1 Beach Energy Limited 13/05/2012 3285.0 - 3313.7; 3400.0 - 3428.3; 

Le Chiffre-1 Strike Energy Limited 31/10/2013 1464.0 - 1542.9; 1570.6 - 1696.2; 

Kingston Rule-1 Senex Energy Limited 21/10/2012 2330.0 - 2361.0; 2407.0 - 2434.3; 

2475.0 - 2530.0; 

Moomba-191 Santos Group 1/12/2011 2593.5 - 2600.9; 2652.1 - 2659.4; 

2708.5 - 2715.8; 

3.2.3 Wireline logs  

All wells used in this study have wireline well-log suites, which were acquired 

from the DSD, South Australia and the DNRME, Queensland. All the wireline 

logs were manually converted (if original files were not in .DLIS format) and 

loaded as .DLIS files into Petrel, which allow scale manipulation during 

correlation and quantitative petrophysical evaluation. Although many different 

types of wireline logs were examined, gamma ray (GR) and sonic (DT) logs are 

the primary logs used during this study. Some wells do not have DT logs and thus 

were used for well correlation but were not included in the regional lithology 

mapping process. Spectral gamma ray (SGR) logs, when available, were also used 

to aid correlation between wells. GR values were corrected for environmental 
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effects, and an average reduction of 20 API (Hall et al., 2015) has been applied to 

the gamma ray value for wells drilled with KCL mud.  

3.2.4 Petrological data 

Petrological data from X-ray diffraction (XRD) and thin-section analysis using 

traditional polarised microscope, scanning electron microscope (SEM), and 

focused ion beam scanning electron microscope (SEM-FIB) methods were 

collected from WCRs. Traditional thin-section and XRD analysis data were used 

to study the grain size, sorting, and the mineral composition of each lithofacies. 

SEM results were used to understand the nature of pore types (e.g. interparticle, 

intraparticle pores) within shale and organic matter, and characterise the crystal 

habit of carbonate cements, especially siderites. Dual FIB/SEM data were used to 

get a better understanding of the nature of nanopores within organic matter.  

3.2.5 Palynological data 

Palynological study have been carried out across the Cooper Basin since the 

1960s and the data coverage is now extensive. The majority of palynological data 

were directly sourced from the above-mentioned state survey databases. 

Additional palynology data were obtained from the Cooper Basin literatures. The 

palynological data were used for age-control to constrain the basin and establish a 

robust chronological framework.  
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3.2.6 TOC and Rock-Eval pyrolysis data 

Most of the TOC and Rock-Eval pyrolysis data used in this study, including the 

S1, S2, S3, Tmax, HI, and OI, were directly sourced from the state survey 

databases. Unfortunately, some wells, especially for some key wells drilled 

recently, are not included in the databases. Thus, additional TOC and Rock-Eval 

pyrolysis data for these wells (e.g., Holdfast-1, Encounter-1, etc.) were manually 

collected from their WCRs and compiled together. The geochemistry data were 

mainly used to evaluate the source rock quality of the REM strata, especially for 

the Roseneath and Murteree Shales, which is crucial for shale gas assessment. 

TOC content and relative hydrocarbon potential (RHP) were also used to aid well 

correlation (Fang et al., 1993; Singh, 2008).  

3.2.7 Chemostratigraphic data 

Cuttings and core samples of seven wells in the Nappamerri Trough have been 

analysed for their elemental geochemistry. Data on the concentration of 50 

elements were collected from state survey websites (Department of State 

Development (DSD), 2015), compiled together into a spreadsheet, and finally 

imported into the aforementioned Petrel project. They were used to aid well 

correlation and establish a sequence-stratigraphic framework.  

3.3 Core description 

A total length of over 1400 m cores were firstly logged at the scale of 1:100 and 

then condensed and redrawn at the scale of 1:500. Key features noted in each core 

include lithology, grain size, sedimentary structures, contacts, lithologic trends, as 
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well as accessory features such as soft-sediment deformation, burrows, clay clasts, 

root traces, and organic fragments that are diagnostic of sedimentary processes 

and depositional environments. Lithology was determined from visual core 

inspection, integration with wireline logs, lab thin sections, and XRD results. 

Facies designations were based on a combination of observed features mentioned 

above. Once the geologic description was completed, a detailed core log for each 

well was constructed to graphically represent the data. 

3.4 Electrofacies analysis 

Digital graphic core logs were imported into the Petrel E&P Software Platform 

and calibrated to wireline logs with characteristic features, such as sharp 

boundaries and coal seams. Then lithology logs were manually drawn in a new 

channel according to the observed lithofacies from core logs. Due to the limited 

resolution and working principle of wireline logs, some features cannot be 

detected on wireline logs. Thus, the twelve lithofacies identified in cores were 

condensed into six representative lithologies in order to be comparable from 

wireline logs: clean sandstone, silty sandstone, coarse siltstone, silty claystone, 

carbonaceous shale/claystone, and coal.  

Wireline log values were used to establish quantitative electrofacies, highlighting 

different lithologies. Gamma-ray logs usually indicate the degree of radioactivity 

of rocks, which could reflect the shaliness or the amount of organic matter within, 

and is generally regarded as an acceptable proxy for grain size in most siliciclastic 

systems (Serra, 1986; Catuneanu, 2006a). As for wells drilled with KCL mud, 

environmental effects were corrected with an average reduction of 20 API applied 

to the gamma ray values (Hall et al., 2015). As coals share a very low gamma-ray 
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response with clear sands, it is hard to differentiate them just based on gamma ray 

logs. As a result, sonic (DT) logs were used to differentiate the coal from 

sandstone. Although Neutron/Density logs are also very useful in picking key 

surfaces, unfortunately, there are not many wells having these logs. As a result, 

Neutron/Density logs were not used in this study.  

The neural net module inside the Petrel, both unsupervised and supervised, was 

initially tried to train the relation between the condensed lithologies and wireline 

log responses. However, this approach did not yield any useful data. The 

Holdfast-1 well was chosen as a type well to study the relationship and a cross 

plot of GR versus DT was constructed, which was built on the work of Sun and 

Camac (2004) and Hall et al. (2015). Cut-off values for each electrofacies were 

determined from calibration of drill core facies and wireline log values.  

The associated electrofacies were categorised into electrofacies assemblages, 

which were related to depositional environments defined from lithofacies analysis 

from cores.  

3.5 Regional lithofacies mapping 

With the established electrofacies criteria, the lithofacies of other uncored wells 

across the entire basin was generated using the Log Calculator tool in the Petrel’s 

Stratigraphy module. A new lithology log was automatically created and added to 

all the wells at the end of this process, with facies code indicating corresponding 

lithology. This newly created log reveals the lithology change in/across wells and 

can be indicative of depositional regime/environments, which is useful in 

correlating the wells and establishing the sequence stratigraphic framework.  
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3.6 Sequence stratigraphic framework 

Wells were selected for use in regional correlation based on the quality of 

available wireline log data, spacing relative to other available wells, penetration 

through the REM strata, and the availability of the cores. Some portions of the 

study area are characterised by a high density of well data, particularly in the 

ridge areas of the southwest basin, whereas the trough areas across the basin have 

low data density and relatively few total data points.  

In order to establish a sequence stratigraphic framework across the Cooper Basin, 

13 sets of cross-sections were established to cover the entire basin in two 

orientations: northeast-southwest and northwest-southeast (Figure 3.4). These 

sections are approximately parallel and perpendicular to the depositional strike of 

the basin, thus reflecting the thickness changes of the REM strata across the entire 

study area.  
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Figure 3.4: Location map for regional cross-sections across the Cooper Basin. Cross-sections in 

northwest direction are in green while those in northeast direction are in blue. The base map is 

adapted from Hall et al. (2015).  

Well correlations were used to establishing the regional extent and stacking 

patterns of the REM across the basin. With the advantage of providing continuous 

information across large areas, conventional wireline logs, primarily GR and DT, 

were the major data used in well correlation. Major stratigraphic units, i.e. the 

Murteree Shale, Epsilon Formation, and the Roseneath Shale, were picked from 

gamma ray logs from previous work of Department of State Development (DSD) 
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(2015) and Department of Natural Resources_Mines_Energy (DNRME) (2016). 

From these major surfaces, additional chronostratigraphic packages within the 

REM were identified and correlated regionally based on wireline log morphology, 

lithofacies, and identified flooding surfaces. Wherever possible, the top of the 

Roseneath Shale was initially used to hang stratigraphic cross-sections, because it 

is regionally extensive and easily distinguishable by a high gamma-response shaly 

unit underlying a sandstone, and it can be viewed as a time surface.  

Several other datums (e.g., formation top of the Murteree Shale, identified 

flooding surfaces, etc.) were used to make adjustments during the process of well 

correlations. With the interpreted lithofacies and depositional environments from 

cores, stacking patterns in wireline logs were identified. Then maximum flooding 

surfaces were picked on the highest gamma ray values within interpreted deep-

water environments, which were tracked across the whole study area if possible. 

Several other secondary-order maximum flooding surfaces were also found for 

some wells, but they can only be traced for a short distance across local areas. 

Other candidate sequence stratigraphic surfaces, including sequence boundaries, 

transgressive surfaces, and maximum regression surfaces, were also identified but 

with a lesser degree of confidence. These were not used for well correlation in this 

study. These identified key sequence stratigraphic surfaces were validated through 

all the cross-sections to make it geologically consistent and reasonable, thus 

finally establishing a coherent sequence stratigraphic framework.  

Palynological data, where available, were used for age-control to constrain the 

correlation to ensure that the correlated units are within the same palynologic 

zone(s). The spectral gamma ray (SGR) log has been proven to be another useful 
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tool that can be applied in sequence stratigraphy, which can also provide helpful 

information in distinguishing the type of clay minerals and organic matter content 

(Davies and Elliott, 1996; Hesselbo, 1996). As a result, SGR logs, including the 

U, Th, and K content and Th/K ratios, were also used where available in this study 

to help further correlate wells across the basin. Elemental chemistry data of seven 

wells across the Nappamerri Trough, with three wells in South Australia and the 

other four wells in Queensland, were also integrated into the correlation, 

providing more confidence to the establishment of a robust sequence stratigraphic 

framework.  

3.7 Paleogeographic reconstruction 

These identified electrofacies in section 3.4 were categorised into lithology-based 

assemblages: coarse-grained (sand), fine-grained (mud), and organic-rich (coal) 

assemblages. Similarly, electrofacies criteria for these assemblages were 

established. A condensed lithology log was generated and added to all wells using 

similar procedures described in section 3.5. Six new attributes were inserted into 

the interpreted well top folder (i.e., key sequence stratigraphic surfaces) to 

generate thickness and percentage logs of each lithology within interpreted 

stratigraphic units. All these were done in the Attribute Operations of attribute 

settings in Petrel. These attributes were converted to points, which were used for 

isopach and percentage map generation. These data were firstly quality-controlled 

to make sure no outliers or anomaly were present. The basin boundary was 

created in Petrel based on the digitisation of base map imported from Hall et al. 

(2015), which was used to define the whole basin area when generating the 

surface.  
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Figure 3.5: Diagram showing the detailed making process of paleogeographic maps in this study.  

As the REM strata were either not deposited or eroded by later uplift over some 

ridge areas, artificial polygons were created to control the data distribution and 

better suit the geologic reality. These polygons were manually drawn based on the 

distribution of data points and values, with the consideration of topographic 

changes in the basin, including ridge and trough areas. The isopach and 

percentage maps were mainly generated using the Make Surface function in the 

stratigraphy module of Petrel. When generating these maps, previously created 

polygons were used as faults to help define the input data and were considered as 

pinch-out edge for the strata. Additional polygons were created to remove some 

unrealistic interpolated areas from the generated surfaces (i.e. isopach and 
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percentage maps). Constructed isopach maps were not corrected for dip owing to 

the shallow dip of strata in the Cooper Basin.  

The generation of sandstone percentage maps provided several challenges. 

Despite there being no strata (i.e. no sand) over the ridge areas, these could not be 

regarded as zero-percentage sand areas-this is contrary to the functions of Petrel. 

Instead, they could be possible source areas where sediments came from. As a 

result, original sandstone percentage maps were firstly generated from crude data 

points without any polygons defining the boundary/ridge areas. Then these 

sandstone percentage maps were overlaid together with previous generated 

isopach maps for each unit, to remove the area where there is no strata. In this 

way, both the authenticity and the distribution trend of sandstone percentage data 

could be obtained simultaneously, which makes it more geologically realistic.  

In order to reconstruct the paleogeography, a series of generated isopach and 

percentage maps for each unit and lithology were overlain together to study the 

thickness, lithology, sediment source, and possible depositional environments. 

Primarily based on the percentage of sand, shale, and coal in each setting, and 

taking the results from lithofacies into consideration, five depositional 

environments were defined. Finally, a series of paleogeographic maps showing 

the evolution of paleo-environments were constructed.  

3.8 Petroleum potential 

This section mainly focuses on the play types within the REM strata and their 

unconventional resource potential, especially on the shale gas of the Roseneath 

and Murteree Shales and tight gas in the Epsilon Formation. It mainly includes a 
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comprehensive evaluation of the REM strata in terms of geochemistry, TOC, 

petrology, and petrophysics. A comparison of the Roseneath and Murteree Shales 

with other typical gas shales worldwide was also conducted.  
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Chapter 4 Lithofacies and Electrofacies 

Analysis 

4.1 Introduction 

Facies analysis is a fundamental sedimentological method of characterising bodies 

of rocks with unique lithological, physical, and biological attributes relative to all 

adjacent deposits (Catuneanu, 2006a). This method is commonly used to describe 

the sediments in outcrops, cores, or modern environments. Electrofacies analysis 

is a similar tool in characterising rocks but primarily in well logs. Both lithofacies 

and electrofacies are mainly controlled by sedimentary processes that operate in 

particular areas of depositional environments (Catuneanu, 2006a) and they have 

become an integral component of the broader study of sequence stratigraphy 

(Miall, 2016). As a result, this chapter gives a core-based, basin-wide lithofacies 

and electrofacies analysis by incorporating core descriptions, petrographic results 

from SEM analyses, and wireline logs, to study the lithofacies present in the REM 

strata and interpret depositional environments.  

4.2 Facies analysis 

4.2.1 Lithofacies 

A lithofacies is a particular combination of lithology, structural and textural 

attributes that defines features different from other rock bodies (Miall, 2016). 

Detailed description of slabbed cores and integration with results from XRD 
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analyses, thin-sections, and SEM analyses identified 12 lithofacies in the REM 

strata: one coal, three claystones, two siltstones, five sandstones, and one 

heterolithic facies (Guo and McCabe, 2017) (Table 2.1). The claystone, siltstone, 

and sandstone were defined in accordance with the scheme of Folk (1980). The 

terms, mudstone or shale (considered as interchangeable in this study), are 

sometimes used to describe rocks when claystone and/or siltstone cannot be 

differentiated.  

The Murteree and Roseneath Shales are dominated by claystone and siltstone with 

millimetre-scale planar inter-laminae of very fine silt and clay (‘lamination’ 

defined here as being stratification < 1 cm in thickness, (Stow, 2005)). The 

Epsilon Formation consists of sandstone and siltstone, with occasional 

interbedded mudstone beds. Individual lithofacies are often contained in discrete 

units and separated by sharp contacts, but more gradational transitions are also 

present. Significant upper and lower surfaces of beds and laminations include 

gradational, sharp, irregular, scoured surfaces. Other typical features found within 

the REM strata include micro-faults, convolute beddings, sideritised concretions, 

and lag deposits.  
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Table 4.1: Lithofacies found within the REM strata of the Cooper Basin 

# Facies Subfacies/descriptions Depositional structures Process 

F1 Coal  Black, vitreous to sub-vitreous, 

bright and dull coals, minor 

conchoidal to sub-conchoidal 

fractures, minor pyrite grains 

Partly laminated or banded, massive Very low/no energy deposition, anoxic or 

reducing condition, prolonged isolation 

from clastic input, peat accumulation 

F2 Carbonaceous shale Very dark grey to black, mostly 

massive, minor laminations, partly 

coalified 

Poorly laminated to massive Very low-energy deposition, occasional 

isolation from clastic deposition, limited 

peat accumulation, reducing environment 

F3 Massive to weakly laminated 

claystone 

Massive or poorly/streaky 

laminated, slump structures  

Massive, streaky lamination, Planolites(?) 

burrows, micro-faults, convolute bedding 

Very low/no energy deposition from 

suspension, rapid deposition 

F4 Laminated claystone Common rhythmites, planar 

laminations, syneresis cracks, 

“outsize” sand grains 

Mostly planar lamination and rhythmites, 

wavy lamination, rippled lenses, syneresis 

cracks, wood fragments 

Low-energy/no energy deposition, quiet to 

still water, periodical input of clay and silt 

F5 Massive siltstone Mostly silt-size sediments Massive, weak lamination, bioturbation 

mottling, Planolites burrows, contorted beds 

Low-energy deposition, quiet to still water, 

some disturbance or instability 

F6 Laminated siltstone a) Planar laminated 

b) Parallel laminated 

Planar lamination, wavy lamination, ripple 

cross lamination, flasers, mottling 

Low-energy deposition, presence of 

traction flow, with occasional higher 

energy flows 

F7 Massive to bioturbated 

sandstone 

a) Massive sandstone  

b) Bioturbated sandstone 

Massive, bioturbation mottling, Planolites 

burrows, ripple cross lamination 

Moderate to high energy, strong 

bioturbation 

F8 Planar/low angle stratified 

sandstone 

Moderately to well sorted, very fine 

to fine-grained sandstone 

Planar lamination, low angle cross lamination, 

micro-faults, Skolithos burrows 

Upper flow regime under an unidirectional 

flow, high-energy transport, occasional 

energy turbulence  
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# Facies Subfacies/descriptions Depositional structures Process 

F9 Cross-bedded sandstone a) Planar cross-bedding 

b) Trough cross-bedding 

Planar cross bedding, trough cross bedding, 

ripple cross lamination 

Lower flow regime, moderate sediment 

transport, downstream migration of small 

ripples or dunes  

F10 Hummocky cross stratified 

(HCS) sandstone 

Well-sorted very fine-grained 

sandstone, frequent truncation 

surfaces, with minor burrows 

Hummocky cross stratification, wave ripple, 

low-angle planar lamination, Skolithos 

burrows 

Oscillatory flow or combination with 

unidirectional flow; high-energy deposition 

F11 Cross-laminated sandstone Very fine to fine-grained sandstone, 

high argillaceous content 

Current/wave ripple cross lamination, 

climbing ripples, flaser bedding, wavy bedding 

Lower flow regime, low to high sediment 

transport 

F12 Heterolithic beds a) Shale-dominated 

b) Sand-dominated 

Streaky lamination, wavy bedding, lenticular 

bedding, flasers, ripple cross lamination, 

Planolites burrows, convolute bedding, slump 

structure, syneresis cracks 

Alternating low and high energy flows  
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F1: Coal  

Description 

F1 is comprised of black coal, with vitreous, sub-vitreous (bright coal) to dull 

luster (dull coal) (Figure 4.1). It has minor conchoidal to sub-conchoidal fractures 

(Figure 4.1). It is partly laminated or banded (Figure 4.1) and ranges from a few 

centimetres to several meters thick. Bright and dull bands are interlaminated in 

some intervals. Cleats are well developed in most coals but some intervals are 

massive (Figure 4.1). In parts, coal breaks into blocks of 1 to 3 cm in diameter. 

Minor yellow-brown pyrite grains are present and they can be as large as several 

centimetres in diameter (Figure 4.1).  

Maceral analysis of one coal sample from the Skipton-1 well shows that it has 75 

vol% vitrinite (Telecollinite, 67.1%; Desmocollinite, 7.9%) and 25 vol% Inertinite 

(Fusinite, 0.6%; Semifusinite, 19.8%; Inertodetrinite, 4.6%) (Beach Energy, 

2011b). Chemical analysis result reveals it has a total sulphur content of 0.53 wt% 

(Beach Energy, 2011b).  

 

Figure 4.1: Representative core photos of coal strata (F1), showing conchoidal fractures (brown 

arrows), banded nature (blue arrows), and the presence of pyrites (white arrows): a) Holdfast-1, 

3273.55-3273.70 m; b) Holdfast-1, 3273.00-3273.15 m; c) Holdfast-1, 3328.40-3328.55 m. 
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Interpretation 

Coal is found in association with reducing terrestrial environments, except fully 

marine systems, ranging from alluvial fans to shoreline deposits (McCabe, 1985; 

Bohacs and Suter, 1997; Holz et al., 2002). Most coals originate as peats in raised 

mires or in low-lying mires well removed from active clastic environments 

(McCabe, 1987; Bohacs and Suter, 1997; Holz et al., 2002). It is indicative of 

very low/no energy deposition under anoxic or low-oxygen conditions in a humid 

climate (McCabe, 1987). The shiny and bright coals in F1 are rich of vitrain and 

belong to humic coals. Humic coals are most likely to have originated from 

woody and undergraded peats in raised mires or in low-lying mires (McCabe, 

1985). Dull coals as those in F1, on the other hand, are mainly derived from 

smaller plant fragments or degraded peats (McCabe, 1985). In either case, these 

ancient peats prior to the formation of coals in F1 should be well removed from 

active clastic environments.  

Marine-influenced peats generally have a higher sulphur content than freshwater-

influenced peats (Casagrande and Siefert, 1977; Casagrande, 1987). The relatively 

low sulphur content (<1%) of these coals in this lithofacies indicates minimal 

influences from the marine realm (Hunt and Smyth, 1986). The pyrite in the coals 

is typically formed by bacterial reduction of organic sulphur, with a lesser role 

played by advanced peat degradation as illustrated by Altschuler et al. (1983) for 

the Everglades peat in the Florida, USA. These coals and pyrites together in F1 

reveal a reducing environment where organic matter could be preserved and 

transformed into peats.  
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F2: Carbonaceous shale 

Description 

F2 is comprised of very dark grey to black carbonaceous shale (Figure 4.2a, b). F2 

is generally poorly stratified or massive with minor laminations (Figure 4.2a). 

Some silt layers are occasionally present (Figure 4.2b, c). It has common 

carbonaceous and micro-micaceous imprints of organic and leafy matter, and 

locally has some carbonaceous nodules (Figure 4.2b). Some intervals of this 

lithofacies are very carbonaceous and microlaminated with/or coalified to black 

coal with vitreous appearance (Figure 4.2b). It is usually hard and brittle. The 

thickness of F2 ranges from several centimetres to several metres.  

XRD analyses (one sample) show 28% quartz, 63% clay, 8% siderite, and minor 

heavy minerals (Beach Energy, 2011a). The clay fraction consists of kaolinite 

(20%) and muscovite (43%). The total organic carbon is unusually high as 14.31 

wt% (Beach Energy, 2011b). Thin-section (Figure 4.2c) shows that there are 

occasional sand lenses inside prevailing organic matter (Beach Energy, 2011a). 

Minor organic-rich laminae are present in sand lenses.  

 

Figure 4.2: Representative core photos and photomicrograph of carbonaceous shales (F2): a) 

Massive black shales with high organic matter content. Holdfast-1, 3223.35-3223.50 m; b) 
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Carbonaceous to coalified layers (white arrows). Holdfast-1, 3299.35 -3299.50 m; c) Showing the 

presence of silt lenses inside prevailing organic matter. Note the laminae of organic matter inside 

the lenses (white arrows). The open fracture is probably due to sample handling. Encounter-1, 

3393.45m, plane light. 

Interpretation 

Carbonaceous shales are formed in lakes, lagoons, river deltas, floodplains, and 

offshore areas (Boggs, 2009). The formation of these organic-rich shales normally 

requires abundant organic matter input in an anoxic, reducing environment, such 

as in stagnant water columns during deposition (Aplin and Macquaker, 2011). The 

presence of common organic debris and coaly strata in this lithofacies indicate 

that there was a high input of organic matter input. However, the high percentage 

of inorganic material suggests occasional floods and storms (McCabe, 1985).  

F3: Massive to weakly laminated claystone 

Description 

F3 consists of grey to very dark grey claystone (Figure 4.3). It is generally poorly 

laminated and is massive at the macroscale (Figure 4.3a). Silt in this lithofacies, 

where present, is mostly observed as thin, streaky laminations, which are a few 

millimetres thick (Figure 4.3b, c). Slump structures, mainly including convolute 

beddings and micro-faults, are present across most of this lithofacies (Figure 

4.3b). F3 has common carbonaceous debris fragments and occasional sand grains 

(Figure 4.3c, d). Minor burrows are present in this lithofacies (Figure 4.3c). Most 

of these burrows are Planolites and they are several millimetres in length but 

occasional ones can be two to three centimetres long (Figure 4.3c). Strata of F3 

are normally hard and well cemented by quartz and siderite. Observed thickness 
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of this lithofacies in cores ranges from several to tens of centimetres but 

occasionally can be 2-3 metres.  

 

Figure 4.3: Representative core photos and photomicrograph of massive claystone (F3): a) 

Massive, dark grey claystone, with no obvious sedimentary structures. These thin white linings 

probably are scratches due to cutting. Holdfast-1, 3039.50-3039.65 m; b) Weak laminations with 

convolute (deformed) structures (dashed white lines). Holdfast-1, 3370.55-3370.70 m; c) Showing 

the faint, streaky laminations. Note the presence of a large burrow (dashed white line, probably 

Skolithos), which was filled with finer clay. Holdfast-1, 3363.35-3363.50 m; d) Weak laminations 

defined by the variation of clay, organic matter, and silt content. Note the angular quartz grain, 

which deformed the laminae. The fractures within the organic matter (red arrows) could be due to 

shrinkage. Encounter-1, 3384.50 m, plane light.  

XRD analyses (eleven samples) show that F3 is comprised of quartz (avg. 

40.18%, range 28-60%), clay (avg. 52.41%, range 38-61%), siderite (avg. 5.32%, 

range 0-13%), and minor heavy minerals (Beach Energy, 2011b, a). It has an 
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average TOC of 2.24 wt% (range 1.55-2.69 wt%, three samples) (Beach Energy, 

2011b, a). Thin-sections show some faint laminations delineated by clay and silt. 

Occasional sand-size quartz grains (Figure 4.3c) and spherosiderites can also been 

present (Figure 4.3d) (Beach Energy, 2011a).  

Interpretation 

Claystone is comprised of clay-sized particles that are normally deposited in a 

very low-energy or quiet-water environment (Tourtelot, 1960). It can be deposited 

in almost all environments from alluvial to marginal, and to fully marine 

environments (Tourtelot, 1960). The massive character of claystones could result 

from several aspects. It could be due to the absence of fluid-flow traction transport 

during deposition (Boggs, 2009), such as rapid deposition of sediments from 

suspension in a prograding delta environment (Postma, 1984; Heller and 

Dickinson, 1985), where the formation of laminations were suppressed. These 

massive beds could also be of secondary origin. Sediment liquefaction shaking, 

perhaps by earthquake, could produce this massive bedding (Ishihara, 1993; Berra 

and Felletti, 2011). Bioturbation can also homogenise the sediment and lead to the 

shales becoming massive (Smoot and Olsen, 1988; Latrubesse et al., 2010). The 

majority of the massive features in F3 probably were formed due to rapid 

sedimentation. Abundant slump structures in this lithofacies support the notion of 

rapid deposition with disturbance due to instability. The presence of a few 

burrows in some intervals indicate that bioturbation might also play a role in 

homogenising the sediments. Common streaky laminations in cores reveals 

frequent higher energy fluxes when the silt was deposited.  
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F4: Laminated claystone 

Description 

F4 is comprised of dark grey to very dark grey claystone, which is thinly 

laminated in cores (Figure 4.4a, b, c). It has common grey silty partings, minor 

silt/sand grains, and occasional wood fragments. Rhythmites with a varied 

appearance are abundant in this lithofacies (Figure 4.4a, b, c). The rhythmite is 

generally comprised of alternating thin laminae of very dark-grey clay (dark 

colour, ~ 3-6 mm) and grey silty mud (or siltstone? light colour, ~1-2 mm) 

(Figure 4.4a, b, c). These silty layers are normally thinner than mud layers but 

occasional thicker silty layers are also present (Figure 4.4c). Rhythmite couplets 

are usually 3-6 mm thick but sometimes can be more than 8 mm thick (Figure 

4.4b). Most couplets consist of two distinct layers and both the silt/clay and the 

clay/silt contacts are fairly sharp. The upper boundary of silt layers, i.e. silt/clay 

contact, is usually less distinct than the lower boundary, i.e. clay/silt contact. A 

few couplets have grading and their silt layer begins with a sharp boundary, 

gradually becomes finer upwards, and grades into a clay layer. Common “outsize” 

coarse sand grains are observed inside the silt layer of rhythmites, normally 

concentrated in the lower part (Figure 4.4a). Occasional siderite grains, usually 2-

3 mm in diameter, are also present, sometimes occurring together with siderite 

bands/concretions. Syneresis cracks are present in some intervals, which are 

usually filled with silty materials. Rocks of this lithofacies are usually very hard 

and well indurated with silica and siderite cement. The thickness can range from a 

few centimetres to over 40 m.  
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Results of XRD analyses from nine samples reveal that F4 has average 36.67% 

quartz (range, 25-57%), 53.31% clay (range, 34-62%), 8.01% (range, 1.5-33%), 

and 2.36% heavy minerals (Beach Energy, 2011b, a). The average TOC is 2.63 

wt% (four samples; range, 1.39-4.24 wt%) (Beach Energy, 2011a). Thin-sections 

reveal that some intervals have a high content of siderite (Figure 4.4d). Isolated 

grey silty lenses are also present and some heterolithic successions have poorly 

developed wave ripples (Figure 4.4e). Some laminae are weakly defined by 

variations of clay and silt content (Figure 4.4e). Some silt layers of this lithofacies 

have minor amounts of organic matter, which delineate the laminations (Figure 

4.4f).  

 

Figure 4.4: Representative core photos and photomicrographs of laminated claystone (F4): a) 

Well-defined laminations delineated by clay and silt layers (rhythmites). Note the presence of lots 

of sand grains inside the silt layers, mostly at the lower part, and the difference between thin 

(white arrow) and thick, gradational (blue arrow) silt laminae. Holdfast-1, 3395.00-3395.15 m; b) 
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Less well-defined laminae showing thicker couplets (left bracket). Holdfast-1, 3388.50-3388.65 m; 

c) Thick silt layer with a fining-upwards trend. Holdfast-1, 3407.10-3407.25 m; d) High content of 

siderite, which defined the weak lamination. Note the presence of possible spherosiderites (blue 

arrow) and sand-size grains. Holdfast-1, 3410.60 m, plane light; e) Weak laminae defined by the 

variations of silt and clay content. The silty lense might represent a starved ripple inside 

claystone. Note the Y shaped branching (blue arrow) in the fracture pattern, which might be due to 

plucking. Encounter-1, 3532.60 m, plane light; f) Sharp contact between claystone and siltstone, 

and the fining-upward trend of the siltstone. Note the alignment of organic matter to form laminae 

inside the siltstone. Encounter-1, 3398.30 m, plane light.  

Interpretation 

The dominance of claystone in this lithofacies indicate that it was deposited in a 

low-energy or quiet-water paleo-environment. The exact mechanism that 

produced the lamination in these claystones is still not conclusive. Some could be 

deposited directly from suspension settling of fine-size sediments in a variety of 

depositional environments, e.g. lakes, tidal flats, deep-sea (Boggs, 2009). Some 

might be formed by traction transport of fluid flow, e.g. dilute, low-velocity 

turbidity current flows (Stow and Bowen, 1980).  

The rhythmites found in this lithofacies reveal that there were periodical input of 

clay and silt. The formation of rhythmites is normally a result of regular changes 

in the transport or production of material, either short duration (e.g. tidal) or long-

term changes (e.g. seasonal) (Reineck and Singh, 1980). The most common 

rhythmites include tidal and glaciolacustrine deposits. Rhythmites produced from 

tidal changes have been reported by many authors (Reineck and Singh, 1980; Shi, 

1991; Tessier, 1993) and studies show that these tidal rhythmites are usually 

comprised of sand and mud layers with alternating high- and low-water 

environments. As a result, these rhythmites found in F4, comprising clay and silty 

clay laminae, are not likely to be tidal deposits.  

The alternation of light-colour, coarse-grained silty layers and dark-colour, fine-

grained clayey layers of the rhythmites found in the F4 are very similar to the 
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glacial rhythmites in the Woodcock Lake from Pennsylvania as described by 

Harrison (1975). Similar characteristics of thicker clay layers and sharp contact 

between silt and clay layers were also described by Ashley (1975) for the Group I 

rhythmites in the glacial lake Hitchcock. Ashley (1975) proposed that these 

rhythmites were deposited away from the influence of melt waters where 

normally clay was deposited, with occasional interruptions of silt layer deposition. 

As a result, clay is the dominant accumulation during most of the year and thus is 

much thicker than the silt layer. The presence of occasional gradational contact 

between silt and clay layers in F4 is also characteristic of rhythmites deposited in 

a glacial environment (Harrison, 1975). These silt layers should be deposited from 

released detrital materials in summer months when the ice melted, whereas the 

clay layer formed in winter months from suspended sediments.  

The presence of “outsize” sand grains in the lower part of the silty layers, 

especially close to the contact between dark- to light-colour layers, could result 

from the effects of ice rafting when the ice melted and lots of silt were deposited. 

Rhythmites in ancient deposits can also be formed by fine-density turbidity 

currents (Piper, 1970; Piper, 1972; Stow and Bowen, 1978), or in other 

environments, such as low-energy estuarine and coastal bay (Dalrymple et al., 

1991) and fully marine setting (Seibold, 1963). However, considering their wide 

distribution and the presence of abundant “outsize” sand grains, these rhythmites 

present in F4 were most likely to be deposited in a glacial or glaciolacustrine 

environment with seasonal input of silt and clay.  

The occurrence of some thin silty or sandy lenses and wave ripples indicates that 

there were occasional energy fluctuations. Syneresis cracks are mostly formed by 
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subaqueous shrinkage through slow dewatering of lake or sea floor sediments due 

to salinity changes (Burst, 1965) though they can also be produced by earthquake-

induced shocks (Pratt, 1998).  

 F5: Massive siltstone 

Description 

F5 is dominated by dark grey to very dark grey silt-sized sediment, with lesser 

clay-sized particles and minor sand grains (Figure 4.5). It is massive with minor 

weak laminations (Figure 4.5). Horizontal Planolites burrows are locally abundant 

and they are 2-4 mm in width and 7-20 mm in length (Figure 4.5a, c). Occasional 

sub-horizontal to vertical burrows (Skolithos?) are also present (Figure 4.5a, c). 

F5 has some contorted beds and erosion surfaces at some intervals, which 

distorted original laminations (Figure 4.5b). Strata of F5 range from a few 

centimetres to metres.  

XRD analyses (two samples) show that the primary constituents of F5 are quartz 

(avg. 52%, range 33-71%), clay (avg. 45.75%, range 27.5-64%) and minor rutile 

and anatase (Beach Energy, 2011b). No siderite was found within the two 

analysed samples. Thin sections indicate the presence of burrows and occasional 

sand grains (Figure 4.5c).  
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Figure 4.5: Representative core photos and photomicrograph of massive siltstone (F5): a) 

Common burrows (mostly Planolites, white arrows) within massive siltstone. Note the dominance 

of horizontal burrows and presence of sub-horizontal burrows. Holdfast-1, 3327.35-3327.50 m; b) 

Contorted beddings. Note the difference of the silt/clay juxtaposition relationship between these 

two slump structures. The lower one (white arrow) is more like a scour surface while the upper 

one (red arrow) has been greatly deformed with horizontal juxtaposition of silt and clay. Holdfast-

1, 3327.50-3327.65 m; c) A vertical burrow filled with coarser silts, which cuts through the 

bedding. Note the realignment of a sand grain (blue arrow) in the vertical burrow. Streaky-1, 

3298.58 m, plane light.  

Interpretation 

Primary silt- and clay-sized sediments of F5 indicate that they were also deposited 

in a low-energy environment, but with somewhat higher percentage of silt input 

than F3 and F4. Slump structures are mostly formed due to slope instability from 

high sedimentation rate (Moretti and Sabato, 2007; Pisarska-Jamroży and 

Weckwerth, 2013), shock-related events, e.g. earthquakes (Alfaro et al., 1997; 

Moretti and Sabato, 2007), or liquefaction (Mills, 1983). The upper contorted 

beds (red arrow) in Figure 4.5b was probably due to some small-scale 

disturbances, which horizontally juxtaposed the silt and clay. The lower deformed 

structure (white arrow) in Figure 4.5b is likely an erosion surface resulting from 

wave action. It could also be the result from activities of organisms that disturbed 

and removed the sediments above the erosion surface. The development of these 

burrows in this lithofacies indicates that organisms might also contribute to its 

massive nature.  
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F6: Laminated siltstone 

Description 

Lithologically, F6 is almost identical to the F5 and consists mostly of silt with 

lesser amount of clay. F6 is characterised by laminations delineated by the 

variation of silt and clay content (Figure 4.6). Strata of this lithofacies are 

generally planar- or parallel-laminated and range from 3 centimetres to tens of 

centimetres thick. Some intervals have clay flasers and show coarsening-upward 

trends (Figure 4.6b). Some of these siltstones exhibit mottled features (Figure 

4.6b).  

XRD analyses (two samples) show that quartz (avg. 75.5%, range 62-89%) is the 

dominant mineral constituent of F6, with a lesser amount of clay minerals (avg. 

22.5%, range 11.5-33.5%) and minor siderite (avg. 1.5%, range 0-3%) (Beach 

Energy, 2011b). Major clay minerals include muscovite, kaolinite, and dickite 

(Beach Energy, 2011b). Thin sections show well-defined laminations from clay, 

organic matter, silt, and minor sand size grains (Figure 4.6c), although some 

intervals exhibit both reverse and normal gradings at the mm scale.  

 

Figure 4.6: Representative core photos and photomicrograph of laminated siltstone (F6): a) 

Laminations well defined by alternating claystone and siltstone. Note the sharp boundary (white 
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arrow) between massive siltstone (below) and laminated siltstone (above). Holdfast-1, 3176.00-

3176.15 m; b) Flasers inside the laminated siltstone. Note the coarsening-upwards trending in the 

lower part. Holdfast-1, 3310.75-3310.90 m; c) Laminae outlined by differences in the amount of 

organic matter, clay, silt, and occasional sand grains. Note the normal grading in the mm scale. 

Streaky-1, 3303.09 m, plane light. 

Interpretation 

This lithofacies was deposited in a similarly low-energy environment to that of F5 

whose dominant sediment input was silt. The laminations in F6 were likely the 

result of traction currents. The coarsening-upwards grading in Figure 4.6b 

indicates that there was an increasing flow energy during its deposition. Flasers 

and clay layers (Figure 4.6b) were deposited when the flow energy was very low 

(Reineck and Wunderlich, 1968). As a result, there might have been minor 

fluctuations in the flow energy when alternating silt and clay sediment were 

deposited. The presence of occasional sharp contacts between F6 and other 

lithofacies (Figure 4.6a) suggests that there were occasional abrupt changes in 

depositional conditions.  

F7: Massive to bioturbated sandstone 

Description 

F7 mainly consists of light grey, very fine-grained sandstone, with minor clay 

minerals (Figure 4.7). It is usually massive in appearance with only occasional 

cross laminations in certain intervals (Figure 4.7a). Some intervals are mottled or 

bioturbated in part. Planolites burrows are locally abundant, which are usually 

filled with silty material (Figure 4.7b). The thickness of this lithofacies is usually 

several centimetres, but also can be tens of centimetres.  

XRD results from one sample of F7 reveals that it is dominated by quartz (94%), 

with minor muscovite (3%), illite (2%), and dickite (Beach Energy, 2011b). Thin-
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section analyses reveal that F7 is grain-supported and moderately sorted (Figure 

4.7c). The framework grains mainly include quartz grains and claystone lithics 

(Figure 4.7c). Open fractures are also present within this lithofacies (Figure 4.7c).  

 

Figure 4.7: Representative core photos and photomicrograph of massive to bioturbated sandstone 

(F7): a) Massive sandstone, with cross beds in parts (white arrow), no clear lower bed surfaces 

were found. Holdfast-1, 3222.25-3222.40 m; b) Massive sandstone with occasional burrows 

(Planolites, white arrows). Holdfast-1, 3171.10-3171.25 m; c) Open fractures (red arrows, filled 

blue) through and adjacent to a muddy lense. Note the presence of abundant deformed claystone 

lithics. Holdfast-1, 3171.23 m, plane light. 

Interpretation 

The dominance of sand in F7 indicates that it was deposited under relatively high-

energy conditions. The common mottling and burrows (Figure 4.7b) in this 

lithofacies reveal that there was a high degree of bioturbation, which probably 

disrupted the original sedimentary structures and resulted in the massive 

appearance. Arnott and Hand (1989) experimentally found that the formation of 

laminations under upper plane bed conditions is suppressed in the presence of a 

heavy rain of suspended sand (typical of turbidite currents). However, with further 

observation of F7, no other typical features of turbidites were found within the 

strata that overlies and underlies the F7. Thus, it is not very likely that rocks of F7 

in this study were deposited by turbidite currents. The few planar cross 
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laminations in this lithofacies (Figure 4.7a) were formed by the downstream 

migration of 2-D ripples of the lower flow regime.  

F8: Planar/low angle stratified sandstone 

Description 

F8 is comprised of grey to light grey, very fine to fine-grained sandstone. Most 

beds are well sorted but a few contain varying amounts of silt (Figure 4.8). 

Sedimentary structures in F8 are dominated by planar and low angle parallel 

laminations, which are well defined by sand and silt/clay layers. The thickness of 

mudstone layers ranges from <1 mm to 2-3 mm (Figure 4.8 a, b). In certain 

intervals, the laminae are slightly irregular to wavy. Current ripple laminations are 

also present in places with clay drapes (Figure 4.8d). F8 has some Skolithos 

burrows and most of them are 2-3 mm in diameter and 2-3 cm in length but some 

are up to 8 cm long (Figure 4.8 b). Some cores broke into “disk chips” style 

fabrics (Figure 4.8a). Occasional micro-reverse faults are also present in this 

lithofacies (Figure 4.8c). Strata of F8 are generally well indurated and cemented 

by quartz. The thickness of F8 beds varies substantially and can be several 

centimetres to about tens of metres thick.  

XRD analyses (two samples) reveal that F8 has quartz (avg. 72%, range 59-85%), 

clay (avg. 26%, range 13-39%), and minor siderites and heavy minerals (Beach 

Energy, 2011b). The dominant clay fraction includes muscovite and illite. Thin-

section results show multiple laminae of variable width (~1-6 mm) outlined by 

changes in detrital clay and accessory minerals (Figure 4.8e).  
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Figure 4.8: Representative core photos and photomicrograph of planar/low angle stratified 

sandstone (F8): a) Planar to low-angle laminated structure. Note the change from horizontal 

lamination to low-angle lamination (blue arrow). These “disk chips” (left bracket) were probably 

due to coring. Holdfast-1, 3333.85-3334.00 m; b) Planar to low-angle laminations well defined by 

alternating sand and silt layers. Note the presence of Skolithos burrows (blue arrows), especially 

the extraordinary long burrow (~8 cm, white arrow). Holdfast-1, 3334.30-3334.45 m; c) Micro-

reverse fault (dashed white line) indicating some structural movements after deposition. Note the 

ripple laminations in the lower part. Holdfast-1, 3334.50-3334.65 m; d) Ripple cross laminations 

with clay drapes (dashed elliptical circle). Holdfast-1, 3334.05-3334.20 m; e) Lamina defined by 

changes in accessory mineral (high relief) and clay stringers (brown colour). Streaky-1, 3291.83 

m, plane light. 

Interpretation 

Planar and low-angle laminated sandstone can be formed by several mechanisms, 

including currents in the upper flow regime (Cheel, 1990), upper- and lower-flow 

regime by turbidity current flow (Leclair and Arnott, 2005), and sheet flow 

(Clifton, 1969). However, considering the very fine nature of this sandstone in F8, 

these planar and low-angle laminated sandstone in F8 are most likely the product 

of upper flow regime under unidirectional flow, e.g. beach deposits of swash and 
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backwash currents (Cheel, 1990). The good sorting in these sandstone indicates 

that they must have been subject to a high degree of reworking with long periods 

of transport and/or agitation, which is a typical feature of beach sands (Clifton, 

1969).  

The presence of minor ripple cross laminations and mud drapes indicates that the 

flow sometimes dropped into the lower flow regime. Occasional reverse micro-

faults indicate that there were small-scale structural movements after their 

deposition, probably due to horizontal compression. The “disc chip” fabric in F8 

was probably produced during the coring process. Skolithos burrows in sandstones 

are commonly associated with high-energy environments close to the shoreline 

(Desjardins et al., 2010). They are mostly found in marine environments (Trewin 

and McNamara, 1994) but some have also been reported from freshwater 

lacustrine settings (Woolfe, 1990).  

F9: Cross-stratified sandstone 

Description 

F9 is lithologically similar to F8 and is comprised of light grey, moderately to 

well-sorted, very fine- to medium-grained sand (Figure 4.9). This lithofacies is 

characterised by dominant trough and planar cross laminations/beds (Figure 4.9 a, 

b). Both trough and planar cross laminations present in cores are several 

centimetres thick. Reactivation surfaces, in the sense of Collinson (1970), are 

present though not very clear. In places, ripple cross laminations are also present. 

These cross laminations are delineated by sand and mud. Occasional clay drapes 

to ripple forms are expressed as flasers. Some finely carbonaceous detritus are 
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present in some places (Figure 4.9c). Burrows are minor to absent in this 

lithofacies. Rocks of F9 are well indurated and well cemented with silica and 

siderite. It is normally several to tens of centimetres thick.  

 

Figure 4.9: Representative core photos and photomicrographs of cross-stratified sandstone (F9): 

a) Trough cross-stratified to ripple cross-laminated sandstone, moderately to well sorted, well 

cemented by quartz. Holdfast-1, 3218.75-3218.90 m; b) Planar cross-stratified sandstone. 

Streaky-1, 3289.00-3289.15 m; c) Another example of planar cross-stratified sandstone. Note the 

presence of carbonaceous debris. Streaky-1, 3289.50-3289.65 m; d) Opaque organic matter within 

the sandstone. Note the secondary pores (filled blue) within illitic lithics (red arrow) and the 

claystone (blue arrow) which has been partially replaced by Fe-rich micrite. Streaky-1, 3289.09 

m, plane light; e) Planar cross bedding outlined by the stringers of organic matter. Note the 

fracture penetrating the grains (red arrows), which indicates that it was probably formed in situ. 

Streaky-1, 3289.61m, plane light.  

Samples of F9 for XRD analyses have quartz (avg. 87%, range 81-93%), clay 

(avg. 12.25%, range 5.5-19%), and minor siderite (Beach Energy, 2011b). 

Muscovite, dickite, and illite are major clay minerals in this lithofacies. Thin-
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sections show that it has a grain-supported texture and major framework grains 

include quartz and lithic grains. Secondary pores and open fractures are also 

present in this lithofacies (Figure 4.9d). Cross-laminations in thin-sections are 

outlined by the stringers of detrital clay and organic matter (Figure 4.9e). 

Interpretation 

Trough and tabular cross beddings in sandstone are usually attributed to the 

migration of 2-D and 3-D bedforms, respectively, either by small or large-scale 

current ripples (Allen, 1963). They normally develop in a high-energy 

environment (Allen, 1963). These centimetre-scale cross beddings present in F9 

indicate that they were probably resulted from migration of small dunes, with 

some current ripples. Occasional flasers reveal that there were sporadic energy 

quiescence when muddy sediments were deposited.  

F10: Hummocky cross-stratified sandstone 

Description 

F10 consists of grey to light grey, well-sorted, very fine- to fine-grained sandstone 

with varying amounts of mudstone (Figure 4.10). It is dominated by hummocky 

cross-stratifications (HCS) that are separated by truncations surfaces (Campbell, 

1966; Dott Jr and Bourgeois, 1982). The HCS in F10 is characterised by both 

concave-up and convex-up laminae with very low dip angle, mostly 1-2°, but 

sometimes these dip angle could be more than 5° (Figure 4.10a). These truncation 

surfaces are either straight or curved in shape and they delineate the bed surfaces 

of the low-angle laminated strata (Figure 4.10b). Most HCS intervals are in the 

range of 5-6 centimetres thick. Minor low-angle planar laminations develop with 
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opposite dip directions in cores (Figure 4.10a). Occasional cross-bedded and 

muddy intervals are present within this lithofacies. Finely comminuted 

carbonaceous material is also present. In places, F10 has a few Skolithos burrows, 

which are normally filled with silt (Figure 4.10c). Rocks of F10 are hard and well 

cemented by quartz. Beds are generally tens of centimetres to several metres in 

thickness.  

XRD results of one sample from F10 show that it mainly consists of quartz (77%), 

clay (21%), and minor siderite (Beach Energy, 2011b). Muscovite and dickite are 

the dominant clay minerals.  

 

Figure 4.10: Representative core photos of hummocky cross-stratified sandstone (F10): a) Well-

developed low-angle HCS fabrics. Note the reverse dip direction (red arrows) of the laminated 

strata separated by the truncation surface. Holdfast-1, 3335.50-3335.65 m; b) Several truncation 

surfaces (dashed white lines) resulted from frequent flow changes, forming the HCS fabrics. Note 

the presence of a silty layer in the upper part of this core (block white arrow). Holdfast-1, 

3339.35-3339.50 m; c) A muddy bed (white arrow) separating the HCS sandstone below and 

trough-crossed sandstone above (left bracket). Note the burrow (Skolithos?) through to the upper 

HCS sandstone. Holdfast-1, 3334.75-3334.90 m.  

Interpretation 

HCS normally occurs in coarse siltstone to fine sandstone lithologies but the exact 

mechanism for its formation is still not conclusive (Duke, 1985; Duke et al., 

1991). It is commonly thought that HCS is most likely formed by a combination 

of unidirectional and oscillatory flow related to storm activity (Duke, 1985; Duke 
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et al., 1991). Dott Jr and Bourgeois (1982) suggested that HCS is usually 

attributed to sediment redeposition below normal fair-weather wave base. To date, 

HCS is generally used as a fairly reliable indicator of deposition in shelf and 

shoreface environment (Reineck and Singh, 1980; Boggs, 2009). These frequent 

truncation surfaces in cores reveal that there were repeated energy agitations 

during deposition. The presence of wave ripples and muddy strata indicates that 

periods of lower-energy or quiescence also occurred.  

F11: Cross-laminated sandstone 

Description 

F11 is comprised of grey to light grey, very fine- to fine-grained sandstone with 

varying amounts of silt and clay (Figure 4.11). It is dominated by cross 

lamination, which include current ripples, climbing ripples, and wave ripples. 

Current ripples in F11 are normally very small and mostly are 0.3-0.6 cm in 

height and 2-3 cm in length but occasional bigger ones do occur (Figure 4.11 a, b, 

c). They are mainly represented by climbing ripples, of which both type 1 and 

type 2 laminae-in-drift climbing ripples as defined by Jopling and Walker (1968) 

are present (Figure 4.11 a). Foresets of these ripples are usually draped with mud 

and some occur as flasers. These flasers are usually ~ 1 mm thick (Figure 4.11 a, 

b, c, d). As a result, most of these strata have a flaser-like appearance.  

Wave ripples in this lithofacies are small and have a similar size to the current 

ripples. Most wave ripples are symmetrical or slightly asymmetrical in appearance 

(Figure 4.11a, c). They also have a flaser-like texture with ~1 mm thick clay 

drapes on their foresets and/or flasers in their troughs (Figure 4.11a, b, c). Thin 
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(Figure 4.11a) and thick beds (Figure 4.11c) of black mudstone were developed 

between rippled crossed sandstone beds. Some intervals of interbedded sandstone 

and mudstone have a wavy character (Figure 4.11a, c). In a few beds comminuted 

carbonaceous material is present (Figure 4.11d). Argillaceous content in F11 is 

relatively higher than in F8, F9, and F10. Rocks of this lithofacies are very hard 

and well-cemented with silica. It ranges from several centimetres to tens of metres 

in thickness.  

 

Figure 4.11: Representative core photos and photomicrograph of cross-laminated sandstone 

(F11): a) Transition from laminae-in-drift climbing ripples of Type 1 (dashed white arrows) in the 

lower part to the Type 2 (solid white arrow) in the upper part, both flow from left to right. Clay 

drapes/flasers are common (blue arrows). Occasional black mud layers/beds are present and 

display wavy bedding features (block white arrow and orange arrow). Note the climbing ripple 

produced by symmetrical wave ripples (red arrow) with mud drapes (blue arrows). Holdfast-1, 

3288.00-3288.15 m; b) Cross-laminated sandstone (white arrow), with frequent clay 

drapes/flasers. The flow is from right to left. Note the thin black mud layers present (red arrow). 

Holdfast-1, 3284.50-3284.65 m; c) An example of black mudstone interval interbedded in F11, 

indicated by a block white arrow. Note the wave ripple cross-stratified sandstone in the lower part 

of the core. Holdfast-1, 3284.85-3285.00 m; d) Common comminuted carbonaceous materials 
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present as thin layers (white arrows). Holdfast-1, 3287.75-3287.90 m; e) Laminae outlined by 

changes in grain size and abundance of organic matter and clay. Coarser quartz grains are 

concentrated in cleaner beds. Contacts are relatively sharp and undulose (red arrow). Holdfast-1, 

3284.55 m, plane light. 

Major constituents of F11, revealed from two samples by XRD analyses, include 

quartz (avg. 80.5%, range 70-91%), clay (avg. 16.75%, range 6-27.5%), siderite 

(avg. 1.5%, range 0-3%), and minor heavy minerals (Beach Energy, 2011b). 

Muscovite and illite are major clay minerals in this lithofacies. Thin-section 

results show that F11 is poorly sorted and the average grain is fine sand (Figure 

4.11e) (Beach Energy, 2011b). Coarser grains are usually concentrated in cleaner 

beds. In sections, the laminae are outlined by changes in grain size and the 

abundance of organic matter and clay (Figure 4.11e).  

Interpretation 

Current ripples are typically formed by unidirectional flows whereas wave ripples 

are usually the result of oscillatory flows, but both of them are normally deposited 

within the lower flow regime (Reineck and Singh, 1980). These ripple-crossed 

sandstones are the result of the migration of small current ripples or wave ripples. 

The formation of climbing ripples usually requires abundant sediment to be 

available to the flow allowing the ripples to build upward in an overlapping series 

(Reineck and Singh, 1980). Climbing-ripple lamination is most likely produced by 

small current ripples, but it can be also produced by wave ripples (Reineck and 

Singh, 1980). They are common in fluviatile sediments, and are particularly 

abundant in overbank and floodplains (Reineck and Singh, 1980). 

Fluviolacustrine deposits can also have climbing ripple laminations (Jopling and 

Walker, 1968). The climbing ripple laminae present in F11 reveals that much 

sediment was deposited from suspension load and the flow energy was relatively 
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strong. The change from Type 1 to Type 2 in (Figure 4.11) indicates that there 

was a decreasing suspend load/bed load ratio during the deposition.  

Flasers are normally the result of mud deposition during periods of quiescence 

(Reineck and Wunderlich, 1968). The presences of some flasers and wavy 

laminations in rippled beds (Figure 4.11a, b, c, d) indicates that the flow energy 

fluctuated and periods of strong water activity alternated with periods of 

quiescence. Occasional prolonged periods of quiescence are represented by the 

interbedded mud beds (Figure 4.11 a, c).  

F12: Heterolithic beds 

Description 

F12 consists of varying amounts of clay, silt, and sand, which can be further 

classified into two categories: a) mud-dominated bed (F12a, Figure 4.12) and b) 

sand-dominated bed (F12b, Figure 4.13).  

In mud-dominated intervals (F12a), this lithofacies is mainly comprised of 

mudstone (>85%) and minor sandstone (Figure 4.12). Mud beds are typically 

evenly laminated and are 1-5 mm thick (Figure 4.12a, b). Heterolithic 

intercalations of claystones and siltstones have wavy to lenticular bedding fabrics, 

with common starved ripple lenses (Figure 4.12a, b). Thick siltstone beds contain 

cross-laminations, or wavy to irregular undulate laminations (Figure 4.12b). 

Abundant finely comminuted organic matter (Figure 4.12a) and sporadic 

“outsize” grains are present (Figure 4.12f). Occasional layers of coarser clasts are 

present (Figure 4.12e). Quartz pebbles can be up to 0.5 cm in diameter (Figure 

4.12d, e). Some intervals were strongly deformed (Figure 4.12c). Deformation 
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structures, including convolute bedding and micro-faults, are evident (Figure 

4.12d, e). Syneresis cracks in clay layers are common at places and these are filled 

with silty materials (Figure 4.12b).  

 

Figure 4.12: Representative core photos and photomicrograph of shale-dominated heterolithic 

strata (F12a): a) Dominant streaky laminations and fading ripples. Some wavy to lenticular 

fabrics are present in the upper part. Note the presence of common comminuted organic matter 

debris (white arrows). Holdfast-1, 3423.50-3423.65 m; b) Common wavy beddings/laminations, 

some have cross laminations. Note the presence of abundant syneresis cracks (white arrows) and 

their differences from burrows (Skolithos, blue arrows; Planolites, red arrows). Streaky-1, 

3288.00-3288.15 m; c) A well-developed convolute bedding whose fold axis is nearly horizontal. 

Holdfast-1, 3424.00-3424.15 m; d) Common slipping surfaces (dashed white lines) with deformed 

sediments, probably from slump structures or related to micro-faults. Note the presence of coarse 

sediment just over the surface (blue arrow) and pebble size grains (red arrows). Holdfast-1, 

3425.30-3425.45 m; e) Layers comprised of coarse clasts with occasional pebble-size grains (red 

arrows). Note the presence of a micro-fault in the lower part of the core (red curve). Holdfast-1, 

3425.10-3425.25 m; f) Laminated silt and clay laminae. Dark staining (blue arrows) near the edge 

of this siltstone could represent reservoir bitumen derived from organic matter (red arrow) in the 

underlying claystone. An isolated quartz grain inside the claystone laminae has slightly deformed 

lamination. Streaky-1, 3288.03 m, plane light. 

Strata of F12a are hard and well indurated. They are mostly cemented by silica 

and siderite. Thickness of this lithofacies ranges from tens of centimetres to 
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several metres. XRD results (three samples) reveal that F12a has an average of 

37.67% quartz (range 33-41%), 57.17% clay (range 54-62%), 3.67% siderite 

(range 2-6%) and 2.33% heavy minerals (Beach Energy, 2011b, a). TOC content 

of one sample is 6.69 wt% (Beach Energy, 2011a). Thin-section analyses also 

reveal that siltstone and claystone are the major constituents of F12a (Figure 

4.12f).  

In sand-dominated beds (F12b), this lithofacies consists of mostly fine-grained 

sandstone, lesser siltstone, and minor claystone (Figure 4.13). The percentage of 

sandstone is generally over 50%. Heterolithic intercalations of mudstone and 

sandstone show wavy to lenticular bedding fabrics (Figure 4.13a, b, c). Thicker 

sand intervals contain low-angle cross laminations (Figure 4.13a). Occasional 

sand lenses or layers show fining-upwards trends (Figure 4.13b) and some have 

granule to pebble-size clasts in places (Figure 4.13b, c). Occasional well-

developed climbing ripples are also present. Ripples within F12b often have clay 

drapes or clay-draped foresets (Figure 4.13a). Various kinds of flasers are present 

on the scale of ~1 mm, and some can be as thick as 5 mm (Figure 4.13a). 

Abundant syneresis cracks, even more than F12a, are present in argillaceous 

intervals and are normally filled with silt (Figure 4.13a). Bioturbation mottling is 

common in sandstone beds (Figure 4.13a) and occasional Planolites burrows are 

present within argillaceous intervals. Strata of F12b normally range from 20 cm to 

several metres.  

XRD analyses from one sample of F12b show that this lithofacies has 54% quartz, 

40.50% clay, and minor siderite and rutile (Beach Energy, 2011b). Muscovite, 

illite, and kaolin are the major clay constituents. Thin-section results indicate that 
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it has a very poor sorting and is matrix supported (Figure 4.13c). Kaolin is mainly 

concentrated in sandstone beds (Figure 4.13d) and carbonate spar has partially to 

completely replaced framework grains, kaolin, and matrix (Figure 4.13e). 

Occasional pyrite framboids up to 30 microns in diameter occur within the clay 

matrix (Figure 4.13c, d, e).  

 

Figure 4.13: Representative core photos and photomicrographs of sand-dominated heterolithic 

strata (F12b): a) Common wavy beddings in this lithofacies. Some ripple cross laminations are 

present and draped with clay layers. Some sandstone are mottled (white elliptical circle). Note the 

presence of abundant syneresis cracks (white arrows) in argillaceous laminae, normally filled 

with silty materials. Holdfast-1, 3432.25-3432.40 m; b) Wavy to lenticular (blue arrow) beddings. 

Occasional granule- to pebble-size sand grains (red arrows) are present. Note the fining-upwards 

trend in the sand beds (orange triangle). Holdfast-1, 3150.85-3151.00 m; c) Matrix-supported 

sandstone, which is capped and underlain by clay-rich and carbonaceous laminae (organic 

matter), respectively. Holdfast-1, 3150.95 m, plane light; d) Sand grains are rimmed with organic 

matter. Pores are filled with kaolin (red arrows). Note the pyrite framboids (blue arrows) within 

the clay matrix. Holdfast-1, 3150.95 m, plane light; e) Discontinuous laminae within matrix-

supported sandstones. Some grains have been partially to completely replaced by carbonate spars 

(grey areas). Holdfast-1, 3150.95 m, plane light. 

Interpretation 
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Deposition of dominant mud in F12a indicates a generally low energy setting, but 

the presence of common thin beds and laminae of silty materials reflects that there 

were frequent higher energy fluctuations. Wavy beds of alternated claystone and 

siltstone normally result from alternating input of silt and clay where the 

deposition and preservation of both silt and clay are possible (Reineck and 

Wunderlich, 1968). The starved and thin nature of silt beds/layers within F12a 

indicates that the input of silt was relatively limited. Occasional layers of much 

coarser clasts were probably deposited by unusually strong currents. Convolute 

beddings and micro-faults are deformation structures which formed at the time of 

or very shortly after deposition of sediment before the consolidation (Reineck and 

Singh, 1980). Convolute beddings is most likely due to the result of liquefaction 

(McKee et al., 1962; McKee and Goldberg, 1969; Allen, 1977) though it can also 

be produced by several other mechanisms (Kuenen, 1953; Sanders, 1960; Lowe, 

1975). Micro-faults are generally associated with rapid sedimentation and plastic 

deformation (Reineck and Singh, 1980). These scour surfaces, micro-faults, and 

related deformed structures present in F12a were probably due to slumps. 

Syneresis cracks in the clayey intervals reveal that there were probably salinity 

changes and subsequent dewatering in sediments. Occurrence of dropstones was 

probably from melting of rafting ice. 

Sand-dominated heterolithic beds (F12b) generally reflect a higher energy 

environment than the F12a. Wavy bedding in F12b consisting of sand and mud 

laminae/beds indicate frequent fluctuations in energy and both very low- and 

high-energy flows were present. Sand beds should be deposited with higher 

energy flows and common wave ripples in F12b suggest a shallow lake or sea 

setting. Mud layers, clay drapes, and flasers, on the other hand, are mostly formed 
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within slack water periods (Reineck and Wunderlich, 1968). The presence of 

occasional climbing ripples indicates that abundant sediments (both suspend and 

bed loads) were available at some time (Reineck and Singh, 1980). The very poor 

sorting and matrix-supported nature of F12b reflect a short transport distance from 

their source. There might be a decrease in transport energy during deposition as 

revealed by occasional weak or evident fining-upward trending in some intervals. 

The presence of more common syneresis cracks in F12b than F12a signifies that 

there might have been more dramatic salinity changes. The heterolithic nature of 

this lithofacies indicates mixed influence of low and high energy input, possibly 

influenced by waves and rivers (Ainsworth et al., 2011; Ainsworth et al., 2018). It 

is also possible that they are formed by down-drift mud plumes from asymmetric 

deltas.  

4.2.2 Facies association 

Facies association is a group of lithofacies genetically related to one another and 

has environmental significances (Collinson, 1969; Reading and Levell, 1996). The 

understanding of facies associations allows for the reconstruction of paleo-

depositional environments. Eight facies associations are identified within the 

REM strata based on the associated lithofacies, sedimentary structures, and 

vertical stacking patterns (Figure 4.14). 
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Figure 4.14: Identified facies associations in the REM, illustrating the constitute lithofacies, 

summary lithology, key sedimentary structures, thickness range, and schematic vertical motifs. 

Keys to the symbols are in Figure 4.15.  

FA1: Open lacustrine 

Description 

Facies Association 1 (FA1) is comprised of grey to very dark grey, laminated 

claystone (F4, > 85%), massive claystone (F3), and minor siltstone (F5 and F6) 
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(Figure 4.16). Occasional heterolithic beds (F12a) and carbonaceous shale (F2) 

are present. FA1 ranges from 2.5 m to 70 m in thickness. The sediment of FA1 is 

mostly in the clay size and no obvious grading trend is observed from cores or 

wireline logs. Most (over 80%) of FA1 is characterised by planar-laminated 

claystones and rhythmites.  

 

Figure 4.15: Legends for lithology, sedimentary structures, accessories, traces, and other features 

in the study. 

These rhythmites consist of mainly silt/clay couplets and are present in nearly all 

the cored wells. Thin heterolithic beds of claystone and siltstone/sandstone in FA1 

contain incomplete or faded ripples, and wavy beddings. Occasional sandstone 

beds within heterolithic strata consist of sand of varying grain size, from very 

fine- to very coarse-grained, and have a fining-upwards trending (Figure 4.13b). 

“Outsize” sand grains are widespread across the FA1 and a few are as large as 

pebble-size (Figure 4.16b). Sideritised cement with crenulations is observed and 

the interval is ~10 cm thick (Figure 4.16c). This feature is only observed in the 

Holdfast-1 well, probably due to the incompleteness of cores in other wells. 

Sparse pyrite grains are present and usually are 2-3 mm in diameter. Most of these 

pyrite grains are in the claystone but some also occur within siltstone. These 

pyrite grains are mostly isolated but some form very thin layers (Figure 4.16d). 

Occasional contorted beds and deformed laminations are also present in this facies 

association.  
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Figure 4.16: Representative core interval and photos of FA1: a) showing the dominant laminated 

claystone (rhythmites, F4) with almost uniform grain size. Note the widespread “outsize” sand 

grains (blue arrows) and rippled silty bed (with coarse sand grains concentrating on the ridge 

area, red arrow). Holdfast-1, 3392.75-3393.75 m; b) A pebble-sized dropstone in weakly 

laminated claystone. Holdfast-1, 3377.50-3377.65m; c) Crenulated sideritised cementstone. 

Holdfast-1, 3105.30-3105.45 m; d) A thin layer of pyrite grains in the base of scoured siltstone. 

Holdfast-1, 3133.25-3133.40 m.  

Interpretation 

Rhythmites are mostly attributed to seasonal or periodic input of sediments and 

are usually found in tidal and glaciolacustrine environments (Reineck and Singh, 

1980). Based on the silt/clay composition, widespread distribution across the 

basin, and presence of common “outsize” sand grains and occasional 

“dropstones,” these rhythmites in FA1 are likely glaciolacustrine deposits where 

seasonal inputs of silt and clay were available (Reineck and Singh, 1980). Similar 
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deposits in the glacial Lake Hitchcock were described by Ashley (1975). The 

heterolithic strata of interbedded mudstone and sandstone in FA1 could be 

equivalent to transgressive lag deposits based on the presence of pebble-size 

grains, coarse-sand beds, relatively high percentages of polycrystalline quartz, and 

high percentage of kaolin (Figure 4.13b, c, d, e). Transgressive lag deposits 

typically represents a sudden transgression when lake/sea level rise quickly 

(Cattaneo and Steel, 2003). 

As a result, the dominance of claystones and rhythmites and presence of 

transgressive lag deposits and siderites in the FA1 suggest that it is most likely 

deposited in an open lacustrine environment with occasional glacial influence. 

Most sediments were deposited from suspension in the water. The significantly 

thick intervals of FA1 in the studied sections reveal that lacustrine conditions 

dominated for a long time and the water was very deep.  

FA2: Lacustrine shoreface 

Description 

Facies Association 2 (FA2) mainly consists of planar/ low angle stratified, 

hummocky cross-laminated, and ripple cross-laminated sandstone (F10 and F11, ~ 

60%), some laminated siltstone (F6, ~ 35%), and occasional claystone and 

heterolithic beds (Figure 4.17). This facies association is normally 1-12 m in 

thickness. The percentage of sandstone and bed thickness increase upward. It 

generally coarsens upward from massive claystone at the base, to hummocky 

cross-stratified, planar/low angle stratified and ripple crossed siltstone and 

sandstone at the top (Figure 4.17). Claystone beds are normally massive with high 
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organic content (Figure 4.17a). The sandstone is mostly very fine- to fine-grained 

and poorly to moderately sorted. It is dominated by hummocky and ripple cross 

stratifications, with some low-angle parallel cross laminations. Truncation 

surfaces are common in sandstone beds. These laminations are well delineated by 

the variation of sand and mud content (Figure 4.17a). Some mud layers are draped 

on the foresets of the cross-stratified sandstone (Figure 4.17c). Some heterolithic 

beds have wavy and lenticular bedding (Figure 4.17b). Occasional micro-faults 

and contorted beds are also present (Figure 4.8c). Syneresis cracks are common 

within some muddy intervals and are generally filled with silty materials (Figure 

4.17b). Burrows, mainly Skolithos, are common in places (Figure 4.8b).  
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Figure 4.17: Representative core interval and photos of FA2: a) Prevalent HCS sandstone (F10) 

with a coarsening-up trend (reverse orange triangles), common truncation surfaces (dashed white 

curves), and some clay intervals (red arrows). Holdfast-1, 3336.50-3337.50 m; b) Lenticular beds 

and abundant syneresis cracks in the clay interval. Holdfast-1, 3338.25-3338.40 m; c) ripple 

cross-laminated sandstone with mud drapes. Holdfast-1, 3330.00-3330.15 m.  

Interpretation 

The predominance of sand and Skolithos ichnofacies in FA2 suggests deposition 

in a high-energy environment. The presence of a few claystone beds at the base 

indicates that the flow energy was sometimes low. Hummocky cross stratification 

is usually formed by oscillatory flow or combination of unidirectional flows 

(Duke, 1985; Duke et al., 1991), and is a reliable indicator of deposition in shelf 

and shoreface environment related to storm events (Reineck and Singh, 1980; 
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Dott Jr and Bourgeois, 1982; Boggs, 2009). FA2 is interpreted as the deposition of 

lacustrine shoreface based on the upward-coarsening association of minor 

claystone beds at the base to the upper hummocky- and ripple-crossed sandstone 

at the top, the presence of common truncation surfaces and lack of marine 

indicators. The upward-coarsening pattern is interpreted to result from 

progradation of a shoreface. The intermittent tabular and planar cross 

stratifications within this association suggest that elements of the upper shoreface, 

backshore, and nearshore bars are preserved. Similar patterns have been 

interpreted as shoreface deposits by many authors (Duke, 1985; Van Wagoner et 

al., 1990; Duke et al., 1991; Pattison, 1995; Tamura, 2012). Rapid variations in 

salinity, or brackish conditions, are indicated by common syneresis cracks and the 

low diversity and abundance of traces. Occasional micro-faults and contortions 

indicate slumping events.  

FA3: Floodplain/interdistributary bay 

Description 

Facies Association 3 (FA3) is composed mostly of fine sediments and is 

dominated by grey to dark grey claystone (F3 and F4, ~ 50%), siltstone (F5 and 

F6, ~ 45%), and minor sandstone beds/layers (Figure 4.18). Intervals containing 

FA3 range from 0.1 m to 7.5 m in thickness. It is dominated by mudstone with 

occasional interbedded sandstone beds/lenses. The mudstone of FA3 is generally 

horizontally laminated and is 0.1-2.5 m thick. Intervals of mixed mudstone and 

sandstone contain wavy laminations but sometimes can be massive. Carbonaceous 

shale within this facies association is very dark and is 0.1-0.5 m thick. Plant debris 

and comminuted carbonaceous matter are abundant across the FA3. Some 
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intervals contain very high organic matter (Figure 4.18a). Occasional convolute 

beddings are also present. Burrows (Planolites?) around 2 mm in diameter are 

common in places (Figure 4.18b).  

 

Figure 4.18: Representative core intervals and photos of FA3: a) Dominant claystone and 

siltstone, showing planar and wavy laminations, and massive features. Note the sand layers, 

contorted beds (dashed orange elliptical circle), carbonaceous interval, and coalified layers (red 

arrow). Holdfast-1, 3309.00-3310.00 m; b) Common occurrence of burrows (blue arrows). 

Streaky-1, 3287.50-3287.65 m.  

Interpretation 

The abundance of claystone and siltstone in FA3 indicate that it was deposited in 

a low energy environment. A few sand beds/layers reveal higher energy 
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fluctuations. The presence of carbonaceous shales, coalified plant fragments, and 

occasional coal layers reflects that occasional vegetated and reducing conditions 

were achieved in situ and/or nearby during deposition. Convolute beds were 

probably due to instability after deposition, which is very commonly associated 

with floodplain deposits (McKee, 1966). Horizontal beds of mudstone and 

sandstone, wavy laminations and convolute beddings could indicate floodplain, 

interdistributary bay, and channel fill deposits derived from fluvial, or distributary 

channels (Reineck and Singh, 1980). As a result, FA3 is interpreted to represent 

all these sub-environments. Further differentiation between these sub-

environments could be achieved by studying their relationship with adjacent 

strata.  

FA4: Distributary channel/channel deposit 

Description 

Facies Association 4 (FA4) is dominated by cross-stratified and ripple-cross 

laminated sandstone (F9 and F11, ~ 85%), with some low-angle cross-stratified 

sandstone (F8, ~ 10%) (Figure 4.19) and minor mudstone. FA4 is normally 1.5-11 

m in thickness. This facies association is typically fining-upward (Figure 4.19). 

The lower part of FA4 generally starts from a basal erosion surface (Figure 4.19a) 

that in places is overlain by mudclast or coal-lag deposits (Figure 4.19c) and then 

consists of trough and/or planar cross-bedded sandstone. The upper part of FA4 

usually contains ripple cross-laminated, horizontally laminated (Figure 4.19d), 

convolute, or massive sandstone, with rare thin beds of mudstone. A few coal 

wisps and plant debris are present (Figure 4.19c). The sandstones of FA4 are 



Chapter 4 Lithofacies and electrofacies Analysis 

101 

generally very fine-grained to medium-grained, well sorted, and locally granular 

or pebbly at the base (Figure 4.19a, b). Some sandstones have massive features.  

 

Figure 4.19: Representative core intervals of FA4: showing the characteristic scouring with 

granular sediments at the base (dashed white lines) and planar cross-bedded sandstone in the 

upper interval, which displays a fining-upwards trending. Note the rip-up clasts of coal and 

siltstone fragments (c, red arrow). Kingston Rule-1, 2530-2530.50 m (a, b), 2528.75-2529.25 m (c, 

d). 

Interpretation 

The abundance of sandstone in FA4 indicates it was deposited in a high-energy 

setting. The upward-fining indicates an environment with decreasing energy. The 

association of erosion surface, pebble lags, coal wisps, an upward-fining in grain 

size and an upward transition from trough- and planar-cross bedded sandstone to 

ripple-cross laminated, massive sandstone is typical of point bar deposits from 

distributary (Olariu and Bhattacharya, 2006) or fluvial channels (Miall, 1978), 

which have been described in numerous models as summarised by Collinson 

(1996). Fluvial channels are interpreted to have been deposited in a coastal plain 

environment while the distributary channels are interpreted to have been deposited 

on a delta plain where the river flows into the sea or lake (Reineck and Singh, 

1980). The overall features of fluvial and distributary channels are similar except 
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that the grain size of the former is generally larger than the latter (Reineck and 

Singh, 1980). The differentiation of these two types of deposits could be further 

accomplished with an understanding of the underlying and overlying strata 

relationship.  

FA5: Crevasse channel/splay/natural levee 

Description 

Facies Association 5 (FA5) is dominated by heterolithic strata (F12, > 90%) 

comprised of alternating sandstone, siltstone, and claystone (Figure 4.20). 

Intervals of associated lithology in FA5 are 0.3-6.1 m thick. No obvious trend of 

grain size has been observed in FA5 but the frequent change of grain size makes it 

similar to a serrated pattern in core logs. The percentage of sandstone in FA5 

varies from 10% to over 60%. The sandstone is usually very fine- to fine-grained 

and beds ranges from 0.1 m to 2.4 m in thickness. FA5 usually contains climbing 

ripples, ripple and wavy laminations, and some horizontal laminations (Figure 

4.20a). Most climbing ripples are of Type 2 (McKee, 1965) (Figure 4.20a) and 

their thickness range from 2 cm to 6 cm. Occasional mudstone clasts are present 

in sandstone beds (Figure 4.20b). Some scour surfaces are present at the base and 

are overlain by finer sediments. Mottling and convolute beds are common in 

places (Figure 4.20a). Plant debris and comminuted organic matter are also 

present (Figure 4.20c). Syneresis cracks are abundant in some argillaceous 

intervals and are generally filled with sandy material (Figure 4.13a, Figure 4.20c). 

Burrows are abundant in FA5 and both Planolites and Skolithos are present 

(Figure 4.20c, d). Some interval are strongly bioturbated.  
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Figure 4.20: Representative core interval and photos of FA5: a) Heterolithic strata of mud, silt, 

and sand, showing wavy, horizontal laminations, and climbing ripples (blue arrows). Note the 

scour surface (dashed white line), mottling, and convolute beds (red arrows). Holdfast-1, 3449.50-

3450.50 m; b) Mud clasts (red arrows) in sandstone beds. Holdfast-1, 3440.50-3440.65 m; c) 

Common syneresis cracks (white arrows) and burrows (Planolites, blue arrows) in clayey 

intervals. Note the wavy laminations, rippled cross-laminated sandstone (yellow arrow) and plant 

debris (red arrow). Holdfast-1, 3436.50-3436.65 m; d) Common Skolithos burrows. Holdfast-1, 

3440.75-3440.90 m.  

Interpretation 

The heterolithic lithologies of FA5 with common wavy beds/laminations indicate 

that flow energy fluctuated frequently. Climbing ripples are generally formed 

when there is an abundance of sediment(McKee, 1966), but the lateral drifting of 

climbing ripples in FA5 reveals that the suspended/bed load ratio was not very 

high. Climbing ripples are typical features of overbank flow, floodplain, and 
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natural levee deposits (McKee, 1966; Reineck and Singh, 1980). The association 

of small-ripple cross bedding, climbing lamination, and wavy lamination are 

commonly found in natural levee (Fisk, 1961; Allen, 1965) and crevasse splay 

deposits (Russell, 1954; Coleman, 1969) and these are likely environments for the 

deposition of FA5. The presence of some scour surfaces was probably due to the 

channelling associated with crevasse splays. Convolute beds in FA 5 probably 

result from slumping effects associated with slope instability, which is common in 

natural levees (Johnson and Pierce, 1990). Abundant syneresis cracks suggest that 

the water salinity might have gone through some rapid changes when water 

inundated the floodplain.  

FA6: Distributary mouth bar 

Description 

Facies Association 6 (FA6) is characterized by very fine- to fine-grained, trough-

cross bedded, ripple-cross laminated (including climbing ripples) sandstone (F9, 

F11, and F12b, ~ 85%), and wavy-bedded heterolithic strata of sandstone, 

siltstone, and claystone (F12a, ~ 10%) (Figure 4.21). Beds of FA6 are 1.25-8.0 m 

thick. Units generally have heterolithic strata of claystone and siltstone at the base 

(F12a) and coarsen upwards to ripple laminations and/or ripple-laminae in drift 

(F11), to cross-stratified sandstone (F9) at the top (Figure 4.21). Heterolithic strata 

of claystone, siltstone, and sandstone commonly contain beddings and lenticular 

bedding (Figure 4.21). Clay beds/laminae are usually black and carbonaceous 

with high organic content. Lenticular beds sometimes have cross-lamination. 

Sandstone beds are usually several centimetres to a few meters thick and are 

characterised by climbing ripples (Figure 4.11a), ripple cross lamination (Figure 
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4.11b, Figure 4.21), and trough cross bedding. Mud layers are common on the 

foresets. Abundant flasers are present in sandstone (Figure 4.11b, Figure 4.21). 

Syneresis cracks are abundant in some argillaceous intervals and are filled with 

silt/sandy material (Figure 4.21). A few Planolites burrows are present in 

argillaceous intervals and they are usually 2-3 mm in diameter. Plant fragments 

and comminuted organic matter are common (Figure 4.11d). Convolute beds are 

present in places (Figure 4.21).  

 

Figure 4.21: Representative core interval of FA6: showing a coarsening-up trend from lenticular, 

wavy beds of siltstone and claystone at the base, to the planar/trough, ripple cross-stratified 

sandstone at the top, with an increasing percentage of sandstone. Note the presence of abundant 

syneresis cracks (brown arrows) and burrows (probably Planolites, red arrows) in argillaceous 

intervals near the base, flasers and mud drapes (blue arrows) in the sandstone and convoluted 

beds (red arrow). Holdfast-1, 3288.75-3289.75 m. 

Interpretation 

The coarsening-upward nature of FA6 indicates an increase in flow energy, which 

is normally observed in sandy shoreface and delta deposits (Van Wagoner et al., 

1990). However, the lack of HCS (or SCS), low angle parallel laminations and 

other typical features of shoreface deposits means that it is unlikely to have been 

deposited in a shoreface environment. FA6 thus is interpreted to be the deposition 
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of distributary mouth bars as suggested by the presence of common ripple and 

trough cross bedding. The formation of climbing ripples usually requires lots of 

suspended sediment to build upwards and their presence further supports the 

interpretation of distributary mouth bar environments. Similar features has been 

reported by many studies (Wright and Coleman, 1971; Coleman and Prior, 1982).  

The heterolithic strata at the base, including wavy and lenticular beds of 

alternating mudstone and sandstone, indicate that there was fluctuating input of 

mud and sand. The flasers and mud drapes in overlying sandstone beds were 

deposited during periods of quiescence, possibly from tidal influence. Common 

syneresis cracks in clayey intervals suggest changes in salinity during deposition. 

Convolute beds are interpreted to be due to slope instability, which is typical of 

delta deposits. The plant debris could be transported from rivers (Coleman and 

Prior, 1982).  

FA7: Prodelta 

Description 

Facies Association 7 (FA7) is dominated by streaky-laminated, weakly laminated 

to massive claystone (F4, ~ 90%) with minor siltstone (F5 and F6, ~ 7%) (Figure 

4.22). The thickness of FA7 ranges from 1.8 m to 30 m. The grain size is 

generally uniform with no obvious grading (Figure 4.22a). Beds are characterised 

by horizontal and streaky lamination. Convolute beds, scours, and micro-faults are 

very abundant within this facies association (Figure 4.22a, b, d). Lenticular sand 

lenses are common and some have ripple cross lamination (Figure 4.22b, d). A 

few load casts are present in places (Figure 4.22c). Syneresis cracks are present in 
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some clay intervals and are filled with silt. A few Planolites burrows of ~1-3 mm 

in diameter are present (Figure 4.22b). FA7 usually overlies FA1 and underlies 

FA2 or FA6.  

 

Figure 4.22: Representative core interval and photos of FA7: a) Streaky to poorly laminated 

claystone, with common micro-faults (dashed red lines), scour surfaces (dashed white lines), and 

convolute beds (dashed orange elliptical circles). Note the presence of a very thin sand lense (blue 

arrow) just above the upper micro-fault. Holdfast-1, 3347.00-3348.00 m; b) Scour surface (dashed 

white lines) overlain by cross-laminated sandstone. The right part of the upper dashed white line 

might represent a micro-fault (slipping surface). Note the presence of Planolites burrows (blue 

arrows) and syneresis cracks (orange arrows) in the clay intervals. Holdfast-1, 3344.25-3344.40 

m; c) A probable load cast (delineated by dashed yellow line) inside the clay beds. It may also be 

possibly formed by the contortion of a scour surface. Holdfast-1, 3344.50-3344.65 m; d) A micro-

fault that displaced the silty beds. Note the presence of a well-developed symmetrical wave ripple 

(orange arrow). Holdfast-1, 3344.75-3344.90 m.  

Interpretation 
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Streaky-laminated claystone is usually deposited in low-energy environments 

such as open lacustrine, sea, floodplain, interdistributary bay, and prodelta 

environments (Reading, 1996). The presence of abundant convolute beds, scours, 

and micro-faults in FA7 indicates that frequent slumping events occurred. These 

features suggest that the sediment were not stable and liable to mobilization after 

deposition, which is very typical of prodelta deposits due to rapid deposition on a 

slope (Coleman and Gagliano, 1964; Coleman and Prior, 1982). The minor 

burrowing observed in this facies association suggest that the ancient environment 

was not very suitable for burrowing creatures to thrive and it could also be due to 

rapid deposition. Deposits from a prodelta environment are characterised by 

common thinly laminated silt and clay, and lenticular and ripple-crossed sand 

lenses (Coleman and Gagliano, 1964; Coleman and Prior, 1982) that are all 

common in FA7. The usual association of this association with FA1 and FA2/FA6 

further supports that FA7 is mostly likely to be deposited in a prodelta 

environment. The syneresis cracks present in the clayey intervals are indicative of 

minor salinity changes which caused the deflocculation of clay (Burst, 1965).  

FA8: Mire/swamp 

Description 

Facies Association 8 (FA8) is composed of interbedded coal (F1, ~ 35%), 

carbonaceous shale (F2, ~ 60%), and minor claystone (Figure 4.23). Strata of FA8 

can be as thick as 10 m. The coal seams are partly laminated or banded (Figure 

4.1) and are 0.1 m to 2 m in thickness. Both bright and dull coals are present and 

they have well-developed cleats. They are normally interbedded with 

carbonaceous shale. Carbonaceous shales are usually very black, typically 
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massive to weakly laminated, and range from 0.1 to 2.5 m thick. Common plant 

fragments and organic debris are present within the carbonaceous shales. Some 

coals have a vitreous appearance (Figure 4.23a). Both transitional (Figure 4.23a) 

and sharp (Figure 4.23b) contacts between coal and carbonaceous shale are 

present. A few sandstone layers are also present (Figure 4.23d). Some yellowish 

pyrite grains are observed in coal strata (Figure 4.23a) and they generally are a 

few millimetres in diameter but a few are a few centimetres in diameter.  

 

Figure 4.23: Representative core interval and photos of FA8: a) Heterolithic strata comprising 

coal, carbonaceous shale, and minor claystone. Note the presence of pyrite grains (blue arrow) 

within coal strata and gradational contact between coalified strata and overlying carbonaceous 

shale. Holdfast-1, 3299.25-3300.25 m; b) Sharp contact between the coal strata and overlying 

carbonaceous shale. Holdfast-1, 3273.30-3273.45 m; c) Frequent alternations of coal layers and 
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carbonaceous shale. Holdfast-1, 3301.80-3301.95 m; d) Showing a sandy bed (white arrow) 

within the carbonaceous shale. Holdfast-1, 3303.30-3303.45 m.  

Interpretation 

Beds of coal, coaly shale, carbonaceous shale, and coalified plant fragments 

indicate a vegetated environment. The carbonaceous shales where deposited in 

wetlands where inorganic material introduced by floods and storms (McCabe, 

1985; Bohacs and Suter, 1997; Holz et al., 2002). The relatively thick and clean 

coal seams suggest that these peats accumulated in mires that were removed from 

clastic input for a long period of time. In order to explain the lateral extent, 

thickness, and low ash content of the Cooper Basin coals, Hunt and Smyth (1986) 

suggested high-latitude blanket mires as an analogue. It is possible that the coals 

in FA8 as accumulated in raised swamps (McCabe, 1985) where clastic input was 

minimised. Similar conclusions has been reached by (Lang et al., 2000; Lang et 

al., 2001a; Strong et al., 2002a). They used the west Siberian modern fluvial 

system  of the Ob River as a good analogue for the Cooper Basin coal measures. 

The pyrite in the coals were probably formed by bacterial reduction of organic 

sulphur, with a lesser role played by advanced peat degradation as described by 

Altschuler et al. (1983) for the Everglades peat in the US. The presence of silt and 

sand indicates occasional clastic input from nearby source, possibly overbank or 

crevasse splay deposits from distributary channels.  

4.3 Electrofacies analysis 

An electrofacies is defined as a set of log responses and characteristics that can be 

used to differentiate one lithotype from others (Serra and Abbott, 1982). Wireline 

logs give a particular special picture of rock properties, in this way, electrofacies 
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can be seen the equivalent of lithofacies albeit with some differences (Serra and 

Abbott, 1982). An electrosequence is a set of related electrofacies representing a 

series of continuous evolution of log responses and characteristics which 

distinguish it from others (Serra and Abbott, 1982; Rider, 2002). An 

electrosequence can provide useful information about possible depositional 

environments during deposition (Rider, 2002). In order to be in accordance with 

the terms used in section 4.2 for Facies analysis, “electrosequence” is referred as 

“electrofacies assemblage” in this thesis.  

In this study, GR and DT log response values were used to determine quantitative 

electrofacies. The detailed methodology of electrofacies analysis has been 

discussed in section 3.4. Electrofacies assemblages were defined and interpreted 

based on the associated electrofacies, log shapes, and vertical stacking patterns of 

likely lithologies; referred to as log motifs. Six electrofacies (lithotypes) were 

finally identified and eight electrofacies assemblages were recognised. These 

electrofacies were used to provide a general guide for interpretation of the 

lithofacies distribution, facies architecture, and paleogeography, allowing an 

improved understanding and prediction of reservoir, source, and seal rocks.  

4.3.1 Electrofacies 

Six rectangles were defined from the cross plot of GR vs. DT, based on typical 

log responses for the given lithologies (Figure 4.24). Built upon previous work 

(Sun and Camac, 2004; Hall et al., 2015), the cross plot has been adapted to 

specifically represent lithologies within the REM strata. Accordingly, six 

electrofacies were identified from the relation of GR, DT log values and lithology, 
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and cut-off values for each lithology were determined (Table 4.2). They were then 

used to regionally map the lithofacies across the basin in all uncored wells utilised 

in this study. These electrofacies were then grouped into electrofacies 

assemblages, which are related to depositional environments defined from facies 

analysis.  

 

Figure 4.24: GR vs DT cross plot for the Holdfast-1 well. GR is plotted on the X-axis and is 

measured in industry standard (GAPI) units. DT is measured on the Y-axis and is measured in 

industry standard inverse of sonic velocity or ‘slowness’ units (μsec/ft). The cross plot contains six 

rectangles that divide the log tracks into lithology zones for electrofacies analysis. The coloured 

dots show the distribution of different lithologies of Holdfast-1 well.  

Table 4.2: Electrofacies criteria for the REM strata in the Cooper Basin. Different 

electrofacies/lithologies can be differentiated based on their GR and DT values from wireline logs.  

# Electrofacies Gamma ray (API) Sonic (μsec/ft) 

E1 Coal  not applicable  ≥ 100 

E2 Clean sandstone  ≤ 80 N/A 

E3 Silty sandstone > 80 and ≤ 95 N/A 

E4 Coarse siltstone  > 95 and ≤ 115 N/A 

E5 Silty claystone > 115 and ≤ 130 N/A 

E6 Carbonaceous shale/claystone  > 130 N/A 
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4.3.2 Electrofacies assemblage 

Eight assemblages were recognised within the study area based on their log motifs 

(Figure 4.25). These electrofacies assemblages were related to depositional 

environments defined from core facies analysis.  

 

Figure 4.25: Representative log motifs for identified electrofacies assemblages in this study: a) 

Open lacustrine, showing a blocky high GR motif; b) Lacustrine shoreface, showing a clean (low) 

funnel-shaped GR motif; c) Floodplain/interdistributary bay/channel fill, showing a serrated high 

GR motif; d) Distributary channel/channel deposits, showing a bell-shaped GR motif; e) Crevasse 

channel/splay/natural levee, showing a serrated to funnel-shaped, medium GR motif; f) 
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Distributary mouth bar, showing a funnel-shaped GR motif; g) Prodelta, showing a blocky to 

serrated high GR motif; h) Mire/swamp, showing a high DT motif. The depth is in metres. The first 

track is GR log, the second track is DT log, and the third tack is core log.  

EA1: Open lacustrine 

Description: 

EA1 is characterised by high GR (160-200 gAPI) and low DT (60-80 µs/ft) log 

responses (Figure 4.25a). It is generally constant with minor variations in GR and 

DT values, showing a blocky motif (Figure 4.25a). Occasional lower GR values 

may be present with an irregular and spiky pattern. The sonic velocity is relatively 

fast (60-80 µs/ft). EA1 is usually very thick and ranges from several metres to 

tens of metres in thickness. EA1 comprises most of the REM strata. 

Interpretation: 

The blocky motif of very high GR and low DT responses reveals that the 

sediments mainly consist of mud deposited from suspension with no obvious 

high-energy influxes, or with restricted water circulation (Catuneanu, 2006a). 

Occasional spiky and irregular low GR values are likely caused by thin interbeds 

of sand and silt. The large thickness of EA1 indicates its dominance and 

prolonged deposition. EA1 is interpreted to be open lacustrine deposits. 

EA2: Lacustrine shoreface 

Description:  

EA2 is characterised by a funnel-shape motif with GR responses decreasing 

upwards from 160-200 gAPI at the base to around 60-70 gAPI at the top (Figure 

4.25b). At the upper boundary of the funnel motif, an abrupt deflection back to a 

high GR is usually observed. The curve is generally smooth but minor 
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fluctuations can also be observed. The DT count is mostly constant (60-80 µs/ft) 

with occasional fluctuations. EA2 is usually several metres thick.  

Interpretation:  

The funnel-shape GR motif indicates coarsening upwards from silt or clay to sand 

with increasing flow energy setting (Rider, 2002). This feature can be found in a 

range of environments, e.g., delta, shoreface, or crevasse splay. However, the 

smooth nature of the GR curve reveals that it is clean with little mud, which is 

typical of shoreface deposits.  

EA3: Floodplain/Interdistributary bay/channel fill 

Description:  

EA3 has moderate to high GR (80-180 gAPI) and low DT values (60-80 µs/ft) 

(Figure 4.25c). Some intervals have abundant spiky signatures with low GR and 

high DT log responses. The thickness of EA3 ranges from several decimetres to 

metres. 

Interpretation:  

High GR and low DT responses indicate that EA3 is mainly composed of 

mudstone deposited in a low energy setting. Abundant spiky features and medium 

to low GR values indicate that occasional silt and sand were deposited from high-

energy fluxes. EA3 is interpreted as floodplain/interdistributary bay/channel fill 

deposits.  

EA4: Distributary channel/channel deposits 

Description: 
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The GR response of EA4 is characterised by low values at the base and trending 

to high values at the top (~180 gAPI), forming a bell shape (Figure 4.25d). Some 

intervals have a blocky low-GR motif, which rapidly deflects to higher GR counts 

through the top boundary. A few spiky high GR values can also be observed 

within the low-GR intervals.  

Interpretation:  

Prevalent low GR response indicates that EA4 is dominated by sand deposits in a 

high-energy setting. The bell-shaped motif reveals a decrease in flow energy. 

However, occasional constant-energy flow still existed suggested from the blocky 

motif in some intervals, which is characteristic of multistorey channel deposits 

(Rider, 2002). As a result, EA4 is interpreted to be fluvial channel/distributary 

channel deposits.  

EA5: Crevasse channel/splay/natural levee 

Description: 

EA5 has moderate to high GR responses (100-180 gAPI) and low DT values (60-

80 µs/ft) with spiky, irregular log signatures of intercalated pulses of higher or 

lower responses (Figure 4.25e). Some intervals show a coarsening-upward funnel-

shaped pattern in GR responses. The thickness of EA5 can reach 7 m.  

Interpretation: 

Dominance of moderate to high GR counts indicates that EA5 consists mostly of 

muddy and silty materials deposited in a low energy environment. Spiky GR 

features reveal the presence of intercalations of sands resulted from frequent 
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higher energy fluxes during their deposition. EA5 is interpreted as crevasse 

channel/splay or natural levee deposits.  

EA6: Distributary mouth bar 

Description:  

EA6 has decreasing-upward trending in GR response (i.e. a funnel-shaped motif) 

which typically has an abruption deflection back to high GR values at the upper 

boundary (Figure 4.25f). Spiky higher/lower GR counts are commonly 

intercalated within the trend, giving a serrated appearance. EA6 is normally 

several metres thick, but it can be tens of metres thick. 

Interpretation: 

A funnel-shaped motif indicates a coarsening-upwards trending deposited in a 

setting with increasing flow energy (Rider, 2002). Spiky GR features indicates 

frequent energy fluctuations during deposition, producing an intercalated package 

of sandstone, siltstone, or claystone. EA6 is interpreted as distributary mouth-bar 

deposits.  

EA7: Prodelta 

Description: 

EA7 has blocky high GR (160-180 gAPI) and fast sonic velocity (60-80 µs/ft) 

responses, with frequent intercalations of lower GR and higher DT values (Figure 

4.25g). The log response of EA7 is similar to that of EA1, but with lower GR 

values. EA7 is normally several metres thick. The differentiation of EA7 and EA1 
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usually requires the consideration of its thickness and relationship with overlying 

and underlying strata. EA7 usually overlies the EA1 and underlies the EA6.  

Interpretation: 

Blocky high GR response of the EA7 indicates that it is dominated by mudstones 

deposited in a low-energy or quiet-water environment. The lower GR values 

indicate the common presence of minor silt and sand from higher energy fluxes. 

Considering its relationship with EA6, the electrofacies assemblage is interpreted 

as prodelta deposits.  

EA8: Mire/swamp 

Description:  

EA8 is mainly characterised by high DT (>90 µs/ft), i.e. low sonic velocity, and 

low GR values (Figure 4.25h). Some intervals have high GR responses and low 

DT responses. EA8 is usually several decimetres in thickness but a few intervals 

are as thick as 10 m.  

Interpretation: 

The feature of unusual high DT values (high interval transit times) is diagnostic of 

coal deposits (Rider, 2002). The low GR responses indicate that these coals are 

clean with little clay. Intervals with high GR and low DT values should be 

attributed to the presence of organic matter in the carbonaceous shale or claystone 

that overlies/underlies coal seams. The very thick intervals are suggestive of a 

raised peat mire or a low-lying swamp environment where the water table kept 

paced with the sediment surface for a long time (McCabe, 1985). 
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Chapter 5 Sequence Stratigraphy 

5.1 Introduction 

Sequence stratigraphy involves identification of key surfaces to determine 

depositional trends preserved in sedimentary deposits (Catuneanu et al., 2011). 

When used in conjunction with facies analysis, it can be used to provide a 

framework for interpreting depositional history and paleogeographic evolution of 

a basin.  

The sequence stratigraphic interpretation of the REM strata in this study is based 

on several features and characteristics, including the stacking patterns of 

lithofacies and wireline logs (primarily GR and DT logs), interpreted depositional 

environments, and the lateral continuity of surfaces across the basin. The 

methodology is described in detail in section 3.6. All available data, including 

cores, wireline logs, palynology data, and geochemistry data, were integrated to 

improve the accuracy of interpretation. Previous results from localised research 

(Lang et al., 2000; Lang et al., 2001a; Lang et al., 2001b; Nakanishi and Lang, 

2001a, b; Ceglar, 2002; Lang et al., 2002; Nakanishi, 2002; Nakanishi and Lang, 

2002; Matali, 2013) were also considered as references and integrated into this 

study.  

5.2 Stacking patterns 

Cyclic stacking patterns are identified in both cores (Figure 5.1) and wireline logs 

(Figure 5.2) (Guo and McCabe, 2017). Petrological analyses indicate that the 

lower and middle parts of the Murteree Shale are mainly comprised of claystones 
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(Beach Energy, 2011b) and are characteristic of deep water sediments with blocky 

high GR motif. These strata show little variation in cores (Figure 5.1) and wireline 

logs (Figure 5.2). The upper Murteree Shale has increasing amounts of siltstone 

and sandstone, which represents a regressive episode grading up to the Epsilon 

Formation.  

 

Figure 5.1: A measured section from the Holdfast-1 well spanning the upper Patchawarra 

Formation, Murteree Shale, Epsilon Formation, Roseneath Shale, and lower Daralingie 

Formation, and showing lithologies, grain size, sedimentary structures, facies associations, and 

other major features. Left-hand column indicates facies association and their colour corresponds 

to facies column in Figure 4.14. The keys to the other symbols are in Figure 4.15. 

As recognized by Alexander et al. (1998), the Epsilon Formation displays three 

stages of deposition: 1) A lower thin upward-coarsening package of beach and 

lacustrine shoreline deposits, representing a continued regression from the 

underlying Murteree Shale. At this time, the lake level dropped and beach 



Chapter 5 Sequence Stratigraphy 

121 

sediments were deposited, 2) A coaly middle unit deposited by distributary 

channels, crevasse splays, mires, and delta mouth bars. During this deposition, the  

 

Figure 5.2: Sequence stratigraphic interpretation of the REM strata in the Holdfast-1 well, 

showing the formations, stacking patterns, sequence stratigraphic surfaces, T-R cycles, schematic 

relative base-level changes, and stratigraphic units. Track I shows the lithological division of 

formations. P.F. =Patchawarra Formation, T.F. = Toolachee Formation. Track II includes the 

GR log, DT log, core log, SGR log, and identified sequence stratigraphic surfaces. The GR and 

DT logs are colour-filled to represent the mostly likely lithology. The horizontal black lines in the 

core log track are image control points that were used to calibrate the core log with wireline logs. 

The SGR logs were used to help identify the key sequence stratigraphic surfaces. The names of 

these stratigraphic surfaces are listed in Track III. MFS= 1st-order maximum flooding surface, 

MRS=1st-order maximum regressive surface, mFS= 2nd-order maximum flooding surface, mRS= 

2nd-order maximum regressive surface, SU= subaerial unconformity. The number following each 
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sequence stratigraphic surfaces denotes the numbering, which is used to differentiate from each 

other. The question mark in the names, if present, indicates the lack of confidence in picking 

corresponding surfaces. Track IV illustrates the probable 1st-order transgression-regression 

cycles. T= transgression, R= regression. The schematic relative shoreline trajectory and base 

level is described in the Track V (red= regression, blue =transgression, green =aggradation) and 

indicates the presence of two 1st-order cycles). Each 2nd-order cycle is bounded by an upper and 

lower maximum flooding surfaces (mFS) and includes a marked MRS or mRS within. Track VI 

denotes the numbering of stratigraphic units defined by MFS and mFS.  

lake level was relatively stable. The sediment was deposited in various 

environments as the river patter changed, and 3) an upper unit of repeated 

coarsening-upward packages of claystone, siltstone, and sandstone, deposited in 

shoreline environments with fluvial influences. This suggests a transgressive 

phase of deposition when lake level rose again and expanded inland. The 

existence of several coarsening-upward cycles reveals that there were multiple 

minor transgressions/regressions during deposition.  

The Roseneath Shale represents a continued transgression from the upper Epsilon 

Formation and indicates a relatively rapid rise of lake level with the occurrence of 

transgressive lags (Figure 5.1). A coarsening-upward sequence of shoreline 

deposits indicate a final phase of regression to the overlying Daralingie Formation 

with a relative drop in the lake level. 

5.3 Sequence stratigraphic surfaces 

Sequence stratigraphic surfaces mark shifts through time in depositional regimes 

and are created by the interplay of base level changes and sedimentation 

(Catuneanu et al., 2011). These surfaces provide the fundamental framework for 

the genetic interpretation of any sedimentary succession. The maximum flooding 

surface separates retrograding strata below from prograding strata above and 

marks the end of shoreline transgression. It is generally conformable and is a good 
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marker for stratigraphic divisions, especially for basin-wide correlations 

(Catuneanu, 2006b).  

As most of the Roseneath and Murteree Shales are comprised of very fine 

sediments (silt and clay) and do not have much variations in GR and DT values, 

only two 1st-order maximum flooding surfaces were identified within them. 

Between these two 1st-order maximum flooding surfaces, three 2nd-order 

maximum flooding surfaces were recognised, which divide the REM into four 

stratigraphic units. The 1st-order and 2nd-order surfaces mentioned in the thesis are 

just descriptive of their relative hierarchy in the sense of Catuneanu (2006b) and 

are not related to their cycle duration (Vail et al., 1977; Mitchum Jr and Van 

Wagoner, 1991) nor the absolute magnitude of base-level changes (Embry, 

1995a).  

5.3.1 1st-order maximum flooding surfaces 

The Roseneath and Murteree Shales were deposited when the lake level was very 

high (Alexander et al., 1998). As a result, both of these two formations are 

comprised of dominantly fine-grained mud with minor variations in the content of 

silt and clay. They generally have a blocky motif of (mostly constant) high GR 

and low DT response values, which made picking maximum flooding surfaces 

within them more difficult than many other shale formations (normally having 

more distinct changes in GR logs) around the world (Slatt, 2011).  

A new type log for the REM strata in the Cooper Basin (Figure 5.2) was 

developed here with formation picks based on previous work (Alexander et al., 

1998; Beach Energy, 2011b) and current work in this study. Two maximum 
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flooding surfaces, MFS1 and MFS2 (Figure 5.2), were identified within the 

Murteree and Roseneath Shales respectively, based on their vertical stacking 

patterns. They are picked at the highest gamma ray responses within the shale 

intervals, although variations in GR values are usually small. These two surfaces 

correspond to the highest lake level when the finest sediments were deposited. 

Below the MFS1, the GR log shows a clear fining-upwards pattern, especially at 

the transition from the upper Patchawarra Formation to the lower Murteree Shale. 

Above this surface, sediments with increasing silt were deposited which formed 

the upper Murteree Shale, showing a coarsening-upwards trend in GR log. This 

surface represents the end of the first significant lacustrine transgression after 

deposition of the Patchawarra Formation.  

A similar trend was observed in the Roseneath Shale. The maximum flooding 

surface, i.e. MFS2, is characterised by another local maximum in total gamma ray 

and separates the fining-upwards strata below and coarsening-upwards strata 

above. The MFS2 corresponds to the end of another widespread transgression 

from the significant flooding during the deposition of the Roseneath Shale. 

Although the strata below this surface consist mostly of clay-grade sediment, the 

GR log still show a gradual increase in response (Figure 5.2), which could be due 

to the increasing concentration of organic matter. This surface was further 

corroborated from the spike of UGR log (Figure 5.2). Unfortunately, TOC of rock 

samples from nearby strata do not show the same trend as indicated from the U 

log spike, which could be due to poor representation from insufficient samples 

and/or depth discordance between core samples and wireline logs.  

As mentioned above, the Roseneath and Murteree Shales were deposited in a very 

broad lacustrine environment when the transgression occurred over the widest 
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area and lasted for a long time as suggested from these thick (~100 m) shale 

intervals. As a result, the two maximum flooding surfaces identified here are 

referred as the 1st-order maximum flooding surfaces (Figure 5.2), which mark the 

farthest landward area that the lake shoreline reached in the history during the 

deposition of the REM strata. Both of these 1st-order surfaces, i.e. MFS1 and 

MFS2, can be easily traced across the majority of the area where the REM strata 

are present, except close to some ridges (e.g. the GMI Trend and MN Trend) and 

the basin margins. Correlation based on RHP index (Fang et al., 1993) and TOC 

values were tried but were not feasible due to the lack of adequate data points 

across the studied interval and/or depth discordance between drilled and cored 

samples. The recognition of the MFS1 and MFS2 in cores is not as easy as in 

wireline logs. Because the core intervals where these two surfaces lie are all 

comprised of dominant claystones, no special features were identified that could 

be indicative of a maximum flooding surface. A similar situation has been 

reported by Carter et al. (1998): he attributed this to the switch in depositional 

trend from retrogradation to progradation sometimes marked by a zone of deep-

water facies rather than a unique surface.  

5.3.2 2nd-order maximum flooding surfaces 

Between these two 1st-order maximum flooding surfaces, i.e. MFS1 and MFS2, 

several less significant transgression-regression (T-R) cycles are observed, mostly 

in the Epsilon Formation. As a result, three lower-order (2nd-order) maximum 

flooding surfaces were identified based on their stacking patterns. These surfaces 

are named mFS1, mFS2, and mFS3 from the bottom to the top, respectively 

(Figure 5.2). These 2nd-order maximum flooding surfaces correspond to the less 
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significant gamma ray peaks and represent frequent fluctuations of lake level 

during deposition of the upper Murteree Shale to the lower Roseneath Shale. 

These are not as extensive as those first-order maximum flooding surfaces but still 

could be tracked across most of the basin where the REM strata are present.  

5.3.3 Candidate surfaces 

Several candidate sequence stratigraphic surfaces were also identified from cores 

and wireline logs (Figure 5.2). A possible subaerial unconformity was identified 

in wireline logs of Holdfast-1 (SU1, Figure 5.2), which was characterised by a 

blocky low gamma ray and increased sonic velocity above the surface. After 

further checking with cores, it is characterised by planar cross-bedded sandstone 

overlying mire and delta deposits below. The lithology change is gradual and no 

sharp boundaries are present. Thus, this blocky GR motif could more likely be 

distributary mouth bar deposits, rather than stacked fluvial channels deposits as 

suggested from wireline logs. However, the possibility that these strata are fluvial 

channel deposits still cannot be fully disproved. A similar motif observed in 

several other wells proved to be fluvial deposits, such as the Skipton-1 and 

Kingston Rule-1 wells. This surface is present in localised wells and can be only 

traced within a limited area. Another probable subaerial unconformity (SU2, 

Figure 5.2) is identified at the boundary between the Daralingie Formation and 

Toolache Formation. Two 1st-order maximum regressive surfaces, including 

MRS1 and MRS2 (Figure 5.2), were identified but with less confidence. At the 

same time, several 2nd-order maximum regressive surfaces (i.e. flooding surfaces, 

including mRS1, mRS2, mRS3; Figure 5.2) were also identified which represent 

corresponding flooding events after lowstand deposition. The association of 1st-
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order maximum regressive surfaces (MRS) with 1st-order maximum flooding 

surfaces (MFS) defined 1st-order transgressive-regressive (T-R) cycles (Figure 

5.2).  

5.3.4 Sequence stratigraphic comparison  

Although the interpretation in this study share some similarities with previous 

work, some differences are present, especially across different areas. (Ceglar, 

2002; Strong et al., 2002a)  interpreted a Transgressive surface (VC00) at the 

bottom of Murteree Shale and a SB/MFS (UC00) at the top in the Baryulah 

complex area. They identified a maximum flooding surface (TC50) within the 

Epsilon Formation, which was also interpreted from the Napowie-1 well in the 

Pondrinie Field by (Lang et al., 2000; Lang et al., 2001a). The Roseneath Shale 

was eroded from these areas and a sequence boundary was usually found on the 

top of the Epsilon Formation. The lack of the Roseneath Shale in these studies 

makes it hard to compare with the scheme in this study despite the key surface-

TC50 mostly likely corresponds to the mFS2 based on their stacking pattern. In 

the Moomba-Big Lake area, (Nakanishi and Lang, 2001b) interpreted a maximum 

flooding surface within the Murteree Shale in the Moomba-Big Lake area. This is 

consistent with our interpretation and corresponds to the MFS1 in the study.  
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Figure 5.3: Comparison of type logs showing sequence stratigraphic interpretations of the REM 

strata in different areas from previous studies: a) Baryulah complex from (Ceglar, 2002; Strong et 

al., 2002a), MS=Murteree Shale; b) Napowie-1 in the Pondrinie Field, Packsaddle Ridge (Lang et 

al., 2000; Lang et al., 2001a) ; c) Moomba-Big Lake area. (Nakanishi and Lang, 2001b) 

5.4 Transgressive-regressive cycles 

Maximum Regressive Surfaces (MRS) and Maximum Flooding Surfaces (MFS) 

can be used to separate the strata and put them into T-R cycles (see conceptual 

model in Figure 5.4 and Figure 5.5) (Embry and Johannessen, 1993; Embry, 

1995b, 2002). Two 1st-order transgressive-regressive (TR) cycles are found based 

on the identified sequence stratigraphic surfaces (Figure 5.2, Figure 5.4, Figure 

5.5). The MRS1 in the Patchawarra Formation separates the upward-coarsening 

crevasse splay deposits below and upward-fining crevasse splay to lacustrine 

deposits above. Above it, there is a gradual transition through the boundary 

between the Patchawarra Formation and Murteree Shale, and it fines upwards to 

the MFS1, the 1st-order maximum flooding surface, forming a transgressive unit 

(T). Siltier prodelta sediments and sandy lacustrine shoreface, mouth bar, and 

fluvial channel deposits overlie the MF1 and display a coarsening-upwards motif 

in GR log, representing a regressive environment with increasing energy. This 
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regressive (R) unit is capped by the MRS2, i.e. the second 1st-order maximum 

regressive surface, thus completing the first 1st-order T-R cycle. The transgressive 

parasequences of the second 1st-order T-R cycle ends at the MFS2, i.e. the second 

1st-order maximum flooding surface, and is comprised of several cycles of 

coarsening-upwards shoreface deposits. Overlying the MFS2, another phase of 

regression occurs forming the second 1st-order regression strata. Within the T2 

parasequences, three lower-order (2nd order) T-R cycles can be identified, which 

are defined by the 2nd-order sequence stratigraphic surfaces. Accordingly, both the 

1st- and 2nd- order schematic relative shoreline trajectory and lake level can be 

acquired (Figure 5.2, Figure 5.4, and Figure 5.5).  
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Figure 5.4: A conceptual depositional model showing the formation of the REM  strata in the trough area. Track I shows the lithological division, whose formation boundary 

are schematic and not very certain. P.F.= Patchawarra Formation, D.F.= Daralingie Formation. Track II illustrates the deposition process of the REM strata in the trough, 

including the environment, lithology, and key sequence stratigraphic surfaces. Track III denotes the numbering of sequence units found in the study, which are defined by key 

sequence stratigraphic surfaces, i.e. maximum flooding surfaces in this study. Track IV describes the schematic rise and fall of relative base level. 
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Figure 5.5: Schematic wheeler diagram illustrating the depositional process and time/distance 

relationship of the deposition of the REM strata: a) Depth vs. distance plot; b) Time vs. distance 

plot. Note the upper boundary of the beach/delta deposits are not definite and speculative. The 

lateral distance is schematic and not to scale. 

5.5 Sequence framework 

As there is no unconformity or disconformity within the REM strata, the basin-

wide extent of the identified maximum flooding surfaces means that genetic 

related strata are bounded by the same surfaces within both continental and 

lacustrine portions of basin. These surfaces are relatively easy to map, especially 

on wireline logs of extensive shale units across a large basin like the Cooper 

Basin. Due to the low reliability of other candidate sequence stratigraphic surfaces 

and the difficulty in correlating such surfaces across large areas of the basin, the 

maximum flooding surfaces, including both 1st-order and 2nd-order ones, are used 
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to establish a sequence stratigraphic framework for the REM strata in the Cooper 

Basin. The framework was established by correlating these surfaces through 

cross-sections, which could put all the genetically related strata into a 

chronological unit. The locations of cross-sections are indicated in Figure 3.4. The 

detailed methodology and process in doing this work is described in section 3.6. 

These surfaces separate the REM strata into four units, which are named sequence 

units 1 (SU1), 2 (SU2), 3 (SU3), and 4 (SU4) from the bottom to the top, 

respectively (Figure 5.2, Figure 5.4, and Figure 5.5).  

5.5.1 SU1 

SU1 is bounded by the MFS1 at the base and mFS1 at the top. It is the lowermost 

and most widespread unit in the Cooper Basin of all the four units. It is present in 

the Patchawarra Trough, Nappamerri Trough, Weena Trough, Allunga Trough, 

and Tenappera Trough (Figure 5.6). Deposits are present over some ridges, 

including the Della-Nappacoongee Ridge (Figure 5.6, Figure B.10, and Figure 

B.31) and Dirkala Ridge (Figure 5.6 and Figure B.31). It is absent over most of 

the GMI Trend and Murteree Ridge. This absence in the GMI Trend appeared to 

be mostly due to non-deposition and also, in part, due to erosion during the post-

Daralingie uplift (Apak et al., 1993). In the Murteree area, there may have been 

some deposition that was later eroded (Apak et al., 1995). It is likely that the 

absence of deposits for the SU2, SU3, and SU4 over the Murteree Ridge was due 

to the same reason (Apak et al., 1995).  

Most of the deposits are concentrated in the Nappamerri Trough and can be up to 

110 m thick. The centre of most troughs, including the Nappamerri Trough 

(Figure 5.6, Figure B.15, Figure B.25, Figure B.30, and Figure B.31), Patchawarra 
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Trough (Figure 5.6, Figure B.10, and Figure B.15),  and Mettika Embayment 

(Figure 5.6 and Figure B.11), have significantly much thicker deposits than 

marginal areas, which suggests faster subsidence rates in the centre. However, 

SU1 has a consistent thickness in the Mettika Embayment and Nappamerri 

Trough in cross-section BB’ (Figure B.6), which could be due to its strike 

alignment where there are no significant changes in subsidence rate. SU1 mainly 

comprises shale, sandstone, and coal seams. The lower part of SU1 is comprised 

of a thick regressive shale unit, which gradually passes upwards into 

progradational delta and shoreface deposits. SU1 hosts the majority of the coal 

seams present in this study. Most of these coal seams could be traced for a very 

long distance (tens to hundreds of kilometres, see Figure B.4, Figure B.10, and 

Figure B.25), both in dip and strike directions.  
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Figure 5.6: Isopach map of SU1, showing the strata distribution and depositional trend.  

5.5.2 SU2 

SU2 is bounded by the mFS1 at the base and mFS2 at the top. It is mainly present 

in the Nappamerri Trough, Weena Trough, and Tenappera Trough, with fewer 

deposits in the Patchawarra Trough (Figure 5.7). The thickest deposits are present 

in the northeast Nappamerri Trough where it is over 80 m thick. The deposits in 

the Patchawarra Trough are much thinner than that of the SU1; this was probably 

due to a slower subsidence rate or structural inversion (Apak et al., 1995). It is 

absent in nearly all the ridge areas. SU2 is mainly comprised of shales, with some 

coal and sandstone intervals showing cyclic transgression and regression. The 

transgressive interval usually is thin whereas the regressive interval is 
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characterised by thick coarsening-upward delta/shoreface deposits. The coals are 

mainly present in the Patchawarra Trough and Nappamerri Trough. They are 

usually thinner than those in the SU1 but can be traced for a very long distance 

(Figure B.4 and Figure B.24). 

 

Figure 5.7: Isopach map of SU2, showing the strata distribution and depositional trend. 

5.5.3 SU3 

SU3 is bounded by the mFS2 at the base and mFS3 at the top. The major areas 

where SU3 are present are approximately the same as for SU1 and SU2, i.e. 

Nappamerri Trough, Mettika Embayment, Tenappera Trough, and Weena Trough 

(Figure 5.8). However, deposits of SU3 are much thinner than in previous units 

and are absent across most areas of the Patchawarra Trough except the southwest 
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part. The thickest deposits of SU3 are around 50 m in the Nappamerri Trough. 

The thickness of SU3 in most trough areas are roughly equal (Figure 5.8, Figure 

B.4, Figure B.8, Figure B.15, Figure B.23, Figure B.25, Figure B.30, and Figure 

B.31), which reveals that most trough areas had a similar subsidence rate during 

the time when it was deposited. SU3 is dominated by shale deposits, with a few 

thin sandstone beds and rare coal seams. However, thicker sandstone beds are also 

present in the southwest Patchawarra Trough (Figure B.24).  

 

Figure 5.8: Isopach map of SU3, showing the strata distribution and depositional trend. 

5.5.4 SU4 

SU4 is bounded by the mFS3 at the base and MFS2 at the top. It is the uppermost 

unit defined by the maximum flooding surfaces. Deposits of this unit are mainly 
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in the Nappamerri Trough, Tenappera Trough, and Mettika Embayment (Figure 

5.9). It is nearly completely absent in the Patchawarra Trough (Figure 5.9 and 

Figure B.24), except for minor deposits in the southwest part (Figure 5.9, Figure 

B.4, and Figure B.10) due to the continued structural inversion of the north part of 

the basin (Apak et al., 1995). SU4 is up to 150 m thick in the Nappamerri Trough 

(Figure 5.9). The subsidence rate in trough centres was much higher than in the 

marginal areas as suggested from the thicker intervals in the Nappamerri Trough 

(Figure B.4, Figure B.10, Figure B.15, Figure B.25, Figure B.30, and Figure 

B.31). SU4 is almost entirely comprised of shales with only minor coals and 

sandstones. In wireline logs, it is characterised by a blocky constant high GR 

response with minor fluctuations.  

 

Figure 5.9: Isopach map of SU4, showing the strata distribution and depositional trend. 
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Chapter 6 Paleogeographic Reconstructions 

6.1 Introduction 

Reconstruction of paleogeography yields information that is crucial to scientific 

understanding of a sedimentary basin. It normally requires determination of 

spatial and temporal relationships of strata that generally represent diverse 

environments of deposition. Construction of a paleogeographic map at a given 

temporal horizon needs correlation of spatially separated stratigraphic intervals, 

usually with multiple paleoenvironments, which were deposited coevally. 

Sequence stratigraphic analysis can be a very useful tool in paleogeographic 

reconstruction (Tew and Mancini, 1995). Important surfaces with inherent 

chronostratigraphic datum values, e.g. maximum flooding surface, can be used to 

construct paleogeographic maps. As a result, the sequence stratigraphic 

framework established in Chapter 5 were integrated with lithostratigraphic 

relationships (lithology isopach and percent maps) to produce paleogeographic 

maps illustrating contemporaneous regional distribution of paleoenvironments and 

rock types during the deposition of the REM strata.  

6.2 Methodology 

The electrofacies identified in section 4.3 were categorised into three lithology-

based assemblages: coarse-grained (sand), fine-grained (mud), and organic-rich 

(coal) assemblages (Table 6.1). Coarse-grained assemblages mainly consist of 

clean sandstone (E2) and silty sandstone (E3). Fine-grained assemblage is 

comprised of coarse siltstone (E4), silty claystone (E5), claystone and 
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carbonaceous shale (E6). Coal electrofacies (E1) composes the organic-rich 

assemblage. To generate paleogeographic maps, strata were then categorised into 

five major environments (Table 6.2) as identified from facies analysis of cores 

and interpretation of wireline logs based on their relative concentration of sand, 

shale, and coal assemblages.  

Table 6.1: Lithology-based assemblages, composing electrofacies, and corresponding wireline log 

cut-off values for the REM strata in the Cooper Basin.  

Lithology Electrofacies Gamma ray (API) Sonic (μsec/ft) 

Coarse-grained (sand) assemblage E2, E3 ≤ 115 N/A 

Fine-grained (mud) assemblage E4, E5, E6 > 115 N/A 

Organic-rich assemblage (coal) E1 N/A ≥ 100 

Table 6.2: Depositional environments and differentiation criteria from percentage of lithology-

based assemblages.  

# Depositional environments Sand (%) Mud (%) Coal (%) 

1 Distributary channel/Mouth bar 75-100 0-25 N/A 

2 Shoreface/Crevasse channel/splay 50-75 25-50 N/A 

3 Prodelta/Interdistributary bay/Proximal lacustrine 15-50 50-85 N/A 

4 Open lacustrine 0-15 85-100 N/A 

5 Mire/Swamp N/A 50-75 >10 

The criteria to this differentiation is shown in Table 6.2. A “distributary 

channel/mouth bar” setting was mapped where the percentage of sandstone was 

greater than 75%. A “shoreface/crevasse channel/splay” environment was 

interpreted where the sand percentage was a bit lower (50-75%) but with higher 

mudstone (25-50%). For areas with sand percentage of 15-50% and shale 

percentage of 50-85%, they were defined as a “prodelta/interdistributary 

bay/proximal lacustrine” environment. An “open lacustrine” environment was 

interpreted with over 85% shale. Areas with more than 10% coal were interpreted 

as mire/swamp deposits. Although the organic-rich coal rarely comprise more 

than 50% of a section through a stratigraphic unit, it is very likely that the facies 
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have undergone substantially more compaction than other facies: the peat-to-coal 

compaction ratio might well have been over 10:1 (McCabe, 1985). As a result, 

this assemblage is interpreted as areas where peat-forming mires and wetlands 

prevailed for long periods of time. The detailed process of making 

paleogeographic maps in this study is further described in section 3.7 (Figure 3.5). 

6.3 Paleogeographic evolution 

The depositional history of the REM strata was divided into four phases based on 

the sequence stratigraphic framework established in Chapter 5 (from the oldest to 

the youngest): phase I (sequence unit 1), phase II (sequence unit 2), phase III 

(sequence unit 3), and phase IV (sequence unit 4). Paleogeographic maps were 

constructed for different phases over a time span of ~8 Ma as suggested by the 

latest chronostratigraphic framework of Hall et al. (2015). Due to the lack of age 

control, the time represented by each paleogeographic map cannot be accurately 

defined, but it generally varies from 1.5 Ma to 4.0 Ma. The quality of the maps 

was limited by a paucity of wells in the northeastern part of the basin in 

Queensland and some trough areas in the southwestern part of the basin. These 

maps portray the general depositional trend and distribution of contemporaneous 

paleoenvironments and rock types during deposition of each stratigraphic unit. 

The paleogeographic maps reveal a dominant lacustrine system with occasional 

fluviodeltaic inputs during deposition of the REM strata.  

6.3.1 Phase I 

Deposition during phase I was dominated by lacustrine systems with some delta 

and mire deposits (Figure 6.1). It represents the first widespread lacustrine 
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deposition after the fluvial deposition of the Patchawarra Formation in the Cooper 

Basin. Deposition during this time was very widespread, which even covered 

some ridge high areas, e.g. Della-Nappacoongee Ridge, JNP Trend. It was even 

deposited over the Murteree Ridge area that was later eroded by the Daralingie 

uplift and no deposits were left (Alexander et al., 1998). This widespread 

deposition may be due to the lack of major tectonic activity and wetter climate in 

the Permian period (Apak et al., 1995; Fielding et al., 2008b, a; Fielding et al., 

2008c). The lake probably transgressed from the east and inundated most of the 

Cooper Basin (Stuart, 1976; Thornton, 1978). The consistent thick claystone 

deposits in the Nappamerri Trough (Figure 5.6) suggest that it was most likely an 

open lake; this has also been suggested by Stuart (1976) and Gravestock et al. 

(1995). Lake environments also developed in the southwest area of the 

Patchawarra Trough, which was a depositional low during this time. However, in 

comparison with the Nappamerri Trough, the lake in the Patchawarra Trough was 

more likely to be restricted as suggested from its close association with mire 

deposits (Apak et al., 1993). Major streams probably came from the GMI Trend in 

the north or northeast and provided sediments through distributary channels into 

the Nappamerri and Patchawarra Troughs (Figure 6.1). Sandstone deposits, from 

shoreface/crevasse splay environments, were mainly distributed around the lake 

margin, especially in the north and northeast regions. Mire deposits have pod and 

lensoidal geometries of limited extent, but some can be around 50 km with no 

preferential orientation (Figure 6.1). They tend to occur in the west of the 

Nappamerri Trough and northeast area of the Patchawarra Trough and were likely 

adjacent to delta plain and lake deposits. Minor mires also developed in the 

Weena Trough and southeast corner of the Nappamerri Trough.  
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Figure 6.1: Paleogeographic reconstruction during depositional Phase I. Note the widespread 

deposition over the Della-Nappacoongee Ridge and JNP Trend and the common presence of 

coals. 

6.3.2 Phase II 

During depositional phase II, the lake shrank greatly as indicated from the much 

smaller area compared with the lake area from phase I (Figure 6.2). The lake 

retreated to the east and only minor strata were deposited in the west and centre of 

the Patchawarra Trough. This is maybe due to the lower subsidence rate as 

compared to the Phase I. No strata were found over the Della-Nappacoongee 

Ridge, which was at least partly if not completely emergent, due to the lower lake 

levels. The absence of deposits over the JNP Trend was probably due to non-

deposition (Apak et al., 1993; Alexander et al., 1998). The lake mainly distributed 

around the Nappamerri Trough and Mettika Embayment. Similar to phase I, 

sandstones were mostly deposited around the lake margin. Several distributary 
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mouth bars occurred along the northeast edge of Nappamerri Trough. It is likely 

that streams came from the GMI Trend in the north and transported considerable 

amounts of sediment to the basin and some shoreface progradation. Widespread 

mires were still present in the Patchawarra Trough, west Nappamerri Trough, and 

Allunga Trough during this phase, indicating the favourable environment and 

climate for the development of peats.  

 

Figure 6.2: Paleogeographic reconstruction during depositional Phase II. Note the shrinkage of 

the lake area and fewer deposits in the Patchawarra Trough. Mire environments were also 

common during this phase.  

6.3.3 Phase III 

The area of the deposition during phase III did not change much from that of 

phase II (Figure 6.3), indicating that the lake level was relatively stable. However, 

marked differences are still present. The deposition in the Patchawarra Trough 

was limited to the southwest area, which might be due to possible uplift or 
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continued retreat of the lake during this time. The streams flowing from the 

northeast direction deposited delta and shoreline sandstones in the north and 

northeast Nappamerri Trough. Minor open lacustrine environments developed in 

the southeast Nappamerri Trough. Possible streams from the south transported 

sediments into the Weena Trough and formed a small delta. A significant change 

in the environment is the nearly complete absence of mires at this stage, except 

for very limited areas in the Tenappera Trough and Patchawarra Trough. The 

reason accounting for this absence of mires is not clear but may be due to marked 

changes in climate or subsidence.  

 

Figure 6.3: Paleogeographic reconstruction during depositional Phase III. Note the minor 

presence to nearly complete absence of mires. 
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6.3.4 Phase IV 

The depositional area of this phase was about the same as that from phase III 

(Figure 6.4). Major accommodations of sediment occurred in the Nappamerri 

Trough, with minor deposits in the Patchawarra Trough, Allunga Trough, and 

Weena Trough. However, the lake appears to have expanded during this phase as 

suggested by the larger area of open lacustrine environment in the Nappamerri 

Trough. This is consistent with the commonly agreed transgression of the 

Roseneath Lake when relative lake level rose (Stuart, 1976; Thornton, 1978; Apak 

et al., 1993, 1995). The source of sediments did not change much with input from 

rivers mainly coming from the northeast. Minor mires were present in the Weena 

Trough as indicated by the Le Chiffre-1 Well.  

 

Figure 6.4: Paleogeographic reconstruction during depositional Phase IV. Note the large area of 

open lacustrine environment during this phase from lacustrine transgression.  
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6.4 Depositional environments: a revisit with new 

data  

6.4.1 Implications from distribution of siderites 

The Murteree Shale contains a significant amount of siderite (mostly the interval 

below the SU1), especially in the claystone facies (Figure 5.1). These siderites are 

dominated by Fe-rich siderites (Figure 6.5a), with minor Mg-rich and Mn-rich 

siderites (Figure 6.5b, c). Siderite is usually formed in a reducing environment 

with abundant Fe2+, low sulphide concentration, and abundant CO2 (Curtis and 

Spears, 1968; Bahrig, 1989). The high purity of siderites found in the Murteree 

Shale indicate that it was most likely freshwater deposits (Mozley, 1989b), which 

is in good accordance with the commonly agreed lacustrine setting (Alexander et 

al., 1998). Early diagenetic siderite bands related to lacustrine setting have 

previously been described from a number of locations e.g. (Gibson et al., 1994). 

The chemical composition, i.e. Fe-, Mg-, and Mn-rich siderites, could reflect 

chemical evolution of the pore water from which siderites formed (Mozley, 

1989b). It is possible that siderites in the Murteree Shale were related to seasonal 

or episodic stratification of the lake, which created the reducing environment 

favourable for siderite precipitation (Bahrig, 1989). Ice cover during winter could 

prevent mixing from winds and promote the development of water stagnation. 

Decomposing organic matter on the lake bottom and within underlying sediment 

could also enhance the forming of suboxic to anoxic conditions where Fe2+ ions 

were preserved. In spring, the melting of ice caused the water to overturn and 
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mixing, and precipitation of the siderites. The blossom of phytoplankton and pico-

plankton in spring might have also played a role in this process (Bahrig, 1989).  

 

Figure 6.5: Thin-section and back scattered electron photomicrographs showing major features of 

siderites: a) Showing abundant Fe-rich micrite. Note the medium-size quartz grain and open 

fracture. Holdfast-1, 3410.60 m; b) Multiple phases of siderites with Mg-rich siderites (medium 

grey) replacing a poorly defined elongate structure. Mn-rich siderite (light grey) tends to have a 

bladed crystal habit and predates Mg-rich siderite, Encounter-1, 3533.55 m; c) Showing the 

dominance of different phases of siderites and their distribution. Black areas represent quartz and 

clays (yellow arrow), light grey areas represent Mn-rich siderites (blue arrow), and medium grey 

areas represent Mg-rich siderites (white arrow). Note the very bright crystal of blocky pyrite (red 

arrow). Encounter-1, 3533.55 m. 

The sideritised cementstone in the SU1 at 3295.6 m of the Holdfast-1 well (Figure 

6.6) might represent a backswamp facies of the middle Epsilon Formation, when 

water depths were shallow with little/no sediment input. Quantitative XRD results 

of rock samples reveal that Fe-rich siderite is more abundant (~33 wt%) than the 

Mg-rich siderite (~14 wt%), with trace to minor amounts of Ca and Mn (Beach 

Energy, 2011b). SEM results show that Mg-rich phase siderite commonly 

postdates the Fe-rich phase (Beach Energy, 2011b). Fe-rich carbonates are usually 

associated with bacterial methanogenic fermentation whereas Fe-poor carbonates 

are related to anaerobic methane oxidation (Irwin et al., 1977). This chemistry 
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change of siderite reflects the evolution of meteoric ground waters and possible 

mixing with minor saline fluids (Mozley, 1989b). It is possible that the Fe-rich 

siderite in the SU1 was initially influenced by bacterial activity in a similar 

fashion to that interpreted for the Green River Formation (Mason, 2008). As the 

lake gradually dried and water level dropped, ground water became more saline 

and the Fe-rich siderite were altered to Mg-rich siderite.  

 

Figure 6.6: Major features of sideritised cementstone (Calcilutite): a) Cores illustrating 

crenulated sideritised laminations interlayered with claystone. Holdfast-1, 3295.55-3295.70 m; b) 

Photomicrograph showing the cup-shaped fibrous siderite, which alternates with silt, clay and 

organic matter. Fracture (filled blue) is associated with organic laminae. Light is difficult to 

transmit due to the abundance of dense Fe-rich and organic material. Holdfast-1, 3295.60 m. 

Plane light; c) Back scattered electron photomicrographs showing siderite bands (light colour) 

separated by claystone laminae (dark colour). Holdfast-1, 3295.60 m.  

The presence of spherosiderite revealed from thin-sections (Beach Energy, 2011b) 

in SU4 (Roseneath Shale) at 3128.17 in the Holdfast-1 well may indicate a hiatus 

with development of paleosols (Ludvigson et al., 1998). Spherosiderite crystals 

predominantly form in reducing wetland soils and sediments by 

geomicrobiological processes along the edges of plant roots that are typical of 

hydromorphic (water-logged) soils (Stoops, 1983; Landuydt, 1990; Ludvigson et 

al., 1998). Evidence for this interpretation is its closeness to the boundary reported 

from chemostratigraphy between package 3 and 4 (Beach Energy, 2011b). 

However, the interpretation is not well supported from cores, as there is no other 

typical features indicating it was a paleosol. Meanwhile, no other paleosols are 
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found in other cored wells probably due to the limited number of cored wells and 

incompleteness of the cores. The possible presence of paleosols suggests the lake 

might have receded from the Holdfast-1 well area and there might be evidence of 

a more widespread regression from shoreline deposits and similar paleosols in the 

surrounding area.  

6.4.2 Implications from distribution of pyrites 

Pyrite grains are common within the REM strata (Figure 5.1), especially within 

the sideritised bands of the Roseneath Shale (SU4) (Figure 5.1 and Figure 6.7a, c) 

and coal deposits of the Epsilon Formation (Figure 4.1a, c and Figure 5.1). They 

are usually ~1-2 mm in diameter (Figure 6.7a), and some can be up to 6 mm 

(Figure 6.7b). Occasionally, they form thin lamina of up to ~ 15 cm in length 

(Figure 6.7c). Some pyrite grains ranging from 10 to 30 microns occur in the clay 

matrix of the lag deposits and are not visible to the naked eyes (Figure 6.7d, e). 

Although also present in marine environments (Curtis and Coleman, 1986; Curtis 

et al., 1986), siderite is usually associated with continental freshwater 

environment (Curtis and Spears, 1968; Curtis and Coleman, 1986; Curtis et al., 

1986). On the contrary, pyrite is usually deposited in brackish water sediments in 

a marine environment (Postma, 1982). The amount of pyrite that may form in 

sediment is limited by the rates of supply of decomposable organic matter, 

dissolved sulphate, and reactive detrital iron minerals (Berner, 1970, 1984). Pyrite 

formation is severely limited by low concentrations of sulphate in non-marine, 

freshwater sediments (Berner, 1984), which probably accounts for the presence of 

much less pyrites compared to siderite in the REM strata. The pyrites may have 

been formed soon after burial with bacterial reduction of sulphate in anoxic 
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conditions. It is also possible that some seawater was mixed with fresh water in 

the lake during deposition, which may have provided some sulphates. The 

common association of pyrites with sideritised bands in the Roseneath Shale 

(SU4) suggests that the formation was deposited in a dominant freshwater 

lacustrine setting with occasional connection to the sea, which provided the 

sulphur for the formation of pyrite. This has also been suggested by Stuart (1976) 

and Thornton (1978).  

 

Figure 6.7: Major features of pyrites in the REM strata. a) Presence of common pyrite grains in a 

sideritised band. Holdfast-1, 3133.25-3133.40 m; b) Presence of a large pyrite grain in claystones. 

Holdfast-1, 3136.00-3136.15 m; c) A thin laminae (dashed white line) formed by siderites in the 

lower part of a sideritised band. Note the presence of a scour surface at the bottom of the 

sideritised band. Holdfast-1, 3105.30- 3105.45m; d) and e) Ultra-small pyrite framboids in the lag 

deposits of Figure 4.13b. Holdfast-1, 3150.95 m.  
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6.4.3 Lake facies 

The Roseneath and Murteree Shales have been interpreted by many researchers as 

deep lake deposits based on the lack of marine microplankton and invertebrate 

fossils and presence of rare reworked glauconites (Gravestock et al., 1995). Given 

the length of time represented by the formation and its geographic extent, it is 

most likely that the deposition of the Roseneath and Murteree Shales could be 

more complex and several mechanisms might have occurred.  

The wide presence of well-developed glacial rhythmites in the lower to middle 

parts of the Murteree Shale (approximately corresponding to the interval below 

the SU1) and middle parts of the Roseneath Shale (approximately corresponding 

to the SU4) indicates a glacio-lacustrine environment where seasonal thawing and 

freezing occurred (Ashley, 1975). Ice rafting may have played some roles during 

deposition as revealed from the presence of lots of fine to medium “outsize” 

grains. Thus, the lake may have been at least partially covered by ice, probably on 

a seasonal basis. Occasional intraclasts and silt lenses suggest that there were 

fluctuations in sediment supply and flow strength.  

As indicated by the close association with mires and their areal distribution in 

SU1 (Phase I) and SU2 (Phase II), the Patchawarra Trough was probably a 

restricted structural low area during deposition. The Nappamerri Trough, in 

contrast, was more likely an open lake, which was filled with thick claystone 

facies. The lake may have had occasional connections with an open sea, probably 

from the east, which provided the sulphate for pyrite grains associated with 

sideritised band despite sulphate could also come from adjacent mires/swamps in 

a reducing environment. Faunal diversity and abundance would be limited in any 
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lake during restricted/temporal access to the open sea (Nichols, 2009), which 

could probably explain the lack of marine fossils in the deposits. Even during the 

lacustrine transgression, there were variations in the rate of lake level rise. 

Occasional rapid rise resulted in deposition of transgressive lag deposits. The 

relatively high percentage of polycrystalline quartz of the lag deposits reveal that 

their transport distance was short and they were most likely sourced from 

reworking/eroding of the upper Epsilon Formation or pre-existing basement rocks.  

6.4.4 Fluvial-deltaic facies 

Fluvial-deltaic facies were mainly formed in the Epsilon Formation 

(approximately corresponding to upper part of SU1, SU2, and SU3). Several 

stages of deposition were observed in the Epsilon Formation, which is consistent 

with previous interpretations (Fairburn, 1992). However, shoreface and lake were 

the dominant environments whereas river channels and deltas were locally 

developed and restricted to small areas. There was a persistent dominance of the 

lacustrine system although the lake retreated to the east to some degree. Mires 

were common during depositional phases I and II. These phases mainly 

correspond to the time periods between Glaciations P2 and P3 (Fielding et al., 

2008b, a) when the climate should be wet and favourable for peat development. 

The mires were mostly present in the Patchawarra Trough and west Nappamerri 

Trough where raised peat swamps developed. A marked change in the climate 

probably occurred during the transition from depositional phase II to III, which 

terminated the formation of mires.  
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6.4.5 Controlling factors 

Deposition of the REM strata in the Cooper Basin was primarily controlled by 

allogenic factors, i.e. basin subsidence, lake level rise, and climate. The influence 

of these factors were mainly reflected by the first-order T-R cycles. The lake level 

and climate also played important roles in the deposition of the REM strata. 

Autogenic controls also played some roles during deposition, especially for some 

local areas of the Epsilon Formation. Alternating peat swamps, deltas, river 

channels, and shoreface environments were related to frequent changes in river 

patterns.  

6.4.5.1 Basin subsidence 

Reactivation of pre-existing basement architecture has had a major structural 

influence on the Cooper Basin, whereas the basin floor morphology controlled 

early depositional patterns in the basin. Although the relative importance cannot 

be defined clearly, basin subsidence appears to be the primary factor controlling 

the deposition of the REM strata in the Cooper Basin as revealed by changing 

strata thickness in sequence units across the troughs and margins. The troughs, 

especially the Nappamerri Trough and Patchawarra Trough, subsided greatly, 

which deposited much thicker strata than other areas (e.g. Figure B.3, Figure B.9, 

and Figure B.15). Although these sequence units may not be the same in age-

duration, great difference in subsidence can still be deduced from the strata 

thickness. The centre of most troughs, including the Nappamerri Trough, 

Patchawarra Trough, have significantly much thicker deposits than marginal 

areas, which suggests faster subsidence rates in the centre. Meanwhile, the 

Mettika Embayment had a relatively constant thickness of strata in the SU1, SU2, 
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and SU3 (e.g. Figure B.11, Figure B.12, Figure B.13, and Figure B.14). it 

suddenly had a significantly much thicker SU4 in than nearby wells (e.g. Figure 

B.15), indicating a much higher subsidence rate in the Phase IV than the Phase I, 

II, and III. The rapid subsidence in the Cooper Basin was likely related to the far 

field effects from the thermal relaxation in the east, which also caused the Bowen, 

Gunnedah, and Sydney Basins to subside (Korsch et al., 2009). 

6.4.5.2 Paleo-climates and lake level change 

Extensive glaciation persisted from the Carboniferous Period into the initial stage 

of the Early Permian Epoch over vast areas of the present-day Australia (Fielding 

et al., 2008b, a) (Figure 6.8). Middle Permian climates generally were warmer and 

moist. Climates of the late Permian climate were typically hot and locally very dry 

(Rafferty, 2010). Deserts became widespread in various tropical and subtropical 

areas during this time (Rafferty, 2010).  
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Figure 6.8: Paleogeographic maps of eastern Australia showing the interpreted extent of glacial 

ice in the a) Pennsylvanian, b) Early Permian, and c) Middle Permian. The orange shape shows 

the location of the Cooper Basin relative to the studied basin areas from (Fielding et al., 2008b, 

a). 

Latest result shows that the late Paleozoic ice age in eastern Australia was 

recorded as eight discrete glacial episodes separated by intervals of nonglacial 

conditions (Figure 6.9) (Fielding et al., 2008b, a). Glaciers gradually expanded in 

volume and geographical extent in eastern Australia through the Pennsylvanian 

into the Early Permian, reached an acme in the later Early Permian and then 

contracted through the Middle Permian (Figure 6.8, Figure 6.9)(Fielding et al., 

2008b, a).  
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Figure 6.9: Characteristics of the glacial periods through the late Mississippian, Pennsylvanian, 

and Permian of the Cooper Basin, highlighting the timing, duration, and their extent of eight 

glacial intervals (highlighted in light blue), with a lithostratigraphic comparison. Note the age 

difference in lithostratigraphic interpretation. SP denotes the palynology zones. The REM strata 

are highlighted as grey. Adapted from (Fielding et al., 2008b, a) and (Hall et al., 2015). 

Decay of the ice sheet in the Middle Permian released enormous volumes of 

sediment to produce basal diamictites (Merrimelia Formation and Tirrawarra 

Sandstone) overlain by non-marine peat swamps and floodplain facies 

(Patchawarra and Epsilon Formations), interspersed with lacustrine deposits 

(Roseneath and Murteree Shales) in the Cooper Basin. Deposition of the REM 

strata was within the post-P2 glaciation as the climate warmed up and the 

beginning of the P3 when the whole ice age was in retraction (Fielding et al., 

2008b, a). With the result of the latest lithostratigraphic interpretation from (Hall 
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et al., 2015), much of the Roseneath Shale and Epsilon Formation deposits might 

have gone at least part of the P3 glaciation (Figure 6.9). The P3 glaciation may 

have started a later age and lasted a bit longer based on the latest calibration result 

of palynostratigraphy to the geologic time scale (Nicoll et al., 2015). However, 

even after these adjustments, the glacial ice in P3 was still relatively small and 

primarily located in Eastern Australia, thus not providing much glacial sediment 

directly to the Cooper Basin region (Figure 6.8). The melting of these glacial ices 

in the far eastern Australia provided much water source to the basin, resulting to 

the increase of lake level. Meanwhile, the isostatic loading/rebounding process 

related to glacial ice forming/melting (Fielding et al., 2008b) should also have 

some role in controlling the relative lake level.  

However, despite far away from the glaciers-dominated areas in the east 

Australia, lots of glacial influence can still be deduced from the widespread 

distribution of rhythmites and common dropstones within the Roseneath and 

Murteree Shales across the Cooper Basin, which reveal the cold climate during 

deposition. These cold climate indicators are preserved in the transgressive and 

highstand facies and formed at mild to high latitude when paleofloral and 

sedimentological data suggest equable onshore environments during the 

intervening lowstands and temperate or conditions at the pole (Retallack et al., 

1996). Jones et al. (2006) proposed that they were produced by upwelling of cold 

abyssal waters. These cold upwelling waters lowered surface water temperatures 

and contributed to the development of seasonal river or lake ices which rafted 

dropstones to the lake and resulted in the deposition of rhythmites.  
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6.4.6 Coal deposition 

Coal seams within the REM strata are black with vitreous to dull luster, ranging 

from a few centimetres to two meters thick. SU1 hosts the majority of the coal 

seams and a lesser amount are present in SU2 (e.g. Figure 5.2, Figure 6.1, Figure 

6.2, and Figure B.3). Most of these coal seams can be traced for a very long 

distance (tens to hundreds of kilometres, see Figure B.4, and Figure B.25), both in 

dip and strike directions (e.g. Figure B.3, Figure B.9, and Figure B.30).  

Significant volumes of terrigenous organic matter can be preserved to form coals 

only when and where the overall increase in accommodation approximately 

equals to the production rate of peat (Bohacs and Suter, 1997). Moderate thick, 

laterally continuous coals are mostly formed in middle lowstand and middle 

highstand systems tracts (Bohacs and Suter, 1997). Despite detailed systems tracts 

(i.e. lowstand, transgressive, and highstand systems tracts) have not been 

delineated within this study, transgressive and regressive trends can still be 

recognised, which reveal the relation between coal deposition and relative base 

level. Most coal seams in the REM strata, especially those who spread over 

kilometres, are located either at the upper part of a regressive succession or the 

lower part of a transgressive succession (e.g. Figure B.3, Figure B.9, and Figure 

B.30). The comparable accommodation and peat production rate during 

deposition produced these coal seams. The wet and temperate paleo-climate after 

the glaciation P2 (Fielding et al., 2008b, a; Fielding et al., 2008c) may also 

contribute to the development of mire environments and peat accumulation. On 

the contrary, little coal was found when the lake level was very high (i.e. time 

close to MFS1 and MFS2) (e.g. Figure B.3, Figure B.9, and Figure B.30). Mires 
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during that time were stressed and inundated by standing water due to a very large 

accommodation increasing rate.  

As indicated by the low ash and sulphur content, and great continuity, these coals 

within the REM strata were mostly to be raised mires (Middleton and Hunt, 1989) 

in the history. The small thickness of these coal seams may be related to the ratio 

of accommodation and peat accumulation rate. The ability of raised mires to hold 

streams to fixed channels and prevent avulsion helped the development of stacked 

channel sandstones in the Epsilon Formation.  

Based on similarities with palaeolatitude and palaeoclimatic situations, several 

good analogues for the Epsilon Formation coals can be found, e.g. the modern 

peat-forming fluvial systems of Western Siberia and the Late Permian coal 

measures of the Bowen Basin (Lang et al., 2000; Lang et al., 2001a; Strong et al., 

2002b).  

6.4.7 Marine influence: Elemental and isotopic chemistry of 

siderites 

The presence of siderites is a good indicator of anoxic environment lacking 

substantial sulfate reduction (Bahrig, 1989) and geochemical characterization of 

early diagenetic siderites has been used to reveal important information 

concerning their salinity of pore solutions, temperatures, and paleoenvironments 

(Weber et al., 1964; Bahrig, 1989; Mozley, 1989a; Mozley and Wersin, 1992; 

Baker et al., 1996; van Dijk et al., 2018), especially when sedimentology evidence 

is ambiguous. Mozley (1989a) and Mozley and Wersin (1992) demonstrated that 

early diagenetic marine and non-marine siderites can be distinguished by their 
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elemental and stable isotopic composition. Marine siderites are extremely impure, 

with extensive substitution of magnesium (up to 41% MgCO3) and lesser calcium 

(up to 15mol% CaCO3) for Fe and generally have lower δ13C values (most likely 

<-8‰) and higher Mg/Ca ratios than non-marine siderites. Non-marine siderites, 

on other hand, are relatively pure (greater than 90 mol% FeCO3) and manganese 

rich (commonly greater than 2 mol% MnCO3) and can have much lower δ18O 

values (mostly likely <-13‰) than marine siderites. As a result, elemental (e.g. 

Mg, Ca, Mn) and isotopic (e.g. δ13C, δ18O) analyses of siderites within the REM 

strata are recommended for future work, which may reveal useful information 

about the depositional environment and possible marine influences.  
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Chapter 7 Petroleum Potential 

7.1 Introduction 

A variety of play types, including conventional and unconventional reservoirs, are 

present within the REM strata (Figure 7.1). The Epsilon Formation has already 

produced significant amounts of gas from conventional shoreline, distributary 

channel sandstones reservoirs (Figure 7.1) (Apak et al., 1997; Alexander et al., 

1998). Unconventional tight gas and deep coal seam gas are also present within 

the Epsilon Formation (Figure 7.1) (Elliott et al., 2010; Goldstein et al., 2012). 

Meanwhile, the Roseneath and Murteree Shales were considered as the most 

feasible and commercial shale gas play (Figure 7.1) in Australia (Elliott et al., 

2010; Goldstein et al., 2012), where Santos and Beach Energy have already 

confirmed their existence and made commercial gas production (Eastern Australia 

Business Unit, 2012; Trembath et al., 2012).  

The latest compilation of updated and quality-controlled TOC, Rock-Eval 

pyrolysis, and vitrinite reflectance data by Hall et al. (2016a) showed that the 

principal quality source rocks for the Cooper Basin are coal, shaly coal, and coaly 

shales within the Toolachee and Patchawarra Formations. The Epsilon (Figure 

2.6) and Daralingie Formations also contain good to excellent source potential in 

all areas where present although they are relatively thin and restricted in extent. 

The lacustrine shales within the REM strata were considered to have little (Hunt 

et al., 1989; Boreham and Hill, 1998) or some (Hall et al., 2016a) source potential 

but some other researchers suggest higher expectations (Trembath et al., 2012; 

Kuuskraa et al., 2013). Major gas for the shale gas and coal seam gas in the REM 
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strata comes from the in-situ shales and coal seams comprising higher-plant 

derived, gas-prone Type III kerogen. It is very likely that tight gas and 

conventional structural and stratigraphic gas reservoirs have the same gas source, 

although charge from the underlying Patchawarra Formation is also possible. 

Accordingly, as for the REM strata itself, the in-situ shales, coaly shales, and 

coals are the primary gas source.  

Petroleum modelling results from Hall et al. (2016b) reveal the variability in 

burial, thermal, and hydrocarbon generation histories for source rocks across the 

basin. Source rocks within large areas of the Nappamerri, Patchawarra, and 

Windorah troughs are gas mature though with varying maturity. Most 

hydrocarbons in the Cooper Basin were generated in the mid-Cretaceous but the 

generation was initiated in the Permian within the deeper sediments of the 

Nappamerri Trough (Deighton et al., 2003; Hall et al., 2016b). As a result, the 

mid-Cretaceous and later times are the most likely time for generation and 

expulsion hydrocarbons from source rocks to migrate and charge conventional 

reservoirs or remain in-situ and finally become unconventional reservoirs (Figure 

7.1).  

This chapter gives a comprehensive review and preliminary assessment of the 

petroleum potential of the REM strata integrating available data, new findings, 

and the results presented in previous chapters. It mainly focuses on conventional 

and unconventional play types within the REM strata, with the hope of shedding 

some light on future exploration and development. 
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Figure 7.1: Schematic section through the Nappamerri Trough showing the extent of conventional (structural and pinch-out) and unconventional gas plays (tight gas, shale 

gas, and coal seam gas) within the REM strata and key wells targeting the unconventional plays. Please note the well location, distance between wells, horizontal and 

vertical scales are schematic. Adapted from Goldstein et al. (2012) and Menpes et al. (2013).
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7.2 Conventional resources 

Despite been dominated by mudstone, sandstone beds, including point bars, 

distributary mouth bars, shoreline and splay sandstones, are well developed within 

the REM strata, especially in the Epsilon Formation (approximately 

corresponding to the SU1 and SU2 in section 0). Some of them, (e.g. shoreline 

and distributary mouth-bar sandstones,) can be excellent reservoirs rocks for 

conventional gas. Individual sandstone beds are thin and narrow, and difficult to 

map (Fairburn, 1992). The majority of these sandstone beds are 2 to 4 m thick and 

located in the northeast Nappamerri Trough (Figure C.1, Figure C.2). They rarely 

exceed 4 m gross thickness but locally  reach 10-15 m as in the Big Lake, 

Munkarie, and Yapeni Fields (Gravestock et al., 1998a). Porosity and 

permeability of these sandstones typically average 9.1% and 0.680 mD 

(Gravestock et al., 1998a).  

The sandstones were mostly deposited within highstand and lowstand systems 

tracts during depositional Phase I and II when lake level was low. They generally 

form as structural and stratigraphic reservoirs. Combination 

structural/stratigraphic traps may also form by progradation and deltaic build-ups 

in structurally low areas. Most of the structural traps develop along ridges and 

basin margins, (e.g. north flank of GMI Trend). Some sandstone beds were 

deposited in the trough areas, (e.g. > 10 m thick shoreface sandstone in the 

Holdfast-1 well in the Nappamerri Trough (Figure 5.1)). To March 2016, 

approximately 6 billion cubic metres of natural gas had been produced from the 

Epsilon Formation alone in the southwest Cooper Basin (Department of State 

Development (DSD), 2015). However, there is still potential for future 
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hydrocarbon discoveries within stratigraphic and combination traps, which are 

relatively difficult to identify. A successful approach to this problem requires the 

basin-wide reconstruction of detailed three-dimensional depositional systems, 

establishing the age-controlled chronologic units within the sequences, and 

recognising structural events throughout the development of the basin. 

Stratigraphic and combination plays are mostly expected in the trough areas or 

paleo-basin highs where many of sandstones pinch-out or are interbedded with 

shales. The south flank of the GMI trend, some major basin highs, and east 

Nappamerri Trough appear to be prospective areas for these plays.  

7.3 Unconventional resources 

7.3.1 Shale gas 

Initially, there were very high expectations for shale gas within the REM play. 

Kuuskraa et al. (2013) estimated that there were 325 TCF of risked shale gas in 

the REM strata with a technically recoverable shale gas resource of 93 TCF. The 

most recent estimated result from the United States Geological Survey (USGS) 

shows that the Cooper Basin, including the REM strata, may contain mean 

continuous (unconventional) resources of 482 million barrels of oil and 29.8 

trillion cubic feet of gas (Schenk et al., 2016a). These shales were claimed to have 

comparable low clay content and high brittleness to the successful Barnett and 

Haynesville shale plays (Trembath et al., 2012; Kuuskraa et al., 2013). However, 

with further exploration and investigation, despite with some success, people 

started to realise that these shales may be not as prospective as first thought. As a 

result, we use the commonly-recognised shale property plot from Ottmann and 
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Bohacs (2014) in this study to characterise the property of the Roseneath and 

Murteree Shales. These are then compared with other commercialised quality 

shale plays around the world.  

All the used data (mineralogical composition, TOC, and porosity, see Table E.4) 

were manually collected from available well completion reports, particularly key 

unconventional wells (such as wells illustrated in Figure 7.1) targeting the shale 

gas play drilled in recent years, and compiled together into a spreadsheet. The 

TOC values were originally in weight percentage from lab tests with LECO 

carbon analyser and Rock-Eval pyrolysis, whose procedures were well explained 

by Carvajal-Ortiz and Gentzis (2015). However, the shale property plot requires 

the TOC values in volume percentage, which is approximately twice that of the 

weight percentage (Labani and Rezaee, 2015; Bratovich et al., 2016). Thus, the 

volume percentage of TOC values used in this study were converted through the 

below equation:  

TOCvol=TOCwt×2 

The TOCvol and TOCwt in the equation are the volume percentage and weight 

percentage of TOC values, respectively.  

The porosity collected from well completion reports was originally acquired 

through shale rock properties (SRP) analysis conducted by service companies on 

the request of petroleum companies. The detailed procedures are outlined in 

Beach Energy (2011b). The acquired porosity, i.e. dry helium porosity, is the total 

porosity in the rock, including the pore volume occupied by gas, liquid 

hydrocarbons, free water, and water bound into the clay materials.  
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The original clay content in the well completion report was in weight percentage 

obtained through XRD analyses. The XRD technique quantifies typical minerals 

in a rock, mostly quartz, clay minerals, and does not include the volume content 

of organic matter and porosity (Srodon et al., 2001). Since the densities of major 

minerals (quartz, clay minerals, and minor carbonates) in shales are similar, the 

clay weight percentage can approximate as its volume percentage relative to all 

the minerals identified. In order to better represent the relative volumetric 

percentage of clay content to the bulk rock volume, the weight percentage values 

were converted to the final volume percentage using the equation below:  

Vclay=Wclay×(1-VTOC-) 

where Vclay is the volume percentage of clay, Wclay is the weight percentage of 

clay, VTOC is the volume percentage of TOC, and  is the porosity.  

With the compiled data (Table E.2, Table E.3, and Table E.4) on the Roseneath 

and Murteree Shales, the resultant plot is shown in Figure 7.2. The Murteree Shale 

plots as organically lean claystone with low hardness percentage. The Roseneath 

Shale plots in the organically rich claystone zone with low brittleness. Similar 

results have also been reported by Ahmad and Haghighi (2012), De Silva et al. 

(2015), and Jadoon et al. (2017) although with very limited data points. In 

comparison with the quality shale reservoirs in the USA, the Roseneath and 

Murteree Shales are not likely to be major prospective shale reservoirs due to the 

relatively low content of organic matter and high concentration of ductile 

components. This might explain the relative low level of shale gas activities in 

recent years in the Cooper Basin though the low resource prices also play an 

important role.  
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Figure 7.2: Plot showing key properties of the Roseneath and Murteree Shales and their 

comparison with typical quality shale reservoirs. R= Roseneath Shale, M= Murteree Shale. “R by 

well” denotes the average data value generated for each well of the Roseneath Shale. “R 

average” is the average value for the Roseneath Shale calculated from available data altogether. 

The horizontal axis is the percentage of brittle components. NR is the number of total data points 

used for the Roseneath Shale in the study. The triangle is divided vertically by whether a rock is 

primarily clay dominated or mud dominated when vitrinite reflectance (Ro) is larger than 1% 

VRo. Note that the organic content (TOC) is displayed as volume percent and not as weight 

percent. The plot including the average shale play values is taken from Ottmann and Bohacs 

(2014). The HP calculation equation has been revised from the original.  

However, this does not mean that none of the shale intervals within the Roseneath 

and Murteree Shales is technically feasible for gas exploration. As indicated in the 

Figure 7.2, two wells have shales just across the border and are likely viable for 

production. It is also important to note that these are average values for the 

Roseneath and Murteree Shales that are calculated from a lot of data points (over 

300). Considering the wide range of distribution, some shales may plot in the 

zones where quality shale reservoirs plot. Real commercial gas production from 

the Moomba-191 well (Eastern Australia Business Unit, 2012) also supports this 

interpretation. Furthermore, although published workflows were not suitable for 
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the shales in the Roseneath and Murteree (Trembath, 2015), they could be 

commercialised in a much larger scale with improved technology, higher resource 

price, and/or other future breakthroughs.  

7.3.2 Deep coal seam gas (CSG) 

Coal seam gas (CSG) is produced from coals, which serve as both the source and 

reservoir, either by biogenic or thermogenic processes (Moore, 2012). There has 

been significant exploration and description of deep coal seam gas in the Cooper 

Basin, mostly in the Patchawarra Formation, Epsilon Formation and Toolache 

Formation (Menpes, 2010; Goldstein et al., 2012; Menpes and Hill, 2012; Menpes 

et al., 2013; Hall et al., 2016b). Dunlop et al. (2017), in particular, gave a very 

detailed review about the deep CSG in the Cooper Basin and considered that these 

deep CSG were very different from conventional shallow coal seam gas and 

unconventional shale gas plays despite some similarities.  

Coal seams of the REM strata are mostly in the SU1 and SU2 (Figure C.9, Figure 

C.10). They are mostly widely distributed in the Allunga Trough, Wooloo 

Trough, west Nappamerri Trough, Weena Trough, and parts of the Patchawarra 

Trough. Individual coal seams are normally 0.3 to 3 metres thick but locally can 

be ~20 meters, e.g. the Le Chiffre-1 well in the Weena Trough (Figure A.8). The 

relatively thin coal seams might limit their capability in producing hydrocarbons 

but that could be compensated by their long-distance continuity (Figure B.4, 

Figure B.10, and Figure B.25). TOC and Rock-Eval pyrolysis results indicate 

good to excellent potential (Hall et al., 2016a). Thermal maturity of these coals 

ranges from ~0.4% VRo in shallow areas of the basin to > 8% VRo in the 

Nappamerri Trough (Dunlop et al., 2017). Most of the coals have reached 
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thermogenic stage and must have generated hydrocarbons. Deterministic results 

from petroleum system modelling show that approximately 64 billion barrels of 

oil equivalent (BBOe) have been generated by these coal seams (Hall et al., 

2016b). Widespread shales were deposited over the coal seams and they perform 

as a robust regional seal, which has protected gas from diffusion and dissolution 

since the Permian. Accordingly, these coal seams are usually gas-oversaturated 

with high gas content and dewatering will not be necessary (Goldstein et al., 

2012; Dunlop et al., 2017), which is very beneficial for coal seam gas production. 

However, unfortunately, there are several factors limiting the commercialisation 

of these coal seams. Firstly, these coals are deep and have no significant pre-

existing open, pervasively permeable cleats and no commercially significant 

natural flow is observed (Dunlop et al., 2017). However, unconventional 

techniques, including hydraulically fracturing and horizontal drilling, can be 

applied to generate artificial fractures and these deep coal seams typically behave 

more like “ductile shale reservoir” and tend to shrink during gas production 

(Dunlop et al., 2017). New techniques may be required to improve the stimulation 

results. Meanwhile, there is high variability in total gas content over the depth 

ranges and thermal maturity spectrum of coal seams (Dunlop et al., 2017), which 

makes finding the sweet spots difficult. Tests of a coal seam at ~ 1450 m in the 

Epsilon Formation from the Nockatunga North-1 well revealed that it was under-

saturated with a very low gas content (only ~30 scf/short ton) and low thermal 

maturity (0.8% VRo). Dunlop et al. (2017) proposed that it was due to dissolution 

and diffusion related to the overlying Great Artesian Basin aquifers because of its 

close location to the zero-edge of the overlying Roseneath Shale. This 

interpretation was supported by the significantly higher gas content of coal seams 
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in the Dartmoor 1 well, which is located further inside the Roseneath Shale but 

with similar depth, thermal maturity, and inherent coal properties (Dunlop et al., 

2017). Lastly, the thin nature of the coal seams in the REM strata makes them less 

likely to be commercialised. To date, there are no comparable analogues for the 

deep coal gas play elsewhere in the world and typical coal thickness for CSG 

remains poorly defined. Dunlop et al. (2017) thought that the minimum thickness 

for a coal seam interval to be stimulated is 3 m. If so, then most of these coal 

seams in the REM strata may not be viable for stimulation treatments.  

7.3.3 Tight gas 

Hillis et al. (2001) first proposed the possible presence of a basin centred gas 

accumulation (BCGA, i.e. tight gas play) through the Gidgealpa Group in the 

Nappamerri Trough based on the evidence of elevated resistivity response, 

recovered water-free gas, and overpressure compartments. The presence of key 

elements for a BCGA in the Patchawarra Trough as described by Law (2002), e.g. 

gas-prone coal and coaly beds, sufficient maturity for gas generation, low poro-

perm sandstones interbedded with source rocks, over-pressured and gas-saturated 

reservoirs, also suggests similar proposition. The gas production of the Holdfast-1 

and Encounter-1 wells from over-pressured tight sandstones in the Epsilon 

Formation from structural lows (i.e. outside of structural closure) confirmed the 

existence of a tight gas play within the Nappamerri Trough. The interbedded 

shales in the REM strata might have assisted gas containment and retained 

overpressure within sandstones in the Epsilon Formation. A probable analogue for 

this pervasive tight gas play could be the Mesaverde Group of the Piceance Basin 

(Menpes and Hill, 2012).  
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Thick coals and organic rich shales in Permian succession might have produced 

enormous hydrocarbon volumes. The total hydrocarbon generation potential from 

the latest petroleum modelling results is estimated to be ~1750 BBOe (P50) 

though large differences between the P90 and P10 scenarios (Hall et al., 2016b). 

As a result, the REM, along with other formations in the Gidgealpa Group should 

be gas saturated and the sandstones, where present within the Nappamerri Trough 

and Patchawarra Trough, are prospective areas for tight gas. The areas with 

relatively high poro-perm sandstones are sweet spots with high production and 

should be the primary targets. 

It is possible that the entire REM belongs to part of a large unconventional 

continuous gas accumulation (CGA) that spans the entire early to middle Permian 

strata (Gidgealpa Group) and spreads across most of the basin as suggested by the 

overpressure in the Nappamerri Trough. These shale gas, deep CSG, and 

conventional reservoirs might have combined into one as illustrated in Figure 7.1. 

However, normally pressured reservoirs in the Epsilon Formation in the Moomba 

and Big Lake areas in the South Australia makes the REM less likely to form a 

CGA. More evidence need to be gathered to confirm this idea. However, even it is 

the case (i.e. belongs to a CGA), it does not mean that gas within different play 

types could be recovered using the same measures. On the contrary, they may still 

need case-specific techniques in order to produce efficiently.  
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Chapter 8 Conclusions and Future Work 

8.1 Conclusions 

Sediments of the REM in the Cooper Basin have been systematically and 

regionally described for the first time using a multidisciplinary approach 

integrating sedimentology, stratigraphy, and geochemistry. A detailed lithofacies 

analysis was conducted and a regional sequence stratigraphic framework was 

constructed. The evolution of paleoenvironments was investigated through 

reconstruction of paleogeographic maps and integration of new data. Finally, the 

petroleum potential of the REM strata was briefly reviewed. Major conclusions 

from this study are:  

• Detailed core descriptions reveal that the REM strata have a range of 

complex features that reveal a variety of depositional processes. Twelve 

lithofacies and eight facies associations were identified and were 

interpreted as the deposition of a fluvial-deltaic-lacustrine system with 

common glacial influences. The Roseneath and Murteree Shales were 

deposited in a widespread lake with abundant rhythmites and claystone 

deposits. The Epsilon Formation formed in a transitional environment 

where fluvial, deltaic and shoreface sandstones, deep-lake mudstone, and 

coals were deposited.  

• A regional sequence-stratigraphic framework has been established for the 

REM strata. The REM strata were deposited within two 1st-order T-R 

sequences, where several transgressive-regressive cycles are observed. 
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They are separated into four stratigraphic units: SU1, SU2, SU3, and SU4 

that are bounded by 1st-order maximum flooding surfaces.  

• The deposition of the REM can be separated into four phases: I, II, III, and 

IV. Allogenic factors, including basin subsidence, paleoclimates, and lake 

levels, mostly controlled the deposition of the REM strata, though 

autogenic factors, e.g. basin physiogeography, also played a role. Coal 

seams in the Epsilon Formation are mostly raised mires from their low ash 

and sulphur content and great continuity.  

• The distribution of siderites and pyrites within the REM strata indicates 

the ancient lake might have had temporary connections to the open sea. 

There might be a short-lived subaerial exposure, as indicated from the 

presence of spherosiderites, during deposition of the Roseneath Shale. 

Elemental and isotope chemistry of siderites can reveal the marine 

influences in the deposition.  

• The REM strata holds both conventional and unconventional resources 

(shale gas, coal seam gas, and tight gas). The south flank of the GMI 

Trend, some major basin highs and east Nappamerri Trough are 

prospective areas for conventional structural, stratigraphic and 

combination plays. In comparison to some of the North American shale 

plays, the Roseneath and Murteree Shales are not as favourable as was 

initially thought due to the relatively low content of organic matter and 

high concentration of ductile components. The commercialisation of CSG 

is limited by the ultra-deep burial and small thickness. 
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8.2 Recommendations for future work 

• This study was partly limited by the number and spatial distribution of 

available cores and drilled wells, especially in the east Nappamerri Trough 

across the Queensland area. Future studies may expand the current 

investigation by incorporating additional cores and subsurface data from 

more wells to overcome these limitations.  

• A more detailed study of the system tracts within each stratigraphic unit is 

suggested. A more detailed framework could be used to correlate the 

properties of the Roseneath and Murteree Shales with systems tracts, and 

identify their relationship, which would provide a more accurate prediction 

of prospective targets.  

• High-resolution dating is very useful in establishing a chronological 

framework. If dating materials, such as tuffs, are present, then dating is 

strongly recommended to test the established framework in this study. It 

would also provide more details about the deposition and evolution of the 

REM strata.  

• Elemental (e.g. Mg, Ca, Mn) and isotopic (e.g. δ13C, δ18O) analyses of 

siderites within the REM strata are recommended. Their elemental and 

isotopic composition may reveal useful information about the depositional 

environment and possible marine influences. Meanwhile, they can be used 

to across the basin and assist stratigraphic correlation.  

• Chemostratigraphy data could be a helpful aid in interpreting the sediment 

source and stratigraphic correlations. Geochemical tests for the elemental 
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concentration would be useful for more wells, especially in the east 

Nappamerri Trough.  

• The possible connection of the Permian Cooper Basin Lake with sea 

requires more evidence to confirm, e.g. analyses of glauconites in rocks, 

identification of marine trace fossils from palynology, etc. 

• Mineralogical and petrophysical study are required to improve the 

understanding the property of the Roseneath and Murteree Shales. These 

results could be further compared with classic shale plays and make a 

more comprehensive assessment.  

• Systematic mechanical tests are suggested for the Roseneath and Murteree 

Shales. The results will offer key information about their mechanical 

property that can be used to assess the fracturability.  

• The link between source richness and depositional environments is 

recommended as the source richness is one of the key criteria for realising 

the shale gas potential within the REM strata.  

• More data need to be obtained to confirm whether the REM strata really 

belong to a continuous gas accumulation or not.  
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Appendices A: Measured Sections  

 

Figure A.1: Location of cored wells in the study.  
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Figure A.2: Legends for measured sections in the study. 

 

Figure A.3: A measured section from the Encounter-1 well. The location of the well is shown in 

Figure A.1. The supporting legends form Figure A.2.  
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Figure A.4: A measured section from the Skipton-1 well. The location of the well is shown in 

Figure A.1. The supporting legends form Figure A.2. 
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Figure A.5: A measured section from the Talaq-1 well. The location of the well is shown in Figure 

A.1. The supporting legends form Figure A.2. 
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Figure A.6: A measured section from the Sasanof-1 well. The location of the well is shown in 

Figure A.1. The supporting legends form Figure A.2. 
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Figure A.7: A measured section from the Streaky-1 well. The location of the well is shown in 

Figure A.1. The supporting legends form Figure A.2. 
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Figure A.8: A measured section from the Le Chiffre-1 well. The location of the well is shown in 

Figure A.1. The supporting legends form Figure A.2. 
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Figure A.9: A measured section from the Kingston Rule-1 well. The location of the well is shown 

in Figure A.1. The supporting legends form Figure A.2. 
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Figure A.10: A measured section from the Moomba-191 well. The location of the well is shown in 

Figure A.1. The supporting legends form Figure A.2. 
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Appendices B: Regional Cross-sections 

 

Figure B.1: Location map of regional cross-sections across the Cooper Basin. Cross-sections in 

northwest direction are in green while those in northeast direction are in blue. 
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Figure B.2: Legends for cross-sections. Well logs are colour-filled to represent the most likely 

lithology as indicated in the figure. The GR log was used to differentiate the sand, silt, and clay, 

whereas the DT log was used to identify the coal layers.  

  



Figure B.3: Regional XX’ cross-section of cored wells through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Le Chiffre-1, Sasanof-1, Talaq-1, Kingston Rule-1, Skipton-1, Streaky-1, Encounter-1, and Holdfast-1. 
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Figure B.4: Regional AA’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Lhotsky-1, Sellicks-1, Haslam-1, Raven-1, Raven-3, Southend-1, Keena-2, Wirrarie North-2, Caladan-1, Caladan-2, Atreides-1, Topwee-1, Mataro-1, Wooloo-1, Wooloo South-1, Cowan-3, Cowan-1, Cowan-4, Moolalla-1, Waukatanna-1, Fortanna-1, Kopi-1, Bungee-1, Bungee-2, Cabernet-4, Cabernet-1, Cabernet-3, Toparoa-1, Bugito-

1, Nungeroo-1, Kiwarrick-1, Ungari-1, Mulga-1, Mulga-2, and Noarlunga-1. 
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Figure B.5: Regional BB’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS1. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Murrippi-1, Welcome Lake-1, Welcome Lake East-1, Nephrite-2, Tindilpie-1, Tindilpie-12, Gidgealpa-14, Moomba-128, Moomba-6, Moomba-105, Moomba-191, Moomba-192, Moomba-103, Moomba-100, Moomba-140, Moomba-141, Moomba-55, Moomba-162, Moomba-151, Moomba-149, Moomba-150, Roswell-1, Moomba-51, Namur-3, Namur-1, Mina-1, Cooloon South-1, Wanara-1, Nanima-1, Baratta West-1, 

Baratta-2, Baratta South-1, Toolachee-5, Toolachee-44, Toolachee-23, Toolachee-33, Toolachee-42, Toolachee-39, Munkarie-3, Munkarie-1, Munkarie-5, and Maraku-1.
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Figure B.6: Regional BB’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS1. Refer to Figure B.1 and Figure B.5 for the location and name of wells in this section. 
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Figure B.7: Regional BB’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS2. Refer to Figure B.1 and Figure B.5 for the location and name of wells in this section.
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Figure B.8: Regional BB’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS3. Refer to Figure B.1 and Figure B.5 for the location and name of wells in this section.
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Figure B.9: Regional BB’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 and Figure B.5 for the location and name of wells in this section.
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Figure B.10: Regional CC’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Yanta-1, Jasmine-1, Darter-1, Yarma-1, Mingana-1, Fly Lake-2, Grey-1, Rakoona-1, Tirrawarra West-1, Tirrawarra-38, Tirrawarra-13, Tirrawarra-35, Tirrawarra-1, Tirrawarra-21, Tirrawarra-58, Tirrawarra-31, Tirrawarra-51, Tirrawarra-64, Merrimelia-41, Venus-1, Correa-1, Rapid-1, Van Der Waals-1, Pooraka-1, Wilpinnie-1, Gudnuki-2, Dullingari-1, Burke-7, Burke-8, Burke-6, Sarah-1, Moon-2, Moon-1, Mooliampah West-1, Mooliampah-1, Hydra-1, and Sigma-1. 
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Figure B.11: Regional DD’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS1. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Daer-1, Coongie-1, Lujoel-1, Pennie-1, Moolion East-1, Ginko-1, Coonatie-15, Coonatie-1, Bookabourdie-10, Bookabourdie-11, Bookabourdie-4, Bookabourdie-8, Bookabourdie-2, Bookabourdie-7, Pondrinie-15, Darmody-1, Holdfast-1, Moonta-1/ST-1, Encounter-1, Kappa-1, Epsilon-1, Rheims-1, Iliad-2, Iliad-1, Tickalara-2, and Tau-1. 
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Figure B.13: Regional DD’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS1. Refer to Figure B.1 and Figure B.11 for the location and name of wells in this section.
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Figure B.14: Regional DD’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS2. Refer to Figure B.1 and Figure B.11 for the location and name of wells in this section.
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Figure B.15: Regional DD’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS3. Refer to Figure B.1 and Figure B.11 for the location and name of wells in this section. 
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Figure B.15: Regional DD’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 and Figure B.11 for the location and name of wells in this section. 
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Figure B.16: Regional EE’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Verona-3, Verona-1, Verona-2, Moondie-1, Beanbush-1, Yarrow North-1, Yanpurra-1, Flax-7/st1, Flax-5, Flax East-1/st1, Juniper-2, Juniper-1, Turban-1, Aspen-1, Etty-1, Hervey-1, Warnie East-1, Hector-1, Theta-2, Theta-1, Thoar-2, Yanko-1, Gryphon-1, 

Pinaroo-1, and Marradong-1. 
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Figure B.17: Regional FF’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Kenny-1, Paning-1, Arrabury-2, Arrabury-3, 

Pepita-2, Juno North-1, Kutyo-1, Pallano-1, Jarrar-1, Irtalie-1, and Tura-1. 
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Figure B.18: Regional GG’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Barrolka-2, Windula-1, Barrolka-4, Beeree-3, Beeree-1, Bolah-1, Durham Downs-4, Durham Downs-3, Rosa-1, Okotoko West-2, Okotoko West-1, Costa-1, Judga-1, Ballat-1, Carney-1, Merri-1, Bogala North-1, Bogala-1, Cooteena-1, Tinpilla-1, Gunna-1, Jackson-1, Jackson South-1, Nockatunga North-1, Nockatunga-3, and Dinojue-1.
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Figure B.19: Regional HH’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Barrolka-3, Mackillop-1, 

Gilpeppee-2, Marengo-1, Whanto-1, Mount Howitt-2, Boldrewood-1, Arima-1, Vernon-1, and Vernon West-1.
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Figure B.20: Regional II’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS1. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Talia-1, Sturt-1, Sturt East-4, Sturt East-2, Malgoona-1/DW1, Malgoona-2, Goolwa-1, Southend-1, Raven-1, Jack Lake-1, Nephrite South-6, Nephrite South-5, Nephrite South-8, Nephrite South-1, Nephrite South-4, Nephrite-2, Tindilpie-4, Coopers Creek-3, Cooba-1, Gooranie-1, Gooranie-4, Tirrawarra South-1, Tirrawarra-11, Tirrawarra-2, Tirrawarra-42, Tirrawarra-29, Tirrawarra-21, Tirrawarra-15, Tirrawarra-35, Tirrawarra-20, Tirrawarra-28, Tirrawarra-60, Tirrawarra-48, Tirrawarra-66, Tirrawarra-68, Tirrawarra-73, Tirrawarra-77, Cardam-1, 

Tallerangie-1, Coonatie-18, Coonatie-12, Coonatie-7, Coonatie-5, Coonatie-13, Coonatie-20, Ginko-1, Beanbush-1, Paning-1, Turol-1, Saratoga-1, Gilpeppee-2, Marengo-1, Kaiden-1, Clinton-1, and Marama-1/ST1. 

205

Talia-1 Marama-1/ST1



Figure B.21: Regional II’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS1. Refer to Figure B.1 and Figure B.20 for the location and name of wells in this section. 
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Figure B.21: Regional II’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS2. Refer to Figure B.1 and Figure B.20 for the location and name of wells in this section. 
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Figure B.21: Regional II’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS3. Refer to Figure B.1 and Figure B.20 for the location and name of wells in this section. 
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Figure B.21: Regional II’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 and Figure B.20 for the location and name of wells in this section. 
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Figure B.25: Regional JJ’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Barra-1, Karilla-1, Bartilla-1, Wirrarie-2, Caladan-1, Caladan-3, Arrakis North-3, Dorodillo-1, Dorodillo-2, Kirralee-2, Moomba-59, Moomba-56, 

Moomba-80, Moomba-158, Moomba-191, Moomba-86, Moomba-194, Van Der Waalas-1, Bulyeroo-1, Burley-2, Holdfast-1, Kirby-1, Aspen-1, Pepita-2, Macadama-2, Barrolka-10, Foxtail-1, and Russel-1. 
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Figure B.26: Regional KK’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS1. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Pando South-1, Warki-1, Chester-1, Daralingie-2, Daralingie-5, Daralingie-1, Daralingie-7, Daralingie-8, Daralingie-24, Cowan-2, Cowan-1, Augusta-1, Grenache-1, Moomba-2, Moomba-82, Moomba-51, Boston-2, Habanero-1, Encounter-1, Halifax-1, Etty-1, Challum-15, Challum-1, Keilor-1, Durham Downs-4, Durham Downs North-2, and Coolah-2.
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Figure B.27: Regional KK’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS1. Refer to Figure B.1 and Figure B.26 for the location and name of wells in this section. 
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Figure B.27: Regional KK’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS2. Refer to Figure B.1 and Figure B.26 for the location and name of wells in this section. 
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Figure B.27: Regional KK’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on mFS3. Refer to Figure B.1 and Figure B.26 for the location and name of wells in this section. 
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Figure B.27: Regional KK’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 and Figure B.26 for the location and name of wells in this section. 
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Figure B.31: Regional LL’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Dalray-1, Hiraji-1, Wancoocha-3, Wancoocha-2, Dirkala South-1, Garanjanie-3, Garanjanie-2, Trebbiano-1, Bungee-1, Merinda-1, Bauhaus-1, Sasanof-1, Allunga Trough-1, Allunga-1, Lowanna-1, Mina-1, Mudera-1, Mudera-2, Della-12, 

Della-16, Della-13, Della-22, Della-15, Wilpinnie-1, Wilpinnie-2, Corkwood-1, Crowsnest-3, Drowsnest-1, Crowsnest-2, Strathmount-1, Warnie-1, Hervey-1, Yanda-6, Yawa-1, Okotoko West-1, Tartulla-6, and Tartulla-4. 
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Figure B.32: Regional MM’ cross-section through the REM strata in the Cooper Basin, showing key sequence stratigraphic surfaces. The section is leveled up on MFS2. Refer to Figure B.1 for the location. Wells (from left to right) in this section include Forge-1, Le Chiffre-1, Tinga Tingana-1, Seacliff-1, Kumbarie-1, Aldinga-1, Mulga-2, Marsden-1, Ventura-1, Vintage Crop-1, Narcoonowie-1, Mataranka-1, Toolachee-3, Toolachee-28, Toolachee-15, Toolachee-26, Toolachee-12, Toolachee-27, Toolachee-29, Toolachee-14, Toolachee-51, Toolachee-33, Toolachee-24, Toolachee-4, Toolachee-52, Toolachee-41, Toolachee-21, Toolachee-2, Toolachee-37, Allambi-1, Talaq-1, Alisma-1, Alisma-2, Kerna-1, Kerna-2A, Moon-3, Moon-2, Epsilon-6, Epsilon-11, 

Wolgolla-4, Omega-1, Redwood North-1, Raffle-1, Hector-1, Theta-2, Psyche-4, Psyche-5, Winninia South-1, Winninia-1, Winninia North-3, Winninia North-1, Winninia North-4, Baryulah-10, Wellington-6, Vega-3, Juno North-1, Wackett South East-1, Karri South-1, Karri-1, and Bogala North-1. 
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Figure C.1: Isopach map of sandstone in SU1.  
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Figure C.2: Isopach map of sandstone in SU2. 
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Figure C.3: Isopach map of sandstone in SU3. 
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Figure C.4: Isopach map of sandstone in SU4. 
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Figure C.5: Isopach map of mudstone in SU1. 
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Figure C.6: Isopach map of mudstone in SU2. 
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Figure C.7: Isopach map of mudstone in SU3. 
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Figure C.8: Isopach map of mudstone in SU4. 
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Figure C.9: Isopach map of coal in SU1. 
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Figure C.10: Isopach map of coal in SU2. 
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Figure C.11: Isopach map of coal in SU3. 
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Figure C.12: Isopach map of coal in SU4. 
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Figure D.1: Percentage map of sandstone in SU1. 
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Figure D.2: Percentage map of sandstone in SU2. 

  



Appendices D: Lithology Percentage Maps 

232 

 

Figure D.3: Percentage map of sandstone in SU3. 
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Figure D.4: Percentage map of sandstone in SU4. 
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Figure D.5: Percentage map of mudstone in SU1. 
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Figure D.6: Percentage map of mudstone in SU2. 
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Figure D.7: Percentage map of mudstone in SU3. 
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Figure D.8: Percentage map of mudstone in SU4. 
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Figure D.9: Percentage map of coal in SU1. 
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Figure D.10: Percentage map of coal in SU2. 
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Figure D.11: Percentage map of coal in SU3. 
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Figure D.12: Percentage map of coal in SU4.  
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Appendices E: Compilation of Mineralogical Composition, TOC, and Porosity Data 

for Shales Used in the Study 

Table E.1: Keys for numbering of minerals.  

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 

Quartz Kaolin Dickite Muscovite 

(2M1) 

Muscovite 

(1M) 

Chlorite/ 

Berthierine  

Illite-1M/lMd Mixed illite-

mic 

1 Mixed 

illite-smectite 

2 Mixed 

illite-smectite 

Rutile  

 

#12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Anatase  Apatite Amorphous Dolomite Calcite Siderite Mg-siderite K-feldspar Plagioclase Crandallite Barite 
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Table E.2: Compiled mineralogical composition from XRD analyses for wells used in this study. For.= Formation; R= Roseneath Shale; E= Epsilon Formation; M= 

Murteree Shale. Keys to the mineral names are in Table E.1. 

Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Boston-1 2915.59 R 39.5 8.2 2.3 39.8 6.3 0 0 0 0 0 0.6 0.4 0 0 0 0 1.2 1.8 0 0 0 0 

Boston-1 2918.28 R 32.7 7.9 0 43.6 6.4 0 0 0 0 0 0.6 0.4 0 0 0 0 4.4 4 0 0 0 0 

Boston-1 2920.08 R 36.7 9.9 0 38.8 6.6 0 0 0 0 0 0.6 0.4 0 0 0 0 3.9 3.2 0 0 0 0 

Boston-1 2920.85 R 9.3 2.4 0 10.7 2 0 0 0 0 0 0.2 0.1 0 0 0 0 35.2 40 0 0 0 0 

Boston-1 2923.6 R 30.5 9.5 0 40.6 6.9 0 0 0 0 0 0.6 0.4 0 0 0 0 6.6 4.9 0 0 0 0 

Boston-1 2925.05 R 31.2 10.5 0 38.9 6.8 0 0 0 0 0 0.6 0.4 0 0 0 0 7.1 4.5 0 0 0 0 

Boston-1 2928.52 R 35 11.1 0 39.2 7.7 0 0 0 0 0 0.6 0.5 0 0 0 0 3.6 2.2 0 0 0 0 

Boston-1 2932.45 R 33.3 10.1 0 38.5 7.4 0.5 0 0 0 0 0.6 0.4 0 0 0 0 5.6 3.6 0 0 0 0 

Boston-1 2934.15 R 33.1 9.6 0 39.7 7.1 0.6 0 0 0 0 0.6 0.4 0 0 0 0 5.2 3.7 0 0 0 0 

Boston-1 2939.17 R 28.6 8.1 0 40 7.3 0.6 0 0 0 0 0.5 0.4 0 0 0 0 9.1 5.5 0 0 0 0 

Boston-1 2941.97 R 20.9 5.4 0 29.7 5.3 0.3 0 0 0 0 0.4 0.2 0 0 0 0 26.2 11.5 0 0 0 0 

Boston-1 2943.64 R 26.6 9.1 0 36.1 7.1 0.6 0 0 0 0 0.6 0.4 0 0 0 0 15.1 4.5 0 0 0 0 

Boston-1 2945.08 R 29.2 10 0 35.8 7.4 0.6 0 0 0 0 0.6 0.4 0 0 0 0 11.4 4.5 0 0 0 0 

Encounter-1 3266.55 R 30 13 0 34 10 0 0 0 0 0 1 1 0 0 0 0 9 3 0 0 0 0 

Encounter-1 3276.75 R 30 13 0 35 11 0 0 0 0 0 1 1 0 0 0 0 7 2 0 0 0 0 

Encounter-1 3286.35 R 28 14 0 34 11 0 0 0 0 0 1 1 0 0 0 0 9 3 0 0 0 0 

Encounter-1 3293.1 R 34 16 0 35 11 0 0 0 0 0 1 1 0 0 0 0 2 1 0 0 0 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Encounter-1 3384.5 M 38 10 0 35 9 0 0 0 0 0 1 1 0 0 0 0 2 3 0 0 0 0 

Encounter-1 3393.45 E 28 20 0 25 18 0 0 0 0 0 1 1 0 0 0 0 7 1 0 0 0 0 

Encounter-1 3398.3 E 36 12 0 32 12 0 0 0 0 0 1 1 0 0 0 0 4 3 0 0 0 0 

Encounter-1 3493.55 M 39 10 0 34 10 0 0 0 0 0 1 1 0 0 0 0 3 3 0 0 0 0 

Encounter-1 3503.5 M 42 9 0 26 8 0 0 0 0 0 1 0.5 0 0 0 0 6 8 0 0 0 0 

Encounter-1 3507.5 M 36 11 0 37 9 0 0 0 0 0 1 1 0 0 0 0 3 3 0 0 0 0 

Encounter-1 3517.4 M 39 11 0 32 8 0 0 0 0 0 1 1 0 0 0 0 4 4 0 0 0 0 

Encounter-1 3526.1 M 28 12 0 35 10 0 0 0 0 0 1 1 0 0 0 0 8 5 0 0 0 0 

Encounter-1 3532.6 M 28 13 0 35 9 0 0 0 0 0 1 1 0 0 0 0 9 5 0 0 0 0 

Encounter-1 3533.55 M 13 6 0 19 6 0 0 0 0 0 0.5 0.5 0 0 0 0 34 23 0 0 0 0 

Encounter-1 3537.5 M 27 12 0 33 9 0 0 0 0 0 1 0.5 0 0 0 0 13 6 0 0 0 0 

Holdfast-1 3114 R 32 7 0 32 0 1 13 0 0 0 1 1 0 0 0 0 9 4 0 0 0 0 

Holdfast-1 3119 R 37 10 0 35 0 1 13 0 0 0 1 2 0 0 0 0 1 1 0 0 0 0 

Holdfast-1 3124 R 34 11 0 35 0 0.5 14 0 0 0 1 2 0.5 0 0 0 2 1 0 0 0 0 

Holdfast-1 3129 R 33 10 0 35 0 0.5 14 0 0 0 1 2 0.5 0 0 0 3 1 0 0 0 0 

Holdfast-1 3134 R 34 10 0 37 0 0 14 0 0 0 1 2 0 0 0 0 2 1 0 0 0 0 

Holdfast-1 3139 R 34 10 0 33 0 0.5 13 0 0 0 1 2 0.5 0 0 0 5 1 0 0 0 0 

Holdfast-1 3144 R 33 10 0 36 0 0.5 13 0 0 0 1 2 0.5 0 0 0 3 1 0 0 0 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Holdfast-1 3149 R 33 11 0 37 0 0 14 0 0 0 1 2 0 0 0 0 2 1 0 0 0 0 

Holdfast-1 3154 R 41 10 0 32 0 0.5 13 0 0 0 1 1 0.5 0 0 0 1 1 0 0 0 0 

Holdfast-1 3159 R 40 7 0 36 0 
 

14 0 0 0 1 1 0 0 0 0 1 1 0 0 0 0 

Holdfast-1 3164 E 34 8 0 38 0 0 13 0 0 0 1 1 0.5 0 0 0 3 1 0 0 0 0 

Holdfast-1 3169 E 59 2 0 25 0 0 12 0 0 0 1 1 
 

0 0 0 0.5 0.5 0 0 0 0 

Holdfast-1 3174 E 62 5 0 19 0 0.5 9 0 0 0 1 1 0.5 0 0 0 1 2 0 0 0 0 

Holdfast-1 3217.6 E 81 0 4 7 0 2 6 0 0 0 0.5 0 0.5 0 0 0 0 0 0 0 0 0 

Holdfast-1 3221 E 91 0 0 1 0 3 2 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 

Holdfast-1 3225 E 33 10 0 36 0 0 18 0 0 0 1 2 0 0 0 0 0 0 0 0 0 0 

Holdfast-1 3229.3 E 94 0 1 3 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Holdfast-1 3235 E 53 4 0 30 0 
 

9 0 0 0 1 1 0 0 0 0 2 1 0 0 0 0 

Holdfast-1 3240 E 49 4 0 34 0 0.5 7 0 0 0 1 1 0 0 0 0 2 2 0 0 0 0 

Holdfast-1 3246 E 51 6 0 25 0 0.5 13 0 0 0 1 1 0 0 0 0 1 0.5 0 0 0 0 

Holdfast-1 3250 E 37 5 0 40 0 0.5 15 0 0 0 1 1 0.5 0 0 0 0.5 0.5 0 0 0 0 

Holdfast-1 3255 E 47 5 0 29 0 0.5 15 0 0 0 1 1 0.5 0 0 0 1 0.5 0 0 0 0 

Holdfast-1 3260 E 54 6 0 22 0 0.5 12 0 0 0 1 1 0 0 0 0 2 1 0 0 0 0 

Holdfast-1 3265 E 57 6 0 20 0 
 

8 0 0 0 1 1 0 0 0 0 3 5 0 0 0 0 

Holdfast-1 3270 E 47 5 0 31 0 0.5 11 0 0 0 1 1 0 0 0 0 1 2 0 0 0 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Holdfast-1 3275 E 36 8 0 38 0 
 

15 0 0 0 1 1 0 0 0 0 1 1 0 0 0 0 

Holdfast-1 3280 E 30 6 0 40 0 0 14 0 0 0 1 1 0 0 0 0 5 2 0 0 0 0 

Holdfast-1 3285 E 70 2 0 14 0 0.5 11 0 0 0 1 1 0.5 0 0 0 0 0 0 0 0 0 

Holdfast-1 3290 E 47 2 0 30 0 0.5 14 0 0 0 1 1 0 0 0 0 3 1 0 0 0 0 

Holdfast-1 3297 E 39 0 0 44 0 0 10 0 0 0 1 2 0 0 0 0 5 1 0 0 0 0 

Holdfast-1 3304 E 60 2 0 28 0 0 8 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 

Holdfast-1 3308 E 71 1 0 20 0 0.5 6 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 

Holdfast-1 3314 E 93 0.5 0 3 0 1 1 0 0 0 0 0.5 0 0 0 0 1 0 0 0 0 0 

Holdfast-1 3322 E 89 0 4 5 0 0.5 2 0 0 0 0 0.5 0 0 0 0 0 0 0 0 0 0 

Holdfast-1 3329 E 77 0 4 14 0 1 2 0 0 0 0.5 1 0 0 0 0 0.5 1 0 0 0 0 

Holdfast-1 3334 E 85 1 0 10 0 1 1 0 0 0 0.5 1 0 0 0 0 0 0 0 0 0 0 

Holdfast-1 3342 E 54 9 0 27 0 0.5 5 0 0 0 1 1 0 0 0 0 2 1 0 0 0 0 

Holdfast-1 3348 M 37 7 0 32 0 1 4 0 0 0 1 1 0 0 0 0 10 7 0 0 0 0 

Holdfast-1 3354 M 38 7 0 39 0 1 4 0 0 0 1 1 0 0 0 0 5 3 0 0 0 0 

Holdfast-1 3362 M 42 8 0 39 0 1 4 0 0 0 1 1 0 0 0 0 2 2 0 0 0 0 

Holdfast-1 3368 M 32 8 0 43 0 1 4 0 0 0 1 2 0 0 0 0 7 1 0 0 0 0 

Holdfast-1 3375 M 34 8 0 30 0 1 3 0 0 0 1 1 0 0 0 0 14 8 0 0 0 0 

Holdfast-1 3382 M 30 10 0 39 0 1 5 0 0 0 1 2 0 0 0 0 10 3 0 0 0 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Holdfast-1 3388 M 34 11 0 42 0 1 6 0 0 0 1 2 0 0 0 0 3 1 0 0 0 0 

Holdfast-1 3394 M 35 9 0 40 0 1 5 0 0 0 1 2 0 0 0 0 5 2 0 0 0 0 

Holdfast-1 3401 M 25 9 0 28 0 1 3 0 0 0 1 1 0 0 0 0 25 8 0 0 0 0 

Holdfast-1 3407 M 33 9 0 40 0 1 5 0 0 0 1 2 0 0 0 0 7 2 0 0 0 0 

Holdfast-1 3413 M 33 10 0 40 0 2 5 0 0 0 1 2 0 0 0 0 5 1 0 0 0 0 

Holdfast-1 3419 M 39 8 0 38 0 2 5 0 0 0 1 1 0 0 0 0 4 2 0 0 0 0 

Holdfast-1 3425 M 36 7 0 45 0 1 5 0 0 0 1 2 0 0 0 0 2 1 0 0 0 0 

Kingston Rule-1 2,334.74 R 37 15 0 0 0 3 0 23 0 8 0 0 0 0 0 1 7 0 2 4 0 0 

Kingston Rule-1 2,346.34 R 31 16 0 0 0 1 0 38 4 0 0 0 0 0 0 0 5 0 2 3 0 0 

Kingston Rule-1 2,357.77 R 42 11 0 0 0 1 0 36 2 0 0 0 0 0 0 0 3 0 2 3 0 0 

Kingston Rule-1 2,407.72 E 39 9 0 0 0 1 0 40 4 0 0 0 0 0 0 0 2 0 2 3 0 0 

Kingston Rule-1 2,413.70 E 77 8 0 0 0 0 0 6 0 1 0 0 0 0 0 0 1 0 4 3 0 0 

Kingston Rule-1 2,420.42 E 87 5 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 0 3 1 0 0 

Kingston Rule-1 2,428.45 E 35 7 0 0 0 0 0 42 4 0 0 0 0 0 0 0 8 0 2 2 0 0 

Kingston Rule-1 2,484.81 M 37 18 0 0 0 2 0 28 0 5 0 0 0 0 0 0 5 0 2 3 0 0 

Kingston Rule-1 2,498.47 M 33 17 0 0 0 2 0 32 1 0 0 0 0 0 0 0 10 0 2 3 0 0 

Kingston Rule-1 2,503.70 M 61 5 0 0 0 0 0 11 
 

2 0 0 0 0 0 0 19 0 1 1 
  

Bobs well-2 2529.84 M 35.1 16.6 0 35.7 2.8 0 0 0 0 0 0.6 0.4 0 0 0 0 5.4 3.5 0 0 0 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Bobs well-2 2531.67 M 33.5 14.3 0 33.8 2.6 0 0 0 0 0 0.6 0.3 0 0 0 0 7.9 7 0 0 0 0 

Bobs well-2 2533.5 M 32.3 15.4 0 35.4 2.6 0 0 0 0 0 0.6 0.3 0 0 0 0 8 5.4 0 0 0 0 

Bobs well-2 2535.33 M 36.6 17.1 0 38.3 2.9 0 0 0 0 0 0.6 0.4 0 0 0 0 2.8 1.3 0 0 0 0 

Bobs well-2 2537.16 M 33.1 16.9 0 37 2.9 0 0 0 0 0 0.6 0.4 0 0 0 0 7.1 2.1 0 0 0 0 

Bobs well-2 2538.98 M 37.8 15.9 0 36.6 2.7 0 0 0 0 0 0.6 0.3 0 0 0 0 4 2.2 0 0 0 0 

Bobs well-2 2540.81 M 36.5 14.7 0 33.4 2.6 0 0 0 0 0 0.5 0.3 0 0 0 0 7 4.9 0 0 0 0 

Bobs well-2 2542.64 M 34 16.1 0 35.9 2.9 0 0 0 0 0 0.6 0.4 0 0 0 0 6.9 3.2 0 0 0 0 

Bobs well-2 2544.47 M 30.6 14.2 0 33 2.5 0 0 0 0 0 0.5 0.3 0 0 0 0 10.1 8.8 0 0 0 0 

Bobs well-2 2546.3 M 30.7 15.1 0 34.2 2.9 0 0 0 0 0 0.6 0.3 0 0 0 0 12 4.2 0 0 0 0 

Bobs well-2 2529.99 M 36.3 19.2 0 39.8 3 0 0 0 0 0 0.7 0.4 0 0 0 0 0.6 0.1 0 0 0 0 

Bobs well-2 2530.57 M 28.3 13 0 31.3 2.2 0 0 0 0 0 0.5 0.2 0 0 0 0 14.2 10.3 0 0 0 0 

Bobs well-2 2531.21 M 29 13.9 0 34.6 2.6 0 0 0 0 0 0.6 0.3 0 0 0 0 11.8 7.3 0 0 0 0 

Bobs well-2 2531.81 M 43.5 17 0 34.2 2.5 0 0 0 0 0 0.6 0.3 0 0 0 0 1.3 0.6 0 0 0 0 

Bobs well-2 2532.42 M 25.8 9.5 0 19.7 1.5 0 0 0 0 0 0.4 0.2 0 0 0 0 24 18.9 0 0 0 0 

Bobs well-2 2533.03 M 39.1 15.6 0 34.6 2.6 0 0 0 0 0 0.6 0.3 0 0 0 0 4.1 3.1 0 0 0 0 

Bobs well-2 2533.64 M 37.8 17.1 0 38.5 3 0 0 0 0 0 0.6 0.4 0 0 0 0 1.9 0.7 0 0 0 0 

Bobs well-2 2534.29 M 38.2 17.1 0 40.2 3 0 0 0 0 0 0.6 0.4 0 0 0 0 0.3 0.2 0 0 0 0 

Bobs well-2 2534.89 M 39 16.9 0 37.7 2.8 0 0 0 0 0 0.6 0.4 0 0 0 0 1.8 0.9 0 0 0 0 



Appendices E: Compilation of Mineralogical Composition, TOC, and Porosity Data for Shales Used in the Study 

249 

Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Bobs well-2 2535.47 M 30.8 14.2 0 33.5 2.5 0 0 0 0 0 0.6 0.3 0 0 0 0 11.5 6.7 0 0 0 0 

Bobs well-2 2536.08 M 26.7 9.1 0 28.8 2.1 0 0 0 0 0 0.5 0.2 0 0 0 0 15.3 17.2 0 0 0 0 

Bobs well-2 2536.69 M 34.5 17.8 0 41.5 3 0 0 0 0 0 0.7 0.4 0 0 0 0 1.6 0.6 0 0 0 0 

Bobs well-2 2537.33 M 36.5 16.4 0 39.5 3 0 0 0 0 0 0.6 0.4 0 0 0 0 2.4 1.2 0 0 0 0 

Bobs well-2 2537.89 M 34.7 18 0 38.8 2.9 0 0 0 0 0 0.6 0.4 0 0 0 0 3.4 1.2 0 0 0 0 

Bobs well-2 2538.54 M 36 18 0 37 2.8 0 0 0 0 0 0.6 0.4 0 0 0 0 3.9 1.3 0 0 0 0 

Bobs well-2 2539.15 M 35.9 14.9 0 34.7 2.6 0 0 0 0 0 0.6 0.3 0 0 0 0 6.4 4.6 0 0 0 0 

Bobs well-2 2539.72 M 37.1 16.1 0 36.5 2.8 0 0 0 0 0 0.6 0.4 0 0 0 0 4.5 2.1 0 0 0 0 

Bobs well-2 2540.36 M 41.7 14.7 0 29.6 2.4 0 0 0 0 0 0.5 0.3 0 0 0 0 6.6 4.1 0 0 0 0 

Bobs well-2 2540.95 M 34 17 0 38 4.2 0 0 0 0 0 0.6 0.3 0 0 0 0 4.3 1.7 0 0 0 0 

Bobs well-2 2541.6 M 40 17.1 0 33.4 2.8 0 0 0 0 0 0.5 0.4 0 0 0 0 3.5 2.3 0 0 0 0 

Bobs well-2 2542.16 M 30.1 18.2 0 36.2 2.5 0 0 0 0 0 0.5 0.4 0 0 0 0 9.7 2.3 0 0 0 0 

Bobs well-2 2542.78 M 35.5 17.1 0 38.3 3.2 0 0 0 0 0 0.6 0.3 0 0 0 0 3.4 1.6 0 0 0 0 

Bobs well-2 2543.42 M 31.5 16.8 0 34.9 2.5 0 0 0 0 0 0.5 0.3 0 0 0 0 9.9 3.6 0 0 0 0 

Bobs well-2 2543.98 M 37.4 18.1 0 34.2 2.8 0 0 0 0 0 0.5 0.4 0 0 0 0 4.4 2.2 0 0 0 0 

Bobs well-2 2544.63 M 32.6 18.7 0 35.2 2.6 0 0 0 0 0 0.5 0.4 0 0 0 0 8.1 2 0 0 0 0 

Bobs well-2 2545.21 M 42.9 16.9 0 33.9 2.6 0 0 0 0 0 0.6 0.4 0 0 0 0 1.7 1.1 0 0 0 0 

Bobs well-2 2545.85 M 20.9 8.7 0 19.4 1.6 0 0 0 0 0 0.3 0.2 0 0 0 0 30.4 18.4 0 0 0 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Bobs well-2 2546.48 M 30.4 11.8 0 25 1.8 0 0 0 0 0 0.4 0.2 0 0 0 0 10.7 19.6 0 0 0 0 

Bobs well-2 2547 M 33.4 16.1 0 29.5 2.4 0 0 0 0 0 0.5 0.3 0 0 0 0 13.6 4.2 0 0 0 0 

Bobs well-2 2547.66 M 31.2 14.8 0 32.1 2.3 0 0 0 0 0 0.4 0.3 0 0 0 0 12.9 5.9 0 0 0 0 

Marsden-1 2169.17 M 37.7 14.1 0 37.1 3.2 0 0 0 0 0 0.6 0.3 0 0 0 0 4 3.1 0 0 0 0 

Marsden-1 2172.33 M 43 21 0 0 0 1 18 0 7 0 0 0 0 0 0 0 4 0 3 3 0 0 

Marsden-1 2172.35 M 32.6 17.2 0 43.2 3.8 0 0 0 0 0 0.6 0.3 0 0 0 0 1.4 0.9 0 0 0 0 

Marsden-1 2173.84 M 21.4 7.1 0 19.1 1.8 0 0 0 0 0 0.4 0.1 0 0 0 0 26.9 23.2 0 0 0 0 

Marsden-1 2175.72 M 39.8 16.8 0 37.7 3.3 0 0 0 0 0 0.6 0.3 0 0 0 0 1 0.5 0 0 0 0 

Marsden-1 2177.27 M 30.7 15.3 0 37.6 3.3 0 0 0 0 0 0.6 0.2 0 0 0 0 9.2 3.1 0 0 0 0 

Marsden-1 2180.2 M 29.5 13.2 0 32.3 2.9 0 0 0 0 0 0.5 0.2 0 0 0 0 12.5 8.9 0 0 0 0 

Marsden-1 2180.33 M 37 18 0 0 0 1 21 0 6 0 0 0 0 0 0 0 13 0 2 2 0 0 

Marsden-1 2181.42 M 36.2 19.4 0 39.3 3.4 0 0 0 0 0 0.6 0.3 0 0 0 0 0.6 0.3 0 0 0 0 

Moomba-191 2714.34 M 28 15.7 0 36.1 8.7 0 0 0 0 0 0.7 0.4 0 0 0 0 7.3 2.8 0 0 0.2 0 

Moomba-191 2714.67 M 23.3 12.6 0 30.6 7.8 0 0 0 0 0 0.6 0.3 0 0 0 0 17.8 6.9 0 0 0.2 0 

Moomba-191 2713.94 M 27.4 15 0 34.8 8.3 0 0 0 0 0 0.6 0.4 0 0 0 0 9.5 3.6 0 0 0.2 0 

Moomba-191 2714.99 M 26.5 14.1 0 36.9 8.2 0 0 0 0 0 0.7 0.4 0 0 0 0 10.3 2.7 0 0 0.2 0 

Moomba-191 2715.27 M 27.1 11.9 0 30.7 6.9 0 0 0 0 0 0.6 0.3 0 0 0 0 8.3 14 0 0 0.2 0 

Moomba-191 2715.59 M 32.4 16.5 0 37.5 8.3 0 0 0 0 0 0.7 0.4 0 0 0 0 2.5 1.5 0 0 0.2 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Sasanof-1 2,377.40 R 38 22 0 0 0 1 0 19 5 0 0 0 0 0 0 0 12 0 1 2 0 0 

Sasanof-1 2,386.38 R 35 24 0 0 0 1 0 22 5 0 0 0 0 0 0 0 10 0 1 2 0 0 

Sasanof-1 2,395.92 R 49 22 0 0 0 0 0 16 3 0 0 0 0 0 0 0 6 0 2 2 0 0 

Sasanof-1 2,404.85 R 43 23 0 0 0 0 0 22 3 0 0 0 0 0 0 0 6 0 1 2 0 0 

Sasanof-1 2,413.82 R 40 24 0 0 0 0 0 21 3 0 0 0 0 0 0 0 9 0 1 2 0 0 

Sasanof-1 2,422.55 R 37 16 0 0 0 0 0 14 2 0 0 0 0 0 0 0 29 0 1 1 0 0 

Sasanof-1 2,433.27 R 40 20 0 0 0 0 0 24 5 0 0 0 0 0 0 0 5 0 2 3 0 0 

Sasanof-1 2,439.13 E 32 25 0 0 0 0 0 29 6 0 0 0 0 0 0 0 3 0 2 3 0 0 

Sasanof-1 2,442.13 E 52 16 0 0 0 0 0 19 4 0 0 0 0 0 0 0 5 0 2 2 0 0 

Sasanof-1 2,445.19 E 32 20 0 0 0 0 0 34 6 0 0 0 0 0 0 0 4 0 1 3 0 0 

Sasanof-1 2,560.74 M 36 28 0 0 0 0 0 24 4 0 0 0 0 0 0 0 4 0 1 3 0 0 

Sasanof-1 2,569.33 M 37 28 0 0 0 0 0 23 4 0 0 0 0 0 0 0 3.00 0 2 3 0 0 

Sasanof-1 2,578.54 M 42 26 0 0 0 0 0 22 4 0 0 0 0 0 0 0 3.00 0 1 2 0 0 

Sasanof-1 2,587.58 M 37 28 0 0 0 0 0 24 4 0 0 0 0 0 0 0 3 0 1 3 0 0 

Sasanof-1 2,596.96 M 36 24 0 0 0 0 0 20 3 0 0 0 0 0 0 0 14 0 1 2 0 0 

Sasanof-1 2,605.51 M 34 30 0 0 0 0 0 24 4 0 0 0 0 0 0 0 3 0 1 4 0 0 

Skipton-1 2,520.55 R 41 16 0 0 0 1 0 28 5 0 0 0 0 0 1 0 1 0 3 4 0 0 

Skipton-1 2,599.69 E 41 13 0 0 0 0 0 30 7 0 0 0 0 0 0 0 1 0 4 5 0 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Skipton-1 2,636.49 M 32 13 0 0 0 1 0 41 2 0 0 0 0 0 1 0 2 0 3 5 0 0 

Skipton-1 2,654.46 M 30 17 0 0 0 0 0 34 7 0 0 0 0 0 1 0 3 0 4 4 0 0 

Streaky-1 2963 D 47.9 11.5 1.1 29.8 2.9 0 0 0 0 0 0.7 0.3 0 0 0 0 0.6 2.4 0 0 0 2.7 

Streaky-1 2963 D 49.2 11.8 1.1 30.6 3 0 0 0 0 0 0.7 0.3 0 0 0 0 0.6 2.5 0 0 0 0 

Streaky-1 2977 D 53.9 9.8 0.9 26.2 2.8 0 0 0 0 0 0.7 0.3 0 0 0 0 0.5 1.4 0 0 0 3.4 

Streaky-1 2977 D 55.8 10.1 0.9 27.1 2.9 0 0 0 0 0 0.7 0.3 0 0 0 0 0.5 1.4 0 0 0 0 

Streaky-1 2990 D 45.3 11.4 0.8 32.1 4.1 0 0 0 0 0 0.7 0.3 0 0 0 0 1.2 1 0 0 0 3.1 

Streaky-1 2990 D 46.7 11.8 0.8 33.1 4.2 0 0 0 0 0 0.7 0.3 0 0 0 0 1.2 1 0 0 0 0 

Streaky-1 3038.5 D 72.6 6.2 1.6 12.7 1.9 0.4 0 0 0 0 0.3 0 0 0 0 0 0 1.7 0 0 0 2.5 

Streaky-1 3038.5 D 74.5 6.4 1.6 13 1.9 0.4 0 0 0 0 0.3 0 0 0 0 0 0 1.7 0 0 0 0 

Streaky-1 3050 R 40.4 7.8 0 39.4 3 0.4 0 0 0 0 0.6 0.3 0 0 0 0 0.8 3.2 0 0 0 4.1 

Streaky-1 3050 R 42.1 8.1 0 41.1 3.1 0.4 0 0 0 0 0.6 0.3 0 0 0 0 0.8 3.3 0 0 0 0 

Streaky-1 3080 R 11.8 2.4 0 14.6 1.5 0.7 0 0 0 0 0.2 0 0 0 0 0 36.8 21.8 0 0 0 10.3 

Streaky-1 3080 R 13.2 2.7 0 16.3 1.7 0.8 0 0 0 0 0.2 0 0 0 0 0 41 24.3 0 0 0 0 

Streaky-1 3092.5 R 29.3 7.7 0 39.6 3.8 1.7 0 0 0 0 0.6 0.3 0 0 0 0 10.9 4.6 0 0 0 1.4 

Streaky-1 3092.5 R 29.7 7.8 0 40.2 3.9 1.7 0 0 0 0 0.6 0.3 0 0 0 0 11.1 4.7 0 0 0 0 

Streaky-1 3110 R 32.6 8.5 0 44.8 4.2 2.1 0 0 0 0 0.7 0.3 0 0 0 0 3.1 1.8 0 0 0 1.9 

Streaky-1 3110 R 33.2 8.7 0 45.7 4.3 2.1 0 0 0 0 0.7 0.3 0 0 0 0 3.2 1.8 0 0 0 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Streaky-1 3133 R 31 9.1 0 42.5 4 1.8 0 0 0 0 0.7 0.4 0 0 0 0 5.4 2 0 0 0 3.2 

Streaky-1 3133 R 32 9.4 0 43.9 4.1 1.9 0 0 0 0 0.7 0.4 0 0 0 0 5.6 2.1 0 0 0 0 

Streaky-1 3185.5 E 33.1 10.4 0 44.4 3.8 0.4 0 0 0 0 0.8 0.3 0 0 0 0 1.5 1 0 0 0 4.2 

Streaky-1 3185.5 E 34.6 10.9 0 46.3 4 0.4 0 0 0 0 0.8 0.3 0 0 0 0 1.6 1 0 0 0 0 

Streaky-1 3200 E 29.3 5.8 0 36 3.4 0 0 0 0 0 0.6 0.2 0 0 0 0 13.1 7 0 0 0 4.5 

Streaky-1 3200 E 30.7 6.1 0 37.7 3.6 0 0 0 0 0 0.6 0.2 0 0 0 0 13.7 7.3 0 0 0 0 

Streaky-1 3320 M 33 7.9 0 39.2 3.4 0 0 0 0 0 0.6 0.3 0 0 0 0 6.7 5.3 0 0 0 3.7 

Streaky-1 3320 M 34.3 8.2 0 40.7 3.5 0 0 0 0 0 0.6 0.3 0 0 0 0 7 5.5 0 0 0 0 

Streaky-1 3330 M 31.7 9.3 0 44.7 3.9 0 0 0 0 0 0.7 0.3 1.4 0 0 0 3 2.6 0 0 0 2.4 

Streaky-1 3330 M 32.5 9.5 0 45.8 4 0 0 0 0 0 0.7 0.3 1.4 0 0 0 3.1 2.7 0 0 0 0 

Streaky-1 3340 M 26.2 9 0 44.7 3.9 0 0 0 0 0 0.6 0.3 0 0 0 0 7.6 4 0 0 0 3.6 

Streaky-1 3340 M 27.2 9.3 0 46.4 4 0 0 0 0 0 0.6 0.3 0 0 0 0 7.9 4.1 0 0 0 0 

Streaky-1 3350 M 28.1 10 0 43.3 3.9 0 0 0 0 0 0.7 0.3 0 0 0 0 7.3 3.4 0 0 0 3 

Streaky-1 3350 M 29 10.3 0 44.6 4 0 0 0 0 0 0.7 0.3 0 0 0 0 7.5 3.5 0 0 0 0 

Streaky-1 3360 M 26 8.6 0 41.5 3.6 0 0 0 0 0 0.6 0.3 0 0 0 0 10.6 4.5 0 0 0 4.2 

Streaky-1 3360 M 27.1 9 0 43.3 3.8 0 0 0 0 0 0.6 0.3 0 0 0 0 11.1 4.7 0 0 0 0 

Streaky-1 3370 M 25.4 8 0 39.8 3.8 0 0 0 0 0 0.6 0.3 0.3 0 0 0 14.3 4.9 0 0 0 2.6 

Streaky-1 3370 M 26.1 8.2 0 40.9 3.9 0 0 0 0 0 0.6 0.3 0.3 0 0 0 14.7 5 0 0 0 0 
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Well name Depth For. #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #22 

Streaky-1 3422 P 35.2 4.7 0 40.9 3.8 0 0 0 0 0 0.6 0.2 0 0 0 0 2 2.5 0 0 0 10.1 

Streaky-1 3422 P 39.2 5.2 0 45.5 4.2 0 0 0 0 0 0.7 0.2 0 0 0 0 2.2 2.8 0 0 0 0 

Streaky-1 3510 P 46.9 4.6 0 26.3 2.7 0 0 0 0 0 0.4 0 0 0 0 0 2.6 2.8 0 0 0 13.6 

Streaky-1 3510 P 54.3 5.3 0 30.4 3.1 0 0 0 0 0 0.5 0 0 0 0 0 3 3.2 0 0 0 0 

Streaky-1 3518 P 78 1.2 0 15.1 1.2 0.6 0 0 0 0 0.3 0 0 0 0 0 0 0.7 0 0 0 2.8 

Streaky-1 3518 P 80.2 1.2 0 15.5 1.2 0 0 0 0 0 0.3 0.6 0 0 0 0 0 0.7 0 0 0 0 

Talaq-1 2,344.03 R 36 15 0 0 0 2 0 31 4 0 0 0 0 0 0 0 5 0 3 4 0 0 

Talaq-1 2,370.43 R 33 13 0 0 0 2 0 32 4 0 0 0 0 0 0 0 4 0 6 6 0 0 

Talaq-1 2,420.67 R 37 17 0 0 0 2 0 28 6 0 0 0 0 0 0 0 3 0 4 3 0 0 

Talaq-1 2,442.60 E 35 12 0 0 0 2 0 39 5 0 0 0 0 0 0 0 2 0 2 3 0 0 

Talaq-1 2,472.55 E 50 8 0 0 0 1 0 29 5 0 0 0 0 0 0 0 1 0 3 3 0 0 

Talaq-1 2,484.03 E 81 1 0 0 0 0 0 11 2 0 0 0 0 0 0 0 1 0 3 1 0 0 

Talaq-1 2,507.56 M 35 19 0 0 0 3 0 31 3 0 0 0 0 0 0 0 3 0 2 4 0 0 

Talaq-1 2,532.16 M 33 16 0 0 0 2 0 33 3 0 0 0 0 0 0 0 5 0 4 4 0 0 

Talaq-1 2,562.70 M 42 16 0 0 0 2 0 21 6 0 0 0 0 0 0 0 5 0 4 4 0 0 
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Table E.3: Compiled TOC data for wells used in this study. R= Roseneath Shale; E= Epsilon 

Formation; M= Murteree Shale.  

Well name Depth Formation TOC (wt%) 

Bobs Well-2 2529.99 M 2.56 

Bobs Well-2 2530.57 M 2.65 

Bobs Well-2 2531.21 M 2.12 

Bobs Well-2 2531.81 M 2.08 

Bobs Well-2 2532.42 M 2.89 

Bobs Well-2 2533.03 M 2.98 

Bobs Well-2 2533.64 M 3.31 

Bobs Well-2 2534.29 M 3.42 

Bobs Well-2 2534.89 M 3.04 

Bobs Well-2 2535.47 M 2.49 

Bobs Well-2 2536.08 M 2.84 

Bobs Well-2 2536.69 M 2.83 

Bobs Well-2 2537.33 M 2.75 

Bobs Well-2 2537.89 M 3.37 

Bobs Well-2 2538.54 M 2.63 

Bobs Well-2 2539.15 M 2.71 

Bobs Well-2 2539.72 M 2.80 

Bobs Well-2 2540.36 M 1.99 

Bobs Well-2 2540.95 M 3.55 

Bobs Well-2 2541.60 M 2.91 

Bobs Well-2 2542.16 M 2.15 

Bobs Well-2 2542.78 M 2.34 

Bobs Well-2 2543.42 M 3.19 

Bobs Well-2 2543.98 M 3.09 

Bobs Well-2 2544.63 M 2.87 

Bobs Well-2 2545.21 M 3.78 

Bobs Well-2 2545.85 M 2.99 

Bobs Well-2 2546.48 M 2.46 

Bobs Well-2 2547.00 M 3.13 

Bobs Well-2 2547.66 M 3.09 

Encounter-1 3493.60 M 6.69 
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Well name Depth Formation TOC (wt%) 

Encounter-1 3498.00 M 2.19 

Encounter-1 3499.7 M 1.48 

Encounter-1 3503.50 M 1.85 

Encounter-1 3507.50 M 2.21 

Encounter-1 3513.4 M 1.61 

Encounter-1 3517.40 M 1.68 

Encounter-1 3519.00 M 1.63 

Encounter-1 3521.68 M 1.16 

Encounter-1 3526.10 M 1.55 

Encounter-1 3528.00 M 1.45 

Encounter-1 3530.3 M 1.7 

Encounter-1 3532.60 M 2.06 

Encounter-1 3537.50 M 1.39 

Encounter-1 3537.50 M 1.39 

Encounter-1 3539.7 M 1.76 

Encounter-1 3549.00 M 1.55 

Encounter-1 3558.00 M 1.84 

Holdfast-1 3344.00 M 2.28 

Holdfast-1 3346.00 M 1.45 

Holdfast-1 3349.00 M 2.60 

Holdfast-1 3349.7 M 2.31 

Holdfast-1 3351.00 M 0.93 

Holdfast-1 3353.00 M 1.52 

Holdfast-1 3355.00 M 1.98 

Holdfast-1 3357.00 M 2.19 

Holdfast-1 3358.4 M 1.74 

Holdfast-1 3359.00 M 1.35 

Holdfast-1 3361.00 M 1.83 

Holdfast-1 3363.00 M 1.74 

Holdfast-1 3366.00 M 1.11 

Holdfast-1 3367.4 M 1.36 

Holdfast-1 3368.00 M 1.34 

Holdfast-1 3371.00 M 1.80 
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Well name Depth Formation TOC (wt%) 

Holdfast-1 3373.00 M 1.97 

Holdfast-1 3373.40 M 1.71 

Holdfast-1 3375.00 M 1.81 

Holdfast-1 3376.7 M 1.87 

Holdfast-1 3377.00 M 2.04 

Holdfast-1 3379.00 M 1.26 

Holdfast-1 3381.00 M 1.46 

Holdfast-1 3383.00 M 2.16 

Holdfast-1 3385.7 M 1.92 

Holdfast-1 3386.00 M 1.98 

Holdfast-1 3388.60 M 1.77 

Holdfast-1 3389.00 M 2.23 

Holdfast-1 3391.00 M 2.51 

Holdfast-1 3393.00 M 2.07 

Holdfast-1 3394.4 M 1.92 

Holdfast-1 3395.00 M 2.04 

Holdfast-1 3397.00 M 1.43 

Holdfast-1 3399.00 M 2.44 

Holdfast-1 3402.00 M 2.34 

Holdfast-1 3403.7 M 1.31 

Holdfast-1 3404.00 M 1.40 

Holdfast-1 3406.00 M 1.55 

Holdfast-1 3408.00 M 2.14 

Holdfast-1 3410.60 M 2.33 

Holdfast-1 3411.00 M 1.60 

Holdfast-1 3412.7 M 2.18 

Holdfast-1 3414.00 M 2.82 

Holdfast-1 3417.00 M 1.87 

Holdfast-1 3419.00 M 2.12 

Holdfast-1 3421.00 M 1.96 

Holdfast-1 3421.7 M 2.63 

Holdfast-1 3423.00 M 1.69 

Holdfast-1 3426.00 M 1.02 
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Well name Depth Formation TOC (wt%) 

Holdfast-1 3426.7 M 1.88 

Holdfast-1 3429.00 M 2.35 

Kingston Rule-1 2475.80 M 2.35 

Kingston Rule-1 2479.90 M 1.91 

Kingston Rule-1 2484.70 M 2.19 

Kingston Rule-1 2489.80 M 2.56 

Kingston Rule-1 2494.80 M 2.21 

Kingston Rule-1 2498.50 M 4.16 

Kingston Rule-1 2503.70 M 0.50 

Marsden-1 2168.70 M 2.19 

Marsden-1 2169.17 M 1.8 

Marsden-1 2169.2 M 1.8 

Marsden-1 2172.33 M 2.63 

Marsden-1 2172.35 M 1.53 

Marsden-1 2172.4 M 1.53 

Marsden-1 2172.70 M 2.35 

Marsden-1 2173.8 M 0.85 

Marsden-1 2173.84 M 0.85 

Marsden-1 2174.70 M 2.25 

Marsden-1 2175.7 M 1.21 

Marsden-1 2175.72 M 1.21 

Marsden-1 2177.27 M 1.48 

Marsden-1 2177.3 M 1.48 

Marsden-1 2177.70 M 2.44 

Marsden-1 2180.2 M 1.75 

Marsden-1 2180.2 M 1.75 

Marsden-1 2180.33 M 2.97 

Marsden-1 2180.70 M 2.64 

Marsden-1 2181.4 M 1.56 

Marsden-1 2181.42 M 1.56 

Moomba-191 2708.58 M 1.56 

Moomba-191 2708.88 M 1.72 

Moomba-191 2709.18 M 1.53 
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Well name Depth Formation TOC (wt%) 

Moomba-191 2709.49 M 2.52 

Moomba-191 2709.80 M 1.64 

Moomba-191 2710.10 M 2.18 

Moomba-191 2710.41 M 2.14 

Moomba-191 2710.71 M 2.45 

Moomba-191 2711.03 M 2.24 

Moomba-191 2711.33 M 1.93 

Moomba-191 2711.63 M 2.38 

Moomba-191 2711.93 M 2.51 

Moomba-191 2712.22 M 2.36 

Moomba-191 2712.54 M 2.47 

Moomba-191 2712.83 M 2.41 

Moomba-191 2713.45 M 2.54 

Moomba-191 2713.75 M 2.09 

Moomba-191 2714.34 M 2.05 

Moomba-191 2714.67 M 2.12 

Moomba-191 2714.99 M 2.60 

Moomba-191 2715.27 M 1.97 

Moomba-191 2715.59 M 2.61 

Sasanof-1 2560.70 M 2.21 

Sasanof-1 2563.40 M 2.12 

Sasanof-1 2566.30 M 2.13 

Sasanof-1 2569.30 M 2.64 

Sasanof-1 2572.30 M 2.07 

Sasanof-1 2575.50 M 3.04 

Sasanof-1 2578.50 M 2.71 

Sasanof-1 2581.60 M 3.17 

Sasanof-1 2584.60 M 2.79 

Sasanof-1 2587.60 M 2.79 

Sasanof-1 2590.70 M 2.52 

Sasanof-1 2593.60 M 2.65 

Sasanof-1 2597.00 M 2.43 

Sasanof-1 2599.40 M 3.23 
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Well name Depth Formation TOC (wt%) 

Sasanof-1 2602.40 M 4.20 

Sasanof-1 2605.50 M 2.48 

Sasanof-1 2608.50 M 1.83 

Sasanof-1 2611.50 M 3.21 

Skipton-1 2607.52 M 3.47 

Skipton-1 2617.62 M 2.09 

Skipton-1 2617.66 M 1.95 

Skipton-1 2624.53 M 2.64 

Skipton-1 2630.94 M 1.86 

Skipton-1 2636.49 M 1.43 

Skipton-1 2636.53 M 0.61 

Skipton-1 2642.54 M 2.85 

Skipton-1 2648.46 M 2.24 

Skipton-1 2654.47 M 1.64 

Skipton-1 2654.52 M 1.77 

Skipton-1 2660.37 M 1.99 

Skipton-1 2666.13 M 3.05 

Skipton-1 2672.25 M 2.97 

Streaky-1 3303.10 M 2.70 

Streaky-1 3304.06 M 3.58 

Streaky-1 3304.10 M 1.56 

Streaky-1 3305.60 M 3.78 

Streaky-1 3305.61 M 3.78 

Streaky-1 3306.56 M 2.30 

Streaky-1 3306.60 M 2.63 

Streaky-1 3308.20 M 1.87 

Streaky-1 3308.95 M 2.13 

Streaky-1 3309.00 M 2.59 

Streaky-1 3320.00 M 1.69 

Streaky-1 3330.00 M 1.57 

Streaky-1 3340.00 M 1.44 

Streaky-1 3350.00 M 1.60 

Streaky-1 3360.00 M 1.64 
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Well name Depth Formation TOC (wt%) 

Streaky-1 3370.00 M 1.31 

Talaq-1 2507.58 M 2.20 

Talaq-1 2507.60 M 3.40 

Talaq-1 2516.71 M 1.47 

Talaq-1 2522.61 M 1.57 

Talaq-1 2532.13 M 2.13 

Talaq-1 2532.23 M 1.85 

Talaq-1 2540.98 M 2.28 

Talaq-1 2553.43 M 2.81 

Talaq-1 2562.61 M 2.61 

Talaq-1 2562.71 M 2.70 
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Table E.4: Compiled helium porosity data used in this study. R= Roseneath Shale; E= Epsilon 

Formation; M= Murteree Shale.  

Well name Top depth (m) Formation Dry helium porosity (% of bv) 

Bobs Well-1 2529.93 M 2.70 

Bobs Well-1 2530.51 M 2.80 

Bobs Well-1 2531.10 M 2.00 

Bobs Well-1 2531.75 M 2.30 

Bobs Well-1 2532.37 M 2.20 

Bobs Well-1 2532.97 M 2.60 

Bobs Well-1 2533.59 M 2.40 

Bobs Well-1 2534.24 M 2.80 

Bobs Well-1 2534.81 M 2.40 

Bobs Well-1 2535.41 M 2.60 

Bobs Well-1 2536.02 M 2.20 

Bobs Well-1 2536.60 M 2.10 

Bobs Well-1 2537.26 M 2.50 

Bobs Well-1 2537.82 M 2.50 

Bobs Well-1 2538.47 M 2.40 

Bobs Well-1 2539.09 M 3.10 

Bobs Well-1 2539.66 M 2.40 

Bobs Well-1 2540.32 M 2.00 

Bobs Well-1 2540.89 M 2.30 

Bobs Well-1 2541.54 M 2.90 

Bobs Well-1 2542.10 M 2.50 

Bobs Well-1 2542.71 M 2.90 

Bobs Well-1 2543.35 M 2.80 

Bobs Well-1 2543.91 M 2.30 

Bobs Well-1 2544.58 M 2.70 

Bobs Well-1 2545.16 M 2.70 

Bobs Well-1 2545.78 M 2.70 

Bobs Well-1 2546.42 M 2.60 

Bobs Well-1 2546.96 M 3.40 

Bobs Well-1 2547.60 M 2.60 

Encounter-1 3273.30 R 2.80 
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Well name Top depth (m) Formation Dry helium porosity (% of bv) 

Encounter-1 3276.12 R 3.40 

Encounter-1 3291.33 R 3.40 

Encounter-1 3381.30 R 2.30 

Encounter-1 3390.10 E 2.80 

Encounter-1 3393.00 E 2.70 

Encounter-1 3396.30 E 2.00 

Encounter-1 3494.04 E 2.00 

Encounter-1 3521.31 M 1.70 

Holdfast-1 3086.00 M 1.40 

Holdfast-1 3135.00 R 1.50 

Holdfast-1 3158.00 R 1.40 

Holdfast-1 3240.18 R 1.30 

Holdfast-1 3278.00 E 1.30 

Holdfast-1 3335.20 E 2.30 

Holdfast-1 3362.00 E 1.80 

Holdfast-1 3403.11 M 1.50 

Holdfast-1 3421.02 M 1.60 

Kingston Rule-1 2334.82 M 2.39 

Kingston Rule-1 2346.32 R 2.81 

Kingston Rule-1 2357.76 R 2.78 

Kingston Rule-1 2407.73 R 2.94 

Kingston Rule-1 2428.36 E 2.69 

Kingston Rule-1 2475.82 E 1.73 

Kingston Rule-1 2484.82 M 1.95 

Kingston Rule-1 2498.45 M 2.61 

Kingston Rule-1 2503.72 M 3.56 

Marsden-1 2172.33 M 4.60 

Marsden-1 2180.33 M 4.30 

Moomba-175 2742.88 M 1.00 

Moomba-175 2743.00 R 1.10 

Moomba-175 2743.06 R 2.00 

Moomba-175 2743.31 R 2.50 

Moomba-175 2743.48 R 0.90 
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Well name Top depth (m) Formation Dry helium porosity (% of bv) 

Moomba-175 2744.74 R 1.20 

Moomba-175 2745.05 R 1.40 

Moomba-175 2745.30 R 2.20 

Moomba-175 2745.33 R 1.30 

Moomba-175 2745.45 R 1.20 

Moomba-175 2746.78 R 1.60 

Moomba-175 2747.25 R 0.60 

Moomba-175 2747.46 R 0.40 

Moomba-175 2747.57 R 1.80 

Moomba-175 2748.81 R 1.20 

Moomba-175 2749.05 R 1.00 

Moomba-175 2749.41 R 1.50 

Moomba-175 2749.54 R 1.40 

Moomba-191 2593.54 R 2.70 

Moomba-191 2593.62 R 2.20 

Moomba-191 2593.95 R 1.70 

Moomba-191 2594.56 R 2.20 

Moomba-191 2594.81 R 1.60 

Moomba-191 2595.17 R 2.20 

Moomba-191 2595.37 R 1.20 

Moomba-191 2595.75 R 1.80 

Moomba-191 2596.08 R 1.60 

Moomba-191 2596.39 R 2.10 

Moomba-191 2596.70 R 1.80 

Moomba-191 2596.97 R 1.40 

Moomba-191 2597.20 R 2.10 

Moomba-191 2597.32 R 2.10 

Moomba-191 2597.64 R 2.00 

Moomba-191 2597.93 R 2.30 

Moomba-191 2598.24 R 2.10 

Moomba-191 2598.52 R 2.10 

Moomba-191 2598.84 R 2.10 

Moomba-191 2599.03 R 2.60 
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Well name Top depth (m) Formation Dry helium porosity (% of bv) 

Moomba-191 2599.15 R 2.40 

Moomba-191 2599.44 R 2.30 

Moomba-191 2599.74 R 2.30 

Moomba-191 2600.03 R 2.50 

Moomba-191 2600.34 R 2.60 

Moomba-191 2600.63 R 2.30 

Moomba-191 2652.06 R 1.70 

Moomba-191 2652.52 E 1.60 

Moomba-191 2652.80 E 1.50 

Moomba-191 2653.05 E 1.50 

Moomba-191 2653.39 E 1.70 

Moomba-191 2653.69 E 1.50 

Moomba-191 2653.89 E 1.80 

Moomba-191 2653.99 E 1.70 

Moomba-191 2654.30 E 1.60 

Moomba-191 2654.60 E 1.70 

Moomba-191 2654.87 E 1.70 

Moomba-191 2655.24 E 1.30 

Moomba-191 2655.72 E 1.60 

Moomba-191 2655.80 E 1.50 

Moomba-191 2656.13 E 1.60 

Moomba-191 2656.41 E 1.60 

Moomba-191 2656.76 E 1.40 

Moomba-191 2656.99 E 1.60 

Moomba-191 2657.37 E 1.40 

Moomba-191 2657.55 E 1.80 

Moomba-191 2657.64 E 1.80 

Moomba-191 2657.97 E 1.80 

Moomba-191 2658.27 E 1.70 

Moomba-191 2658.56 E 1.70 

Moomba-191 2658.86 E 1.70 

Moomba-191 2659.14 E 1.60 

Moomba-191 2708.55 E 1.80 
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Well name Top depth (m) Formation Dry helium porosity (% of bv) 

Moomba-191 2708.85 M 2.00 

Moomba-191 2709.46 M 2.10 

Moomba-191 2709.77 M 1.60 

Moomba-191 2710.08 M 1.60 

Moomba-191 2710.38 M 2.00 

Moomba-191 2710.67 M 1.70 

Moomba-191 2710.99 M 1.90 

Moomba-191 2711.30 M 1.50 

Moomba-191 2711.60 M 1.80 

Moomba-191 2711.91 M 1.70 

Moomba-191 2712.19 M 1.70 

Moomba-191 2712.57 M 2.10 

Moomba-191 2712.80 M 2.00 

Moomba-191 2713.41 M 1.60 

Moomba-191 2713.72 M 1.30 

Moomba-191 2714.29 M 1.50 

Moomba-191 2714.63 M 1.90 

Moomba-191 2714.95 M 1.80 

Moomba-191 2715.25 M 1.40 

Moomba-191 2715.54 M 1.50 

Sasanof-1 2377.46 M 2.75 

Sasanof-1 2386.25 R 2.91 

Sasanof-1 2395.72 R 2.51 

Sasanof-1 2404.71 R 2.89 

Sasanof-1 2413.69 R 2.89 

Sasanof-1 2422.55 R 3.37 

Sasanof-1 2433.27 R 2.35 

Sasanof-1 2439.13 R 2.68 

Sasanof-1 2442.19 E 2.86 

Sasanof-1 2445.23 E 2.89 

Sasanof-1 2560.60 E 2.48 

Sasanof-1 2569.33 M 2.23 

Sasanof-1 2578.44 M 2.35 
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Well name Top depth (m) Formation Dry helium porosity (% of bv) 

Sasanof-1 2587.44 M 2.36 

Sasanof-1 2596.74 M 2.60 

Sasanof-1 2605.44 M 2.51 

Skipton-1 2450.11 M 2.21 

Skipton-1 2463.40 R 6.24 

Skipton-1 2475.55 R 2.07 

Skipton-1 2487.57 R 2.49 

Skipton-1 2499.72 R 2.49 

Skipton-1 2511.18 R 2.13 

Skipton-1 2535.36 R 2.00 

Skipton-1 2549.86 E 1.98 

Skipton-1 2562.14 E 1.79 

Skipton-1 2576.97 E 8.99 

Skipton-1 2588.54 E 3.94 

Skipton-1 2617.62 E 1.97 

Skipton-1 2642.58 M 1.84 

Skipton-1 2666.15 M 2.00 

Talaq-1 2344.05 M 2.26 

Talaq-1 2370.48  2.52 

Talaq-1 2420.57 R 2.65 

Talaq-1 2442.55 R 2.77 

Talaq-1 2472.50 R 2.34 

Talaq-1 2507.60 E 2.15 

Talaq-1 2532.13 E 1.98 

Talaq-1 2562.71 M 1.74 
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Abstract. The early–middle PermianRoseneath-Epsilon-Murteree (REM) strata of theCooperBasin, SouthAustralia, has
conventional and unconventional gas plays. To better understand the sedimentary evolution of the strata, eight key cored
wells for the REM in the South Australia were selected and more than 1400m cores have been characterised to study the
lithofacies, facies associations and associated stacking patterns. Twelve lithofacies are identified and further categorised
into eight facies associations: (1) open lacustrine, (2) lacustrine shoreface, (3) flood plain/interdistributary bay/channel fill,
(4) fluvial channel/distributary channel, (5) crevasse channel/splay/natural levee, (6) distributary mouth bar, (7) prodelta,
and (8) mire/swamp.

Cyclic stacking patterns are distinguished both in cores and well logs. X-ray diffraction analysis indicates the lower
andmiddle parts of theMurteree Shale mainly consist of claystone and are characteristic of deepwater sediments. The upper
Murteree Shale has a larger percentage of silt and sand,which suggests an overall regressive process. The Epsilon Formation
displays three stages of deposition: (1) a lower, thin, upward-coarsening package of beach and lacustrine shoreline deposits
with a continued regression from the underlyingMurteree Shale; (2) a coaly, middle unit deposited by distributary channels,
crevasse splays, mires and delta mouth bars; and (3) an upper unit of cyclic coarsening-upward claystone, siltstone and
sandstone, deposited in shoreline environments with fluvial modifications. The Roseneath Shale resulted from transgression
after deposition of the upper Epsilon Formation with a relatively rapid rise of lake level marked by transgressive lags. A final
coarsening-upward sequence of shoreline deposits indicates an ending phase of regression.

Keywords: Cooper Basin, Epsilon Formation, facies association, lithofacies, Murteree Shale, Roseneath Shale,
sedimentology, sequence stratigraphy.

Accepted 21 March 2017, published online dd mmm yyyy

Introduction

The Permo–Triassic Cooper Basin is an intracratonic basin
covering ~130 000 km2 in north-east South Australia and
south-east Queensland (Fig. 1). It unconformably overlies the
Cambro–Ordovician Warburton Basin and underlies the
Jurassic–Cretaceous Eromanga Basin (Fig. 2). Grouped with
the overlying Eromanga Basin, these basins form Australia’s
largest onshore oil and gas producer from conventional
reservoirs. The early–middle Permian Roseneath-Epsilon-
Murteree strata (REM) of the Cooper Basin have been
commonly believed to have substantial conventional and
unconventional resources (Goldstein et al. 2012; Kuuskraa
et al. 2013; Schenk et al. 2016). The Roseneath and Murteree

shales are mainly composed of siltstone and claystone, whereas
the Epsilon Formation consists of sandstone with interbedded
shale and coal seams (Alexander et al. 1998; Hall et al. 2015).
Lateral and vertical variation of lithofacies influence source
rock and reservoir quality. Previous studies on lithofacies and
sequence stratigraphy have beenmainly localised in nature, and a
robust, systematic and regional study is still lacking, which is key
to understanding the sedimentary evolution and petroleum
potential. This research aims to study the lithofacies, facies
associations and associated patterns through detailed and
comprehensive core descriptions and integration with well logs
and core data from laboratory analyses. Twelve lithofacies were
identified and further categorised into eight facies associations.
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Cyclic stacking patterns are observed in cores and well logs,
which reveals the alternating transgressive and regressive
nature of the strata of the Cooper Basin.

Data and methods

Data for this study are mainly based on a suite of cores from
wells drilled by petroleum companies. The location of logged
wells is indicated with red dots in Fig. 1. These cores are stored at
the South Australian Drill Core Reference Library, Adelaide.
Over 1400m of cores have been carefully logged at the scale of

1 : 100, then condensed and redrawn at the scale of 1 : 500. Facies
names are determined based on objective observation of
colour, grain size, lithology and sedimentary structure. These
descriptions were created with the aid of data from well
completion reports (e.g. X-ray diffraction (XRD) and thin
section analysis). All the logged wells have wireline-log suites
and these data were collected from the Department of State
Development, South Australia. Gamma ray (GR), spontaneous
potential (SP), sonic (DT) and resistivity (RT) logs were
displayed in Petrel� to correlate with cores and interpret the
facies stacking patterns.
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Fig. 1. Geologic context of the Cooper Basin, South Australia (adapted from Menpes et al. (2013)), highlighting the logged wells and other unconventional
wells, with some conventional wells and pipeline infrastructure.
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Fig. 2. Stratigraphy of the Cooper Basin (taken from Hall et al. (2015)), showing depositional facies, conventional petroleum occurrences and identified
source rocks. Study intervals are highlighted in a dashed green rectangle.
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Results

Lithofacies and facies associations

Lithofacies refers to the overall characteristics of a unit of rock,
while facies associations are a combination of lithofacies
representing a specific depositional environment on several
scales. Twelve lithofacies were identified within the REM
and they fall into categories of coals, claystone, siltstone
and sandstone (Table 1). These lithofacies were further
categorised into eight facies associations and interpreted as:
(1) open lacustrine, (2) lacustrine shoreface, (3) flood plain/

interdistributary bay/channel fill, (4) fluvial channel/
distributary channel, (5) crevasse channel/splay/natural levee,
(6) distributary mouth bar, (7) prodelta, and (8) mire/swamp
(Table 2).

The Roseneath and Murteree shales are composed of grey to
dark-grey siltstones and mudstones, with occasional very fine-
grained sandstone units. They are generally well laminated and
are interpreted to be low-energy open lacustrine deposits.
Occasional wavy and lenticular bedding suggest fluctuations in
sediment supply and flow energy, which may be distal lacustrine
shoreface deposits. Common slumps and mini-faults in some

Table 1. Lithofacies of the Roseneath-Epsilon-Muteree strata, Cooper Basin, South Australia

# Facies Subfacies/descriptions Depositional structures Process

F1 Coal strata Black, vitreous to sub-vitreous,
minor conchoidal to sub-
conoidal, with some pyrites

Partly laminated or banded, some
massive

Very low/no energy deposition,
prolonged isolation from clastic
deposition, peat accumulation

F2 Carbonaceous shales Very dark-grey to black, some
laminations

Laminated to massive Very low-energy deposition, occasional
isolation from clastic deposition,
limited peat accumulation

F3 Massive mudstone Massive, structureless, some
burrowing and slumps

Massive, structureless, some burrowing,
mottling, slumping, and dewatering
structures

Very low-energy/no energy deposition
from suspension

F4 Laminated mudstone a) Planar laminated
b) Rhythmites c) Streaky
laminated

Mostly planar lamination, streaky
lamination and rhythmites, with some
wavy lamination and rippled lenses.
Some slumps structure and
bioturbation.

Low-energy/no energy deposition, quiet
to still water

F5 Massive siltstone Grey, argillaceous Massive, structureless to mottling,
slumping, dewatering structures

Low-energy deposition, quiet to still
water

F6 Laminated siltstone a) Planar laminated b) Wavy
laminated

Planar lamination, wavy lamination,
ripple cross lamination, sometimes
with slumps, syneresis cracks and
bioturbations, rare HCSA

Low-energy deposition, quiet to still
water, with occasional higher energy
flows

F7 Massive to bioturbated
sandstone

a) Massive sandstone
b) Bioturbated sandstone

Massive, bioturbation, burrowing Soft sediment deformation from rapid
deposition or slumping, post-
sedimentary disturbance especially by
burrowing.

F8 Planar/low-angle
stratified sandstone

a) Planar stratified b) Low-
angle stratified

Planar lamination, low angle cross
lamination

Upper flow regime, high-energy
transport

F9 Cross-stratified
sandstone

a) Planar crossed b) Trough
crossed

Planar cross bedding, trough cross
bedding

Lower flow regime, moderate sediment
transport, migration of small ripples
and dunes

F10 Hummocky cross-
stratified sandstone

Partly is notwell-defined, often
occurs with some wave
ripples

Hummocky cross stratification,
occasional wave ripples, low angle
lamination, with some burrows

Oscillatory flow or combination with
unidirectional flow; high-energy
deposition

F11 Ripple cross-stratified
sandstones

Very fine to fine-grained
sandstone, partly
heterolithic

Dominant ripple cross lamination,
climbing ripples, with some lenticular
lenses, wavy lamination, flaser
lamination, and burrows

Lower flow regime

F12 Heterolithic bed a) Mud dominated
b) Sandstone dominated

Lenticular bedding, wavy bedding,
ripple cross lamination, low angle
lamination, graded bedding, syneresis
crack, burrows and mottling, slumps
and mini-faults

Alternating low-/high-energy deposition
over a range of time scales

AHCS: Hummocky Cross Stratification.
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intervals are probably unstable deposits within a prodelta. Of
particular interest are the well-developed rhythmites. Alternating
thin laminae of very dark-grey clay (darker colour, ~1–2mm
thick) and grey silty clay (or silts, lighter colour, ~3–4mm thick),
generally in 1–5mm scale, display varve-like appearance. The
presence of dropstones and rhythmites suggests the influence
of ice rafting with at least periodically cold weather during the
deposition. Siderites are common and concentrated at certain
intervals, which may be related to seasonal or episodic
stratification of the lake, especially in deeper water.

The Epsilon Formation comprises very fine- to medium-
grained sandstone interbedded with dark grey-brown
carbonaceous siltstone and shale and thin to occasionally thick
coal seams. They are depositedwithin fluvial-deltaic to lacustrine
environments. Basal very fine- to fine-grained sandstone have
hummocky cross stratification, climbing ripple and low angle
planar cross lamination, interpreted to be lacustrine shoreface
deposits. An overlying coaly middle unit was deposited by
distributary channels, delta mouth bars, crevasse splays, mires
and interdistributary bays. They are composed of cross-
stratified, rippled sandstone, heterolithic strata and banded
coals. The mouth bars usually coarsen-upward, whilst the
distributary channel deposits generally fine-upward. The upper
part of the Epsilon Formation comprises shoreface-mouth
bar siltstone and sandstone with interbedded prodelta and
interdistributary muds. The presence of a few dropstones
indicates that the climate was warmer and ice rafting was
insignificant, an interpretation that is also supported by the
abundance of coals.

Sequence patterns

Cyclic stacking patterns are distinguished both in cores and
well logs. XRD analysis of Holdfast-1 indicates that the lower
and middle parts of the Murteree Shale are mainly composed of
claystone (clay/silt >2) and are characteristic of deep water
sediments. These strata show little variation in cores and well
logs. The upper Murteree Shale has increasing amounts of
siltstone and sandstone, which represent a regressive episode
grading up to the Epsilon Formation.

As recognised by previous researchers (Alexander et al.
1998), the Epsilon Formation displays three stages of
deposition: (1) A lower thin upward-coarsening package of
beach and lacustrine shoreline deposits, representing a

continual regression from the underlying Murteree Shale. At
this time, the lake level dropped and shoreline sediments were
deposited; (2) A coaly middle unit deposited by distributary
channels, crevasse splays, mires and delta mouth bars. During
this deposition, the lake level was either stable or might have
fluctuated slightly. The fluvial sediments were deposited in
various environments as the rivers changed courses; (3) An
upper unit of cyclic coarsening-upward mudstone, siltstone
and sandstone, deposited in shoreline environments with
fluvial modifications. These cycles can be well observed from
the core logs and GR logs. This suggests a transgressive phase
of deposition where lake level rose again and expanded inland.
The existence of several coarsening-upward cycles could also
suggest multiple minor transgressions during deposition.

The Roseneath Shale represents a continued transgression
from the upper Epsilon Formation and indicates a relatively rapid
rise of lake level with the occurrence of transgressive lags. This
was a major flooding event. A coarsening-upward sequence of
shoreline deposits indicates a final phase of regression to the
overlying Daralingie Formation when the lake level dropped.

Conclusions

Sediments of the REM in the Cooper Basin have been
systematically and regionally described for the first time. They
have a range of complex features that reveal depositional
processes. The Roseneath and Murteree shales are mainly
composed of lacustrine-deposited, well-laminated siltstone and
claystone, with occasional very fine-grained sandstone units
from shoreface deposits. The complex Epsilon Formation
was deposited from fluvial, deltaic to shoreface and lacustrine
environments and comprises fine- to medium-grained sandstone
with interbedded shale and some coal seams.

Several transgression–regression cycles were identified
during the deposition of the REM. The early Roseneath
represents a lacustrine transgression from the underlying
fluvial-lacustrine Patchawarra deposition, then it graded into
shoreface/beach strata of the early Epsilon Formation as water
level dropped. Later, the lake further retreated and rivers and
deltas were developed. During the late Epsilon Formation, the
lake level rose again with minor fluctuations. The deposition of
the Roseneath Shale reveals another widespread transgression.
After this, the lake retreated again and deposited the overlying
Daralingie Formation.

Table 2. Facies associations of the Roseneath-Epsilon-Muteree strata, Cooper Basin, South Australia

# Facies association Constitute lithofacies

FA1 Open lacustrine F2, F3, F4, F5, F6

FA2 Lacustrine shoreface F5, F6, F9, F10, F11

FA3 Flood plain/interdistributary bay/channel fill F2, F3, F4a, F5, F6

FA4 Distributary channel/channel deposit F7, F8, F9, F11

FA5 Crevasse channel/splay/natural levee F12

FA6 Distributary mouth bar F9, F11

FA7 Prodelta F2, F3, F4a, F4c, F5, F6

FA8 Mire/swamp F1, F2
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