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ABSTRACT

The Pennsylvanian–Middle Triassic Cooper Basin is Australia’s
premier conventional onshore hydrocarbon-producing prov-
ince. The basin also hosts a range of unconventional gas play
types, including basin-centered gas and tight gas accumula-
tions, deep dry coal gas associated with the Patchawarra and
Toolachee Formations, and the Murteree and Roseneath shale
gas plays.

This study used petroleum systems analysis to investigate
the maturity and generation potential of 10 Permian source
rocks in the Cooper Basin. A deterministic petroleum systems
model was used to quantify the volume of expelled and retained
hydrocarbons, estimated at 1272 billion BOE (512 billion bbl
and 760 billion BOE) and 977 billion BOE (362 billion bbl
and 615 billion BOE), respectively. Monte Carlo simulations
were used to quantify the uncertainty in volumes generated and
to demonstrate the sensitivity of these results to variations in
source-rock characteristics.

The large total generation potential of the Cooper Basin and
the broad distribution of the Permian source kitchen highlight
the basin’s significance as a world-class hydrocarbon province.
The large disparity between the calculated volume of hydrocar-
bons generated and the volume so far found in reservoirs indi-
cates the potential for large volumes to remain within the basin,
despite significant losses from leakage and water washing. The
hydrocarbons expelled have provided abundant charge to both
conventional accumulations and to the tight and basin-centered
gas plays, and the broad spatial distribution of hydrocarbons re-
maining within the source rocks, especially those within the
Toolachee and Patchawarra Formations, suggests the potential for
widespread shale and deep dry coal plays.
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INTRODUCTION

The Pennsylvanian–Middle Triassic Cooper Basin is located in
northeastern South Australia and southwestern Queensland. It is
Australia’s premier onshore hydrocarbon-producing province and
supplies large volumes of gas to the eastern Australian gas market.
As of December 2014, the total identified resources (remaining
identified and produced) in the Cooper and Eromanga Basins
included 447 million bbl (71 GL) of oil, 160 million bbl of
condensate (25 GL), 220 million bbl (36 GL) of liquefied pe-
troleum gas, and 10.2 tcf (0.29 Tm3) of gas (Australian Energy
Resources Assessment, 2017). The basin also hosts a range of
unconventional gas play types within the Permian Gidgealpa
Group, including basin-centered and tight gas accumulations
within the Patchawarra, Toolachee, Epsilon, and Daralingie For-
mations, deep dry coal gas associated with the Patchawarra and
Toolachee Formations, the Murteree and Roseneath shale gas
plays, and coal seam gas from the Patchawarra Formation in the
Weena trough (Goldstein et al., 2012; Geoscience Australia,
2017a; Dunlop et al., 2017). The principal source rocks for both
conventional and unconventional accumulations are the Permian
coals, coaly shales, and shales of the Gidgealpa Group (Boreham
and Hill, 1998; Deighton et al., 2003; Hall et al., 2016a).

Although the Cooper Basin is a mature exploration province,
the ultimate potential of the basin and the remaining undiscovered
hydrocarbons present are still poorly defined. In addition, most
of the new production from unconventional petroleum systems
is underpinned by a data set generated from exploitation of the
corresponding conventional systems. To address these issues and
to highlight any overlooked exploration opportunities, a regional
study of the petroleum system was required to better understand
the total volume of hydrocarbons generated from each source
rock, the volumes of migrated hydrocarbons, and the volume
remaining in or near the source beds for potential stimulated
production.

This study used petroleum systems analysis (PSA) to quantify
the spatial distribution and petroleum generation potential
of Permian source rocks across the Cooper Basin. A three-
dimensional (3-D) basin model, characterizing the regional basin
architecture (Hall et al., 2015),was used to provide the framework
for a pseudo-3-D petroleum systemsmodel (Hall and Palu, 2016).
Source-rock characteristics (distribution, amount, and quality)
were assigned to the model based on an extensive review of well,
wire-line log, and source-rock geochemical data (Hall et al.,
2016a). Petroleum systems modeling results, incorporating the
recently published source-specific kinetics of Mahlstedt
et al. (2015), highlight the variability in burial, thermal, and
hydrocarbon generation histories for each source rock across the
basin (Hall et al., 2015, 2016c). Migration, fluid properties, and
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geochemical correlation of fluids to source were not part of this
study, although a summary and some general comments on these
subjects are included in the Discussion section.

The PSA results provide a regional framework for un-
derstanding the remaining conventional and unconventional
hydrocarbon prospectivity of the basin and highlight the relative
importance of the different unconventional play types.

BASIN GEOLOGY

Tectonic Setting

The Cooper Basin is a Pennsylvanian–Middle Triassic intra-
cratonic basin that covers an area of approximately 127,000 km2

(~49,035 mi2) and reaches a maximum depth of more than
4400 m (14,438 ft; Figure 1; Gravestock et al., 1998; Draper,
2002; McKellar, 2013; Carr et al., 2016). It unconformably
overlies the lower Paleozoic Warburton Basin in the southwest
and Devonian Warrabin trough and Barrolka depression in the
northeast (Gravestock et al., 1998; Draper et al., 2004).

The Cooper Basin is entirely and disconformably overlain by
the Jurassic–Cretaceous Eromanga Basin, which reaches more
than 2500 m (8202 ft) thick over the Cooper Basin (Gravestock
et al., 1998; Cook et al., 2013; Stewart et al., 2013). Overlying
the Eromanga Basin is the Paleocene to Quaternary Lake Eyre
Basin; however, this is less than 300 m (984 ft) thick over the
Cooper Basin (Ransley and Smerdon, 2012; Cook and Jell, 2013).
The Eromanga and Eyre Basins contain the extensive groundwater
system of the Great Artesian Basin (e.g., Ransley and Smerdon,
2012).

The depositional phases of the Cooper, Eromanga, and Eyre
Basins were driven by regional tectonic activity along the con-
vergent eastern Australian plate margin (e.g., Gallagher, 1988;
Korsch and Totterdell, 2009; Korsch et al., 2009; Raza et al.,
2009). These events resulted in the development of multiple
unconformities, including the regional uplift and erosion of the
upper Eromanga Basin succession in the Late Cretaceous forming
a major unconformity at the topWinton Formation (R.Moussavi-
Harami, 1996, unpublished results; Mavromatidis and Hillis,
2005).

The Cooper Basin is divided by the Jackson–Naccowlah–
Pepita trend (Figure 1) into the northeastern and southwestern
areas, which show different structural and sedimentary histories
(Gravestock et al., 1998; McKellar, 2013). Depocenters in the
southwestern Cooper Basin, including the Nappamerri and
Patchawarra troughs, are generally deeper and contain a thicker
andmore complete Permian succession than those in the northern
part of the basin (Figure 1).
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Stratigraphy

Stratigraphically, the Cooper Basin is divided into
two groups: the Pennsylvanian to upper Permian
Gidgealpa Group and the Lower to Middle Triassic
Nappamerri Group (Figure 2).

The lowermost formations of the Gidgealpa
Group comprise glacial deposits of the Merrimelia
Formation and Tirrawarra Sandstone (Alexander
et al., 1998; McKellar, 2013; Hall et al., 2015).
The Patchawarra Formation comprises interbedded
sandstone, siltstone, shale, and coal. The formation is
present across the entire basin and is the thickest unit
of the Gidgealpa Group, reaching 680 m (2231 ft)
in the Nappamerri trough. Lithofacies distribution
patterns are consistent with a high-sinuosity fluvial
system flowing over a floodplain with peat swamps,
lakes, and gentle uplands (Alexander et al., 1998;
Gray and McKellar, 2002).

The Murteree Shale comprises siltstone with
minor fine-grained sandstone, deposited in a deep
lacustrine environment with restricted circulation
(Alexander et al., 1998; Gray and McKellar, 2002).
The Epsilon Formation comprises fine- to medium-
grained sandstone interbedded with carbonaceous

siltstone, shale, and coal, and it represents an ag-
gradational lacustrine delta succession (Alexander
et al., 1998; Gray and McKellar, 2002). The Rose-
neath Shale comprises siltstone,mudstone, andminor
fine-grained sandstone deposited in a lacustrine en-
vironment similar to that of the Murteree Shale
(Alexander et al., 1998; Gray and McKellar, 2002).
The Daralingie Formation comprises interbedded
carbonaceous siltstone, mudstone, coal, and minor
sandstone. The Daralingie and Epsilon Formations
and the Roseneath andMurteree Shales are restricted
to the southern Cooper Basin and reach maximum
thicknesses of 130 m (427 ft), 190 m (623 ft), 240 m
(787 ft), and 90 m (295 ft), respectively (Hall et al.,
2015).

The Toolachee Formation comprises inter-
bedded fine- to coarse-grained sandstone, mudstone,
carbonaceous shale, and coal deposited in a fluvial
system flowing with common peat swamps and
ephemeral lakes (Alexander et al., 1998; Gray and
McKellar, 2002). The formation is widespread across
the basin and reaches a maximum thickness greater
than 280 m (>920 ft) in the Nappamerri trough.

The overlying Nappamerri Group comprises
fluvial deposits that are organically lean and com-
paratively oxidized (e.g., Channon and Wood,
1989). It is widespread across the basin but thickens
up to 500 m (1640 ft) in the Nappamerri and
Patchawarra troughs (Hall et al., 2015).

Petroleum Systems

Source rocks are found in all formations of the Permian
Gidgealpa Group, and although all are dominated
by land plant–derived organic matter, source-rock
quantity and quality vary significantly (Boreham
and Hill, 1998; Hall et al., 2016a). The Toolachee,
Daralingie, Epsilon, and Patchawarra Formations
have good to excellent source potential throughout.
Coaly shale to coal-rich source-rock facies with total
organic carbon (TOC) greater than 10 wt. % contain
the best-quality source rocks (original hydrogen index
[HIo] ~205‒245 mg hydrocarbons [HC]/g TOC),
typical of the type D/E organofacies of Pepper and
Corvi (1995a), with some liquid generation potential
(equivalent to type II/III to type III kerogen; Powell
et al., 1991; Hall et al., 2016a). Source-rock quality
in the carbonaceous shale facies (TOC < 10 wt. %) is

Figure 1. Cooper Basin location map. Basin outline from
Stewart et al. (2013). JNP = Jackson–Naccowlah–Pepita; NSW =
New South Wales; PSA = petroleum systems analysis; QLD =
Queensland; SA = South Australia.
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Figure 2. Cooper Basin lithostratigraphy (Hall et al., 2015). Stratigraphic names are consistent with the Geoscience Australia Stratigraphic
Units Database (Geoscience Australia, 2017c). ATT and APT are spore pollen (SP) zones. Fm = Formation; Mmb = Member; Sst =
Sandstone.

HALL ET AL. 35



lower (HIo ~140‒160 mg HC/g TOC), reflecting
a greater component of gas-prone kerogen typical of
type D/E to F organofacies (Hall et al., 2016a). The
Roseneath and Murteree Shales also show good
source potential, with mean TOC values greater than
2 wt. % across the majority of each formation (Hall
et al., 2016a).However, despite being depositedwithin
a lacustrine environment, they remain dominated
by land plant–derived organicmatter; as a result, their
source quality (HIo ~100‒120 mg HC/g TOC) is
predominantly gas prone and typical of the type D/E
to F organofacies of Pepper and Corvi (1995a).

Gas is predominantly reservoired in the Cooper
Basin, whereas the overlying Eromanga Basin hosts
mainly undersaturated light oil. Although gas rich,
the Cooper Basin also contains liquid hydrocarbons
with a wide range of compositions from gas con-
densates to waxy oils, where the majority of the latter
have depleted light hydrocarbon content (Boreham
and Summons, 1999; Summons et al., 2002; Elliott,
2015a). The oils are characterized by API gravities be-
tween34° and53° and lowsulfurcontents (<0.1wt.%S),
with the most biodegraded oils typically having the
lowest API values (Elliott, 2015a).

The main commercial reservoirs for gas in the
Cooper Basin are in the Patchawarra and Toolachee
Formations and, to a lesser degree, the Epsilon
Formation. Commercial reservoirs also exist in the
Merrimelia Formation, the Tirrawarra Sandstone, and
the Daralingie and Arrabury Formations (Gravestock
et al., 1998;Gray andDraper, 2002). TheNappamerri
Group is generally regarded as a major basin-wide
seal to the major conventional plays within the
Gidgealpa Group. The Roseneath Shale is the seal
to the Epsilon Formation, and the Murteree Shale
provides the seal to the underlying Patchawarra For-
mation (Gravestock et al., 1998; Gray and Draper,
2002). Additional intraformational seals are present
throughout the Gidgealpa Group succession.

METHOD

A petroleum system encompasses a pod of active
source rock and all related oil and gas (discovered or
undiscovered) and includes all essential elements
(source, reservoir, and seal) and processes (gener-
ation, migration, entrapment, and preservation)
needed for oil and gas accumulations to exist (Magoon

and Dow, 1994). The PSA workflow typically in-
volves three components: (1) basin modeling (burial,
thermal, and pressure history;migration patterns; and
charge timing), (2) source-rock characterization (net
thickness, richness and quality, kinetics, gas–liquid
ratio [GLR], etc.), and (3) fluid characterization
(correlation to source rock, charge episodes, sec-
ondary processes, and pressure, volume, temperature
[PVT] behavior) (Hantschel and Kauerauf, 2009;
Peters et al., 2012). This study follows the PSA
workflow as far as modeling hydrocarbon genera-
tion and the predicted GLR of both the expelled
and retained fluids (Hall et al., 2016c). Consider-
ation of the impact of pressure–temperature re-
gimes and secondary processes is beyond the scope
of this paper; however, some observations are pre-
sented in the Discussion section. The primary soft-
ware used for this study is the ZetaWare software
suite (ZetaWare, 2016). In addition, Schlumberger’s
PetroMod software was used for selected workflow
components.

Model Framework

Ninety-eight wells were used to construct calibrated
one-dimensional (1-D) burial and thermal history
models across the Cooper Basin (Figure 1). These re-
sults were integrated with a regional 3-D geological
model of the Cooper–Eromanga–Eyre basin succes-
sion (Hall et al., 2015) to create a regional pseudo-3-D
petroleum systems model (Hall and Palu, 2016).
This modeling approach uses 3-D basin architec-
ture, geohistory, and source-rock property data to
interpolate between a framework of thermally
calibrated 1-Dmodels (ZetaWare, 2016). Although
more simplistic than full 3-D modeling, simulation
time is much faster and therefore provides a good
compromise between the 1-D and 3-D approaches,
which is appropriate for regional-scale screening
studies.

Burial and Thermal History

Subsidence analysis was used to reconstruct the
vertical movement of stratigraphic horizons from the
Pennsylvanian to the present day, taking into consid-
eration porosity reduction from sediment compaction
and variations in paleobathymetry or topography
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Table 1. Cooper–Eromanga–Lake Eyre Three-Dimensional Model Horizons and Ages

Province Horizon
Age,
Ma Key References

Lake Eyre Basin Ground surface/Top Lake Eyre Basin 0 Whiteway (2009)
Eromanga Basin Top Winton Formation at the base of the Tertiary

(a-horizon)
95 Department for Manufacturing, Innovation, Trade,

Resources and Energy (2001)
Eromanga Basin Top Mackunda Formation 101 Gray et al. (2002); Radke et al. (2012)
Eromanga Basin Top Allaru Mudstone 102 Gray et al. (2002); Alexander et al. (2006); Radke

et al. (2012)
Eromanga Basin Top Toolebuc Formation or Oodnadatta Formation 104 Gray et al. (2002); Radke et al. (2012)
Eromanga Basin Top Cadna-owie Formation 126 National Geoscience Mapping Accord (2001); Gray

et al. (2002); Department for Manufacturing,
Innovation, Trade, Resources and Energy (2009);
Radke et al. (2012)

Eromanga Basin Top Murta Formation, Hooray Sandstone, or
Algebuckina Sandstone

135 Gray et al. (2002); Radke et al. (2012)

Eromanga Basin Top Westbourne Formation 145 Gray et al. (2002); Radke et al. (2012)
Eromanga Basin Top Adori Sandstone 150 Gray et al. (2002); Alexander et al. (2006)
Eromanga Basin Top Birkhead Formation 166 Gray et al. (2002); Radke et al. (2012)
Eromanga Basin Top Hutton Sandstone (h-horizon) 168 Department for Manufacturing, Innovation, Trade,

Resources and Energy (2001); Gray et al. (2002);
Radke et al. (2012)

Cooper Basin Top Nappamerri Group (n-horizon) 238 Department for Manufacturing, Innovation, Trade,
Resources and Energy (2001); Hall et al. (2015)

Cooper Basin Top, or near top, of Permian sediments (Toolachee
Formation) (p-horizon)

252 National Geoscience Mapping Accord (2001);
Department for Manufacturing, Innovation, Trade,
Resources and Energy (2009); Hall et al. (2015,
2016b)

Cooper Basin Top Daralingie Unconformity and correlative
unconformities

263 Department for Manufacturing, Innovation, Trade,
Resources and Energy (2001); Hall et al. (2015,
2016b)

Cooper Basin Top Roseneath Shale 267 Hall et al. (2015, 2016b)
Cooper Basin Top Epsilon Formation 269 Hall et al. (2015, 2016b)
Cooper Basin Top Murteree Shale 274 Hall et al. (2015, 2016b)
Cooper Basin Top Patchawarra Formation 277 Department for Manufacturing, Innovation, Trade,

Resources and Energy (2001); Hall et al. (2015,
2016b)

Cooper Basin Top glacial sediments including the Tirrawarra
Sandstone and Merrimelia Formation

296 Department for Manufacturing, Innovation, Trade,
Resources and Energy (2001); Hall et al. (2015,
2016b)

Pre-Permian
basement

Top pre-Permian “basement,” including
Proterozoic metamorphic rocks, Warburton Basin
sedimentary rocks, and volcanic rocks;
sedimentary rocks equivalent in age to the
Devonian Adavale Basin and the Big Lake Suite
granodiorites

304 National Geoscience Mapping Accord (2001);
Department for Manufacturing, Innovation, Trade,
Resources and Energy (2009); Hall et al. (2015,
2016b)
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(Allen and Allen, 2005). Table 1 lists the horizons
modeled, with their associated ages. Stratigraphic
thicknesses were derived from public-domain well
data (Department of Natural Resources and Mines
QueenslandGovernment, 2017;Department of State
Development South Australia, 2017; Geoscience
Australia, 2017b) and the 3-D geologicalmodel of the
basin (Hall et al., 2015). Stratigraphic names and ages
were assigned based on the tectonostratigraphic chart
in Hall et al. (2015).

Customized lithology mixes for the Toolachee,
Epsilon, Daralingie, and Patchawarra Formations were
assigned individually for each well based on wire-line
log data analysis, selected cuttings descriptions from
well completion reports (Sun and Camac, 2004; Hall
et al., 2015), and new stratigraphic interpretations
in the Weena trough. Other stratigraphic units were
assigned generic lithologymixes based on descriptions
in the literature (see references in Table 1).

The major unconformities included in the 1-D
burial history models, with estimated age ranges and

erosion amounts, are summarized inTable 2.Anerosion
map for the top Winton Formation unconformity was
also included in the 3-D model based on the compac-
tion analysis of Mavromatidis and Hillis (2005). Ad-
ditional simplified maps for the post-Nappamerri and
Daralingie unconformities were also included.

The time–temperature history of the basin was
reconstructed by applying thermal boundary condi-
tions to the regional burial history model (e.g.,
Beardsmore and Cull, 2001; Hantschel and Kauerauf,
2009; Peters et al., 2012). Top temperature boundary
conditions represent changes in surface temperature
through time, depending on paleolatitude and water
depth variations. Present-day surface temperatures
of approximately 24°C were estimated from av-
erage annual temperature measurements from the
Australian Bureau of Meteorology (2015). Paleo-
temperatures were estimated using paleolatitude
and paleoglobal mean surface temperatures after
Wygrala (1989). Crustal models were used to es-
timate the lower thermal boundary conditions of

Table 2. Major Unconformities with Estimated Age Ranges and Erosion Amounts Included in the One-Dimensional Burial History
Modeling

Unconformity Name Description Erosion m (ft)
Minimum
Age, Ma

Maximum
Age, Ma Key References

Top Namba Formation
unconformity

Minor phase of contraction <50 (164) 2 12 Moussavi-Harami
(unpublished results);
Radke et al. (2012)

Top Eyre Formation
unconformity

Minor phase of contraction <50 (164) 24 42 Moussavi-Harami
(unpublished results);
Radke et al. (2012)

Top Winton Formation
unconformity

Regional phase of contraction 100–1200
(328–3937)
(location

dependent)

62 90 Moussavi-Harami
(unpublished results);
Mavromatidis and Hillis
(2005)

Cuddapan Formation
unconformity

Hiatus in deposition <10 (33) 199 202 Moussavi-Harami
(unpublished results)

Post-Nappamerri
Formation
unconformity

Negligible effect in the troughs,
but resulted in further erosion
on the structural highs

<180 (591)
(structural
highs only)

228 236 Moussavi-Harami
(unpublished results);
McKellar (2013); Hall et al.
(2015)

Daralingie Formation
unconformity

Negligible effect in the troughs,
but resulted in significant
erosion on the major ridges,
including the
Jackson–Naccowlah–Pepita
trend

75–350
(264–1148)
(structural
highs only)

258 262 Moussavi-Harami
(unpublished results); Hall
et al. (2015)
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the sedimentary basin, both at present day and
through time (Hantschel and Kauerauf, 2009). Pre-
Permian to Proterozoic basement structure was based
on the AusMoho model (Kennett et al., 2011).
Basement composition and associated radiogenic heat
production were assigned from published studies
(Meixner et al., 2012 and references therein). An
average total lithospheric thickness (to the 1330°C
isotherm) of 120km(75mi)wasused, basedon generic
lithospheric models (e.g., Pasyanos et al., 2014). A
transient heat calculation allowed for disequilibrium
in heat flow caused by factors such as rapid burial
(ZetaWare, 2016).

Thermal properties of the sediments, including
thermal conductivity and radiogenic heat production,
were consistent with those reported by Beardsmore
(2004) andMeixner et al. (2012). Particular care was
taken to appropriatelymodel the thick coal units with
low measured thermal conductivity (~0.2 WmK-1)
that are present throughout the Permian section
(Beardsmore, 2004).

Active lithospheric extension has only had aminor
influence on the thermal history of the basin, so it was
not included in the model. Crustal extension factors
associated with the early Permian rifting are modeled
to be b = 1.1 or less, and inclusion of this event has no
discernible impact on source-rockmaturity (Hall et al.,
2016b). The main driving force behind tectonic
subsidence during the Eromanga Basin deposition is
likely to have been dynamic topography effects as-
sociated with uplift of Australia’s Eastern Highlands
(Gallagher, 1988;Deighton et al., 2003; Korsch et al.,
2009; Raza et al., 2009; I’Anson et al., 2018).

Burial histories of key wells were calibrated using
velocity, density, and porosity data derived from well
completion reports and associated public-domain log
files. The thermal histories of all 1-D models were
calibrated using present-day corrected temperature
data (Holgate and Gerner, 2010) and maturity in-
dicators including mean random vitrinite reflec-
tance (Ro) and Tmax (Figure 3; Hall et al., 2016a),
a laboratory measurement obtained from Rock-Eval
pyrolysis (see Peters et al., 2005 for further details).
Two models were used in this study to convert
between Ro and paleotemperature—the Lawrence
Livermore National Laboratories (LLNL) method
(Burnham and Sweeney, 1989) and the Atlantic
Richfield Company (ARCO) model available within
the ZetaWare software (ZetaWare, 2016).

Although the LLNL method is the most com-
monly used (Beardsmore and Cull, 2001; Hantschel
and Kauerauf, 2009), it is only calibrated over a range
of 0.2% <Ro < 4.66% (Burnham and Sweeney, 1989),
and where Ro > 2%, paleotemperatures are signifi-
cantly overestimated (Beardsmore and Cull, 2001).
In the Cooper Basin, the limit of the LLNL model
is reached in the Nappamerri trough, where high
temperatures result in Ro > 2% and in some cases
Ro > 4.66% (e.g., McLeod 1, Burley 2, Kirby 1). The
ARCO model was used as an alternative method of
paleotemperature calibration in the central Nap-
pamerri trough, because the upper limit Ro is 10%.

Calculated Ro values derived from quality-
controlled Tmax data (Hall et al., 2016a) were used
as an additional independent maturity indicator
in those areas affected by vitrinite suppression.
Two formulas were used for this conversion: the
global equation of Jarvie et al. (2001) and a Cooper
Basin–specific equation from Hall et al. (2016a). The
Jarvie et al. (2001) formula works best for type II
kerogen but may also be applied to type III kerogens,
and it is only applicable for Tmax between 420°C and
500°C (Jarvie et al., 2001; Peters et al., 2005). The
Cooper Basin–specific formula is directly applicable
to type II/III and III kerogens, but it is based on
a smaller sample size than the global equation and
should not be used for immature samples where Tmax

is less than 400°C (Hall et al., 2016a).
Measured Ro values were up to 0.2% lower than

the calculated data in the Eromanga Basin at matu-
rities consistentwith the early oil window, as observed
by previous studies (Michaelsen and McKirdy, 1996;
Deighton and Hill, 1998). The Ro suppression within
the Cooper Basin sediments is not well documented
and was not apparent in the available data.

Source-Rock Properties

Source-rock characteristics were added into the pseudo-
3-D petroleum systems model for the Toolachee,
Daralingie, Epsilon, and Patchawarra Formations and
the Roseneath and Murteree Shales. These forma-
tions comprise a mixture of coal (TOC > 50 wt. %;
Cook and Sherwood, 1991; Peters et al., 2005),
coaly shale (TOC 10‒50 wt. %), and shale (TOC
0.5‒10 wt. %), and these mixed lithologies form
a continuum of potential source rocks with TOC
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values ranging from less than 1 to greater than 85 wt. %
(Boreham and Hill, 1998; Hall et al., 2016a). To fully
investigate the generation potential of each source
rock, coal and shale–coaly shale lithologies were an-
alyzed and modeled separately for the Toolachee,
Daralingie, Epsilon, and Patchawarra Formations. Be-
cause direct information on sample lithology was not
widely available within the database, lithology was
estimated based on TOC, as defined by the TOC
ranges quoted above.

Source-Rock Depth and Thickness
Theupper and lower bounds of each source rockwere
defined by the depth surfaces from the 3-D basin
model of Hall et al. (2015). However, the source
rocks do not occur at regionally mappable intervals
within each formation but instead are distributed
throughout each formation. Addition of multiple
source-rock layers within each formation to capture
the range of source-rock depths was considered
impractical; therefore, source rocks were modeled at
the middepth of each formation.

The extent and thickness of potential source-rock
facies were captured in a series of source-rock iso-
chore maps (Figure 4; Table 3). The net thicknesses
of both coals and shale–coaly shale source rocks were
mapped for the Toolachee, Daralingie, Epsilon, and
Patchawarra Formations using well log analysis and
the regional 3-D geological model (Sun and Camac,
2004; Hall et al., 2015, 2016b). The net thicknesses
of the Roseneath and Murteree source rocks were as-
sumed to be the same as the gross formation thick-
nesses from the 3-D geological model (Hall et al.,
2015). The average net organically rich shale ratio
(TOC > 2 wt. %) within the Roseneath andMurteree
Shales is estimated to be approximately 70 wt. %
based on well log interpretations (Encounter 1,
Holdfast 1, and Moomba 191; Beach Energy, 2011a,
b; Santos–Beach Energy–Origin Energy, 2012).
However, in this study, a full suite of TOC data was
used to characterize source rockswithin these shales,
rather than TOC > 2 wt. % (see below), so the gross
thickness of shale source facies was used rather than
the thickness of the net organically rich section.

Source-Rock Amount and Quality
The TOC and hydrogen index (HI) characteristics
for each source rock were based on an updated

compilation of all open file Cooper Basin TOC,
Rock-Eval pyrolysis, and Ro data (Figure 4; Table 4;
Hall et al., 2016a). The HIo values, representing
the original HI of the source rock prior to the onset
of kerogen transformation, were estimated from
present-day values using measured maturity data
and appropriate kinetics based on kerogen type, as
discussed in the following section (Table 4; Hall
et al., 2016a). Original TOC content was not
calculated, because the reduction in TOC for
a source rock with an HIo of 200 mg HC/g TOC at
temperatures up to 150°C is less than 5% (16% at
full conversion). This is less than other uncertainties
in the data and does not significantly impact modeled
volumes (Hall et al., 2016a). The data distribution
was sufficient to support TOC and HIo maps for
each source rock (Hall et al., 2016a, b), and these were
used as inputs to the petroleum systems model
(Figure 4).

Kinetics
Source-rock kinetics specific to the Cooper Basin
have been developed by several previous studies.
Deighton et al. (2003) used two-component (gas
and oil) kinetics, collected using the procedure of
Boreham et al. (1999). Mahlstedt et al. (2015)
published full-phase kinetics.

The Cooper Basin–specific bulk kinetics show
the predominance of land plant matter consistent
with Pepper and Corvi (1995a) organofacies type
D/E and F (Figure 5A); no evidence is observed for
the presence of oil-prone lacustrine source rocks
consistent with Pepper and Corvi (1995a) orga-
nofacies type C. This is in line with observations from
other geochemical data, including Rock-Eval pyrol-
ysis, pyrolysis–gas chromatography (Py–GC), and
maceral distribution (e.g., Boreham and Hill, 1998;
Hall et al., 2016a).

Figure 5B compares the relationship between
residual HI and maturity for the Patchawarra Forma-
tion bulk kinetics and measured data from the
Allunga trough 1 (Boreham, 2013; Hall et al.,
2016a). A reasonable match to the observed data
trend can be achieved by evenly combining the
Forge 1 and Gidgealpa 6 kinetics from Mahlstedt
et al. (2015) for the Patchawarra Formation,
and this combined function is chosen as the
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preferred kinetic model for this study. The spread
in the observed data is consistent with that cap-
tured by the variability in the kinetic data set.

The gas–oil generation index (GOGI) was es-
timated for the Cooper Basin source rocks using two
different methods: (1) the predicted total mass of
oil versus gas produced from the Cooper Basin
two-component kinetics (Deighton et al., 2003;
Mahlstedt et al., 2015) and (2) Py–GC data from
Mahlstedt et al. (2015). Results are highly variable
(0.22–0.68), indicating significant uncertainty.
Because a 50:50 mix between the Forge 1 and
Gidgealpa 6 kinetics was used, the average GOGI
value for Forge 1 and Gidgealpa 6 of 0.34 was also
applied.

Secondary Cracking
Pepper and Dodd (1995) published a simple first-
order kinetic model describing secondary cracking
kinetics; however, this model was calibrated on
closed-system laboratory measurements, and signif-
icant uncertainties may be introduced when ex-
trapolating this to reservoir and in-source conditions.
In this study, the relationship between observed
residual bitumen index (BI) andmaturitywas used to
calibrate secondary cracking kinetics. The Pepper
and Dodd (1995) model was used as a starting point;
however, a reduction in activation energy from the
default of 223.6 to 213.6 kJ was required to better
match the observed trend of reduction in BI with
increasing maturity. This is equivalent to the reduction

Table 3. Cooper Basin Source-Rock Facies Extent, Thickness, and Volume Statistics Calculated from the Coal and Shale‒Coaly Shale
Isolith Maps from Hall et al. (2016a, b)

Source Rock
Thickness
Measure

Mean
Thickness,
m (ft)

Maximum
Thickness,
m (ft)

Minimum
Source Area,
km2 (mi2)

Best
Source Area,
km2 (mi2)

Maximum
Source Area,
km2 (mi2)

Source
Facies
Volume,
km3 (mi3)

Toolachee Fm coal Net coal thickness 8 (26) 72 (236) 64,499 (24,903) 87,992 (33,947) 93,676 (36,167) 745 (179)
Toolachee Fm shale‒
coaly shale

Net shale‒coaly
shale thickness

17 (56) 129 (423) 64,499 (24,903) 87,992 (33,947) 93,676 (36,167) 1532 (368)

Daralingie Fm
coal

Net coal thickness 2 (7) 18 (59) 16,783 (6480) 19,416 (7497) 20,456 (20,456) 37 (3)

Daralingie Fm shale‒
coaly shale

Net shale‒coaly
shale thickness

22 (72) 60 (197) 16,783 (6480) 19,416 (7497) 20,456 (20,456) 427 (102)

Roseneath Shale Gross formation
thickness

55 (180) 239 (784) 19,813 (7650) 23,232 (8970) 24,080 (9297) 1275 (306)

Epsilon Fm coal Net coal thickness 3 (10) 35 (115) 24,368 (9409) 30,816 (11,898) 33,097 (12,779) 99 (24)
Epsilon Fm shale‒
coaly shale

Net shale‒coaly
shale thickness

20 (66) 110 (361) 24,368 (9409) 30,816 (11,898) 33,097 (12,779) 607 (146)

Murteree Shale Gross formation
thickness

33 (108) 95 (321) 24,325 (9392) 30,902 (11,931) 32,946 (12,721) 1027 (246)

Patchawarra
Fm coal

Net coal thickness 11 (36) 138 (453) 52,126 (20,126) 67,766 (26,165) 75,577 (29,180) 737 (177)

Patchawarra Fm shale‒
coaly shale

Net shale‒coaly
shale thickness

36 (118) 258 (846) 52,126 (20,126) 67,766 (26,165) 75,577 (29,180) 2453 (589)

Abbreviation: Fm = Formation.

Figure 4. Cooper Basin petroleum source-rock mapping results for the following formations: (A) Toolachee Formation, (B) Daralingie
Formation, (C) Roseneath Shale, (D) Epsilon Formation, (E) Murteree Shale, and (F) Patchawarra Formation. Column 1: net coal thickness. Column
2: net shale‒coaly shale thickness. Column 3: total organic carbon (TOC) for shale‒coaly shale source units. Column 4: hydrogen index (HI) versus
maturity (Tmax) plots showing the variation in source-rock quality and kerogen type by formation. HC = hydrocarbons; Ro = vitrinite reflectance.
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in activation energy required to match observed GLRs
in production in the Eagle Ford and Utica Shales
(ZetaWare, 2016). This change results in a rapid
increase in GLR caused by secondary cracking
beginning at approximately 165°C to 180°C, in ac-
cordance with observations in natural systems where
an increase in GLR and a sudden increase in dia-
mondoid concentrations are associatedwith liquids to
gas cracking (Dahl et al., 1999).

Expulsion and Retention
To model the volume of hydrocarbons expelled per
unit area, additional information was also required
on rock density and sorption capacity. Bulk density
is a function of the density of the inorganic rock
matrix, organic matter content, and fluid enclosed
in the pore spaces, which are in turn dependent on
organic and inorganic porosity. Expulsion model
parameters chosen for this study are summarized in
Table 5.

Adsorption models describe the mass of hy-
drocarbons released into free pore space of the
source rock. This study applied the ARCO model
for hydrocarbon adsorption (ZetaWare, 2016).
Expelled fluids have the same composition as

generated fluids, but total sorption of oil and gas
decreases as gas content increases during matu-
ration. In contrast to the method of Pepper and
Corvi (1995b), it allows the additional saturation
in the porosity (organic and inorganic) to be in-
cluded in the mass balance. It also assumes that the
adsorption of oil and gas by kerogen is a competing
process, in that the presence of oil will reduce gas
adsorption (ZetaWare, 2016). For unconventional
plays, this results in reasonable GLRs in both the
retained fluids and the expelled fluids in com-
parison with observed fluid GLRs in shale oil and
gas systems (ZetaWare, 2016). Initial oil sorption
(the amount of oil sorbed to solid carbon) was set
at 100 mg/g TOC (Pepper and Corvi, 1995b).

RESULTS

The source-rock geochemistry, kinetics, and expul-
sion modeling parameters were added to the cali-
brated pseudo-3-D burial and thermal history model
to generate the maps of the following properties for
each source rock: transformation ratio (TR),maturity,
total hydrocarbon generation potential, and GLR of
expelled fluids.

Table 4. Cooper Basin Total Organic Carbon and Original Hydrogen Index Statistics by Source Rock

Source Rock
Mean
TOC %

TOC
P90%

TOC
P50%

TOC
P10%

Mean HIo – Stdev
mg HC/g rock

HIo P90 mg
HC/g rock

HIo P50 mg
HC/g rock

HIo P10 mg
HC/g rock

Toolachee Fm coal 73.1 – 8.8 61.9 73.9 82.2 223 – 73 154 191 334
Toolachee Fm shale‒
coaly shale

10.0 – 10.9 2.4 5.2 24.3 153 – 58 89 142 240

Daralingie Fm coal 73.4 – 5.7 68.7 73.7 77.9 269 – 152 183 269 355
Daralingie Fm shale‒
coaly shale

3.3 – 5.7 0.8 1.7 5.6 123 – 76 61 95 224

Roseneath Shale 2.9 – 2.3 1.3 2.4 4.9 118 – 43 84 108 160
Epsilon Fm coal 71.1 – 7.8 56.6 75.4 78.9 247 – 76 156 260 300
Epsilon Fm shale‒
coaly shale

4.9 – 6.1 1.3 2.9 9.2 157 – 74 74 147 227

Murteree Shale 2.4 – 1.9 1.3 2.0 3.4 89 – 32 63 74 122
Patchawarra Fm coal 73.0 – 9.2 58.1 76.2 81.5 252 – 72 175 244 326
Patchawarra Fm shale‒
coaly shale

8.7 – 10.2 1.4 4.2 21.3 183 – 77 100 173 291

Based on core samples from the cleaned data set of Hall et al. (2016a, b). Note that the mean value differs from the P50 (or median) value where data deviates from a normal
distribution.

Abbreviations: Fm = Formation; HC = hydrocarbons; HIo = original hydrogen index; P10 = 10% exceedance probability; P50 = 50% exceedance probability; P90 = 90%
exceedance probability; Stdev = standard deviation; TOC = total organic carbon.
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Hydrocarbon Generation

Transformation Ratio
Source-rock maximum paleotemperature TRs vary
significantly between depocenters (Figure 6). The
highest paleotemperatures were reached in the
Nappamerri trough, as documented in previous
studies (Deighton and Hill, 1998; Deighton et al.,
2003). Here the TR for the Toolachee Formation
ranges between 50% and 70% (wet-gas window),

whereas the TR for the Patchawarra Formation is
generally greater than 98% (overmature). In the
Patchawarra trough, the Toolachee Formation TRs
are generally less than 50% (early oil window in the
west to late oil window in the east), and the Patch-
awarra Formation reaches TRs between 50% and 70%
(oil window in the east and wet-gas window in the
centralwestern depocenter). In theWindorah trough,
both the Toolachee and Patchawarra Formations
reach TRs between 50% and 70% (wet-gas window).

Figure 5. (A) Transformation
ratio versus temperature for
Cooper Basin bulk kinetics from
Deighton et al. (2003) and
Mahlstedt et al. (2015) compared
with generic kinetics for orga-
nofacies D/E and F from Pepper
and Corvi (1995a). Geological
heating rate: 3°C/m.y. (B) Re-
lationship between residual hy-
drogen index (HI) andmaturity for
the Patchawarra Formation (Fm).
Lines: Patchawarra Fm bulk
kinetics using an original HI of
300mg hydrocarbons (HC)/g total
organic carbon (TOC). Dots: ob-
served Patchawarra Fm Rock-Eval
pyrolysis data maturity trend.
Samples with vitrinite reflectance
(Ro) < 0.7% are excluded because
of HI suppression (Boreham et al.,
1999; Sykes and Snowdon, 2002).
Sh. = Shale; Tmax = a laboratory
measurement obtained from
Rock-Eval pyrolysis, indicating the
stage of maturation of organic
matter.
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In the Weena trough, the majority of the Patch-
awarra Formation remains immature with TRs less
than 10%, although a maximum TR of approxi-
mately 15% (early oil window) is reached in the
central trough.

The variation in maximum paleotemperature
and source-rock TR between depocenters is con-
trolled by three main factors: (1) maximum depth of
burial, (2) variable crustal radiogenic heat produc-
tion, and (3) insulating effects of thick, low thermal
conductivity coals.

The primary factor affecting maximum paleo-
temperature in the Cooper Basin is the maximum
depth of burial reached by the source rocks prior to
the Late Cretaceous uplift and erosion of theWinton
Formation. The modeled peak paleotemperature
was reached at circa 90 Ma, ranges between ap-
proximately 180°C and 260°C depending on the
depocenter, and is generally less than 10°C greater
than present day (Hall et al., 2016c). Although the
timing of this event is consistent with previously
published studies, the magnitude of the peak
temperature reached within the Nappamerri
trough in this model is more than 40°C lower than
suggested by previous studies (e.g., Deighton and
Hill, 1998; Duddy and Moore, 1999; Deighton
et al., 2003; Middleton et al., 2015). The discrep-
ancy arises from the use of the LLNL model by
previous studies for areas where Ro is much greater
than 2%, which resulted in significant overestimates
of maximum paleotemperatures. Use of the ARCO
model in the Nappamerri trough deals with this
issue, and, in most wells, the uplift and erosion
amounts estimated by Mavromatidis and Hillis
(2005) are sufficient to explain the measured Ro

profile. So, invoking an additional heat flow event,

for which there is no obvious geological cause, is no
longer necessary (Hall et al., 2016c).

An additional control on temperature is the
variation in crustal radiogenic heat production across
the basin, resulting from differing pre-Permian base-
ment composition. The high radiogenic heat pro-
duction associatedwith the Big Lake Suite granodiorite
(Middleton, 1979) results in high temperatures in the
Nappamerri and Tenappera troughs (Beardsmore,
2004; Meixner et al., 2012). In contrast, lower crustal
radiogenic heat production in the Patchawarra trough
in conjunction with shallower burial depths is
required to successfully model both present-day
temperature and paleomaturity indicators in these
depocenters. This variation in radiogenic heat
production is probably related to a difference in
crustal structure (Meixner et al., 2012).

Broadly speaking, there is an increase in thermal
gradient across the boundary between the Eromanga
and Cooper Basins. This has been attributed to either
a late, high heat flow event (Deighton and Hill, 1998;
Deighton et al., 2003) or the effects of groundwater
flow in the Great Artesian Basin (Toupin et al., 1997).
However, by including appropriate (log-supported)
thicknesses (Sun and Camac, 2004; Hall et al., 2015,
2016b) and thermal conductivities (Beardsmore, 2004)
of the Permian coal, this change in thermal gradient is
successfully reproduced in the current study.

Total Hydrocarbon Generation
The total generation potential of all modeled Permian
source rocks in the Cooper Basin is approximately
2250 billion BOE (~358 TL equivalent), with ap-
proximately equal contributions from both the coal
(TOC > 50 wt. %) and shale–coaly shale (TOC
0.5–50 wt. %) source rocks. The total hydrocarbon

Table 5. Expulsion Model Parameters

Property Value: Coal Value: Shale‒Coaly Shale Reference

Rock matrix density (gcm-3) 2.65 2.65 Mavko et al. (2009)
Kerogen density (gcm-3) 1.35 1.35 Eslinger and Everett (2012)
Inorganic porosity (%) 8 2.5 See Hall et al. (2016c) for further discussion.
Maximum inorganic saturation (%) 80 40 Beach Energy (2011a, b); Santos–Beach

Energy–Origin Energy (2012)
Organic porosity factor 0.3 0.5 See Hall et al. (2016c) for further discussion.
Initial oil sorption (mg/g) 100 100 ZetaWare (2016)
Gas sorption (mg/g) 20 20 Pepper and Corvi (1995b)
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volumes generated by each source rock are listed
in Table 6 and are mapped in Figure 7A–F. The
Toolachee and Patchawarra Formations contain
the largest source-rock facies volume (Table 3).
Source rockswithin these formations, and hence their
associated source kitchens, extend over much larger
areas than other formations, which are generally
confined to the southern part of the basin. Key factors
affecting total generation potential include source-
rock thickness and extent, source-rock quality, and
maximum paleotemperature. The map of total

hydrocarbon generation of all the Gidgealpa Group
source rocks (Figure 7G) illustrates the broad extent
of the Permian source kitchen and its consistencywith
the location of major conventional fields.

The TOC content and HIo are also important
factors in determining the relative hydrocarbon vol-
umes expelled by each source rock. The contribution
to total volumes generated by source facies type is fairly
even, because the inherently high TOC content of the
coal intervals (TOC > 50 wt. %) compensates for the
greater thickness of the shales (TOC 0.5–50 wt. %).

Figure 6. Transformation ratio (TR; fraction) and maturity (%Ro) maps for the midpoint of each source-rock bearing formation: (A)
Toolachee Formation TR, (B) Toolachee Formation maturity, (C) Daralingie Formation TR, (D) Daralingie Formation maturity, (E) Roseneath
Shale TR, (F) Roseneath Shale maturity, (G) Epsilon Formation TR, (H) Epsilon Formation maturity, (I) Murteree Shale TR, (J) Murteree Shale
maturity, (K) Patchawarra Formation TR, and (L) Patchawarra Formation maturity. NSW = New South Wales; QLD = Queensland; Ro =
vitrinite reflectance; SA = South Australia.
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Although all source rocks can be modeled using
a Pepper andCorvi (1995a)D/E/F organofacies, Hall
et al. (2016a) noted a difference in HIo between the
shales (TOC < 10 wt. %; HIo ~140–160 mg HC/g
TOC) and those with a higher contribution of coal
(TOC > 10 wt. %; HIo ~205–245 mg HC/g TOC).
This higher HIo increases the volume of hydrocar-
bons expelled from coals compared with shales in
the model.

Maximum paleotemperature has a smaller in-
fluence on the total hydrocarbons generated than
the source-rock amount and quality. Within the
Toolachee Formation, greater maximum burial
depths in the Nappamerri and Windorah troughs
result in higher TRs and generated volumes com-
pared with the less mature basin margins. In con-
trast, the majority of the Patchawarra Formation
has reached sufficient temperatures for genera-
tion to occur across all depocenters, with the ex-
ception of the Weena trough.

Although hydrocarbon generation began in the
Permian in the deeper formations of the Nappamerri
trough, the majority of generation occurred in the
middle Cretaceous, coincident with the maximum
depth of burial. This is consistent with the work of
Deighton et al. (2003) but contrasts to earlier studies
(Kantsler et al., 1986; Pitt, 1986) that proposed that
generation commenced in the Late Cretaceous to
Paleogene.

Fluid Composition

Hydrocarbons Expelled
The total liquid and total gas expelled from the
Permian source rocks of the Cooper Basin are esti-
mated to be 512 billion bbl (81 TL) and 4410 tcf
(125 Tm3), respectively, with the largest contribu-
tions coming from the Toolachee and Patchawarra
Formations (Figure 8; Table 6).

Although the results from this study are not di-
rectly comparable with those from Deighton et al.
(2003), because different source rocks were included
in the model, the modeled volumes are of a similar
order of magnitude. The GLR of fluids expelled from
each source rock ranges from approximately 7000 to
greater than 20,000 scf/bbl (~1246‒3560 m3/m3;
Table 6). The predicted hydrocarbon type is therefore
gas condensate, with some light oil in areas of lower

thermal maturity. This result is consistent with the
observed dominance of gas condensate in the basin
overall, with oil accumulations mostly being present
in shallower reservoirs exposed to leakage and gas
removal by water washing (see Discussion section
below for further details).

Maximum liquids generation is achieved for the
best-case (10% exceedence probability) HIo scenario
for the coals of the Patchawarra Formation (Table 4).
This gives an expelled fluid GLR of approximately
2000–9000 scf/bbl (~356‒1600 m3/m3), suggesting
that the expelled products will primarily be gas
condensates, with light oil below Ro approximately
1.1% (TR < 50 wt. %). The lower HIo values in the
shales, especially in the Roseneath and Murteree
Shales, result inGLRs of 8000–50,000 scf/bbl (1423‒
8897 m3/m3), which indicate that the expelled prod-
ucts will mainly be gas condensates.

The modeled GLR values are consistent with
both the estimated system GLR calculated from the
total identified resources (18,900 scf/bbl [3363m3/m3])
and theobserved systemGLRvalues for thePatchawarra
trough (12,000–30,000 scf/bbl [2135‒5338 m3/m3])
calculated from production test data (Department
of State Development South Australia, 2017). The
total production GLR for the basin is higher at ap-
proximately 67,000 scf/bbl (~11,933 m3/m3). Al-
though the system GLR calculated from production
tests may be biased based on what has been
economical to produce, an additional major con-
tributing factor to this difference is the effect of
secondary in-reservoir cracking, which is not included
in the above model results. Cracking becomes sig-
nificant at temperatures greater than 165°C, rapidly
increasing GLR as oil cracks to gas. Thermal mod-
eling shows that the temperatures at the base of
the Cooper Basin section are less than 165°C across
most of the Patchawarra trough (Hall et al., 2016c).
As a result, the effects of cracking are likely to be
minimal in this region, and comparison of the
Patchawarra trough system GLR numbers with the
modeled GLRs is appropriate. In contrast, thermal
modeling shows that temperatures in the Nappa-
merri trough range from greater than 200°C at the
base of the Cooper Basin section to 160°C at the top
Toolachee Formation (Hall et al., 2016c). Sec-
ondary cracking would have therefore influenced
almost all fluids reservoired within the Permian
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section, resulting in much higher GLRs and in-
creasing the basin-wide average.

Although there is significant uncertainty sur-
rounding the modeled GLR result, the full conver-
sion expulsion GLR of approximately 12,000 scf/bbl
(~2135 m3/m3) is broadly consistent with a dew point
fluid system, in which gas condensate is the primary
expelled andmigrating fluid and in which oil rims form
where thesefluidsmove into shallower reservoirswhere
the PVT conditions are below the fluid’s dew point.

Hydrocarbons Retained
The total liquid retained is estimated at 362 billionbbl
(58 TL), and the total gas retained is estimated at

3568 tcf (101 Tm3; Figure 8; Table 6). The majority
of both liquids and gas retained are in the Toolachee
and Patchawarra Formations rather than either the
Daralingie and Epsilon Formations or the Roseneath
and Murteree Shales. The retained liquid and gas are
split fairly evenly between lithologies, with 1653 tcf
(47 Tm3) of gas (46% of the total gas) and 189 billion
bbl (31 TL) of liquids (52% of the total liquids) re-
tained within the coals. The broad spatial distribution
of hydrocarbons remaining within the source rocks,
especially those within the Toolachee and Patchawarra
Formations, suggests the potential for widespread shale
and deep dry coal plays. Furthermore, the volume of
hydrocarbons retained within the source rocks of the
Toolachee and Patchawarra Formations far exceeds the

Table 6. Total Liquid and Gas Expelled and Retained by Source Rock

Source Rock

Gas
Retained
(tcf)

Gas Retained
(Billion BOE)

Liquid Retained
(Billion bbl)

Gas
Expelled
(tcf)

Gas Expelled
(Billion BOE)

Liquid Expelled
(Billion bbl)

Total HC Gen
(Billion BOE)

GLR
(scf/
bbl)

Toolachee Fm
shale‒coaly shale

487 84 60 460 79 64 287 7188

Toolachee Fm coal 782 135 98 1043 180 137 550 7613
Toolachee Fm: all
source rocks

1269 219 158 1504 259 201 837 7483

Daralingie Fm
shale‒coaly shale

103 18 7 55 9 4 37 13,750

Daralingie Fm coal 36 6 3 42 7 3 20 14,000
Daralingie Fm: all
source rocks

139 24 10 97 17 7 57 13,857

Roseneath Shale 282 49 13 162 28 9 99 18,000
Epsilon Fm shale‒
coaly shale

150 26 14 167 29 16 85 10,438

Epsilon Fm coal 99 17 11 135 23 13 64 10,385
Epsilon Fm: all
source rocks

249 43 25 302 52 29 149 10,414

Murteree Shale 175 30 8 44 8 2 47 22,000
Patchawarra Fm
shale‒coaly shale

720 124 71 1178 203 138 536 8536

Patchawarra Fm
coal

734 127 78 1123 194 126 524 8913

Patchawarra Fm: all
source rocks

1454 251 149 2300 397 264 1060 8712

Total: all source
rocks

3568 615 362 4410 760 512 2250 8613

1 billion BOE = 5.8 tcf. Note that surface densities of oil and gas used to calculate volumes are oil 850 kg/m3 and gas 0.98 kg/m3.
Abbreviations: Fm = Formation; Gen = generation; GLR = gas–liquid ratio; HC = hydrocarbons.
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Figure 7. Hydrocarbon gener-
ation maps: (A) Toolachee For-
mation (Fm), (B) Daralingie Fm,
(C) Roseneath Shale, (D) Epsilon
Fm, (E) Murteree Shale, (F)
Patchawarra Fm, and (G) all
Gidgealpa Group. MMboe =
million BOE; NSW = New South
Wales; NT = Northern Territory;
QLD = Queensland; SA = South
Australia; TAS = Tasmania; WA =
Western Australia.
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volumes of hydrocarbons retained within the Rose-
neath and Murteree Shales.

Uncertainty Analysis

Monte Carlo simulations were used to investigate the
impact of input data uncertainty on the model results
and to highlight any key dependencies that may exist
between the input parameters.

The starting point for the Monte Carlo simula-
tions was the deterministic basin model representing
the best understanding of the basin’s evolution de-
scribed in the previous sections. Uncertainty distri-
butions were assigned to each input parameter,
including fetch area, source depth, source thickness,
thermal gradient, TOC content, HI, and kerogen
kinetics. For each input parameter, an appropriate
probability distribution was defined based on ob-
served data distributions and underlying model as-
sumptions, as discussed in the previous sections. The
primary focus of this step was to capture the un-
certainty in total hydrocarbon generation; hence,
neither expulsion parameters nor oil and gas migra-
tion losses were considered here. In addition, there is
considerable, fundamental uncertainty in the expulsion
and retention behavior of different source-rock units
and lithologies; however, investigation of this aspect
is beyond the scope of the present study. The chosen
distributions and ranges for each parameter are sum-
marized in Table 7.

The Monte Carlo simulation randomly sampled
the uncertainty space 3000 times, and results were
aggregated to build the total-hydrocarbons-generated
probability distributions for each source-rock unit.
The results are expressed as exceedance probabilities,
representing the chance or probability that the re-
source amount is greater than or equal to that value
(where P10, P50, and P90 represent 10%, 50%, and
90% exceedance probabilities, respectively).

The total modeled volume of hydrocarbons gen-
erated from the Permian source rocks of the Cooper
Basin is estimated to be approximately 1750 billion
BOE (~278 TL equivalent; P50 scenario); however,
the difference between the P90 (~730 billion BOE
[~116 TL equivalent]) and P10 (~4100 billion BOE
[~652 TL equivalent]) scenarios highlights the range
of uncertainties inherent in the modeling (Figure 9;
Table 8). The P50 scenario is lower than the

deterministic case (Table 8), reflecting the effects of
the skewed input probability distribution functions,
including the log-normal TOC distributions.

The sensitivity of total generated hydrocarbon
volumes to each of the input parameters and their
ranking order are shown on the tornado diagrams in
Figure 10 for the Patchawarra Formation coals and
shale–coaly shale source rocks. For the shale–coaly
shale intervals, TOC content has the biggest impact
on uncertainty, resulting from the mixed lithologies
contained within these source rocks. To reduce the
uncertainty, shales (TOC < 10wt.%) and coaly shales
(TOC 10‒50 wt. %) would need to be modeled
separately; however, the resolution of the regional
electrofacies analyses is not good enough to distin-
guish the relative thicknesses of these. More detailed
log analysis of a few key wells may be sufficient to
break out the proportion of the net shale versus coaly
shale facies. For coals (TOC > 50wt. %), the variation
in original HI has the biggest impact on uncertainty.
Because the TOC range for clean coals is relatively
more restricted, the sensitivity of total hydrocarbons
generated to this parameter is lower.

DISCUSSION

Comparison with Global Basins

The relationship between the total volume of hy-
drocarbons generated and that estimated to be in
place has been used by previous studies to investigate
the relative efficiency in which generated hydrocar-
bons are retained within conventional accumulations
in a basin (e.g.,Magoon andValin, 1994; Biteau et al.,
2010). Based on a compilation of more than 170
globally distributed basins, Biteau et al. (2010) es-
timated that the percentage of hydrocarbons retained
in conventional accumulations represented between
0.1% and 50% of the total volumes generated. The
most efficient basins, those with the highest per-
centage of hydrocarbons retained within accumu-
lation, are compact, with close proximity between
source, reservoir, and seal. In contrast, the least ef-
ficient systems are observed in Paleozoic and Pro-
terozoic basins where complex structural histories
commonly lead to phase changes and trap breaching.

As of December 2014, the total identified re-
sources (remaining identified and produced) in the
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Figure 8. Toolachee Formation coal source rock: (A) gas expelled, (B) liquid expelled, (C) gas retained, and (D) liquid retained. Toolachee
Formation shale–coaly shale source rock: (E) gas expelled, (F) liquid expelled, (G) gas retained, and (H) liquid retained. Patchawarra
Formation coal source rock: (I) gas expelled, (J) liquid expelled, (K) gas retained, and (L) liquid retained. Patchawarra Formation
shale–coaly shale source rock: (M) gas expelled, (N) liquid expelled, (O) gas retained, and (P) liquid retained. NSW = New South Wales;
QLD = Queensland; SA = South Australia.
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Cooper and Eromanga Basins included 447 million
bbl (71 GL) of oil, 160 million bbl (25 GL) of
condensate, 220 million bbl (35 GL) of liquefied
petroleum gas, and 10.2 tcf (289 Gm3) of gas (Aus-
tralian Energy Resources Assessment, 2017). A further
82 million bbl (13 GL) of oil and 0.9 tcf (25 Gm3) of
gas of undiscovered conventional resources are also
estimated to be present (Australian Energy Resources
Assessment, 2017). The total conventional resources
(discovered and undiscovered) represent 0.12% of the
total modeled hydrocarbons generated. This falls at
the lower end of the range published by Biteau et al.
(2010), indicating that the system is lower efficiency.
This is a consequence of the high charge volumes
caused by thick coal sequences and average high
thermal gradient on the supply side being offset by

large losses from conventional plays because of the
lack of continuous marine shale seals, early charge,
and water washing. It should be noted that an excess
of charge does not bear directly on the probability of
underfill at the trap level (Bishop, 2015). However,
a large charge excess increases the probability of long-
distance migration, helps to overcome losses resulting
from all causes, and allows pervasive permeation of the
migration network. All of these factors should lead to
high exploration success rates overall.

The disparity between the predicted volume of
hydrocarbons expelled and the volume estimated
to be captured in conventional reservoirs highlights
the potential for large volumes to remain within un-
conventional plays, both retained within and near
the source rocks, and within lower-porosity (tight)

Table 7. Monte Carlo Simulation Input Parameters

Parameter Base Case
Probability

Distribution Type Probability Distribution Inputs Source

Fetch area (km2) Formation extent area (Hall
et al., 2015, 2016a)

Triangular Min, mode, max; relative values
of fetch area

Cases defined from min, best
case, and max formation
extent area as listed in Table 3

Source depth (m) Source horizon depth map (Hall
et al., 2015, 2016a)

Normal P50, P90 as defined as percent
difference from base case

5% depth uncertainty

Source thickness
(m)

Source-rock net thickness map
(Hall et al., 2015, 2016a, b)

Normal P50, P90 as defined as percent
difference from base case

5% source thickness
uncertainty

Source TOC (%) TOC map (Hall et al., 2016a, b) Log normal P50, P90 as defined as percent
difference from base case

P50 and P90 calculated by
source rock and lithology from
cleaned source-rock
geochemistry database from
Hall et al. (2016a), as listed in
Table 4

Source HIo (mg
HC/g TOC)

HIo map (Hall et al., 2016a, b) Normal P50, P90 as defined as percent
difference from base case

P50 and P90 calculated by
source rock and lithology from
cleaned source-rock
geochemistry database from
Hall et al. (2016a), as listed in
Table 4

Temperature
gradient (°C/km)

Temperature–depth curve (Hall
et al., 2016b, c)

Normal P50, P90 as defined as percent
difference from base case

10% thermal grad uncertainty
based on observed error bars
in paleotemperature
calculations

Kinetics (°C) Forge 1/Gidgealpa 1 50:50 mix
(Mahlstedt et al., 2015)

Triangular Min, mode, max; relative values
of fetch area

Min: Forge 1 kinetics; mode: 50:
50 mix Forge 1–Gidgealpa 1
kinetics; max: Gidgealpa 6
kinetics

Abbreviations: HC = hydrocarbons; HIo = original hydrogen index; max =maximum; min =minimum; P10 = 10% exceedance probability; P50 = 50% exceedance probability;
P90 = 90% exceedance probability; TOC = total organic carbon.
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reservoirs. For a further three basins, Biteau et al.
(2010) estimated that the percentage of hydrocarbons
retained in unconventional accumulations represented
more than50%of the total volumes generated. The best-
estimate (P50) shale gas and liquids in place for the
Murteree and Roseneath Shales are 43.6 tcf (1.2 Tm3)
and 4.5 billion bbl (0.7 TL) and 93.1 tcf (2.6 Tm3) and
4.2 billion bbl (0.7 TL), respectively (Australian En-
ergy Resources Assessment, 2017). The best-estimate
(P50) total tight gas- and liquids-in-place resources of
the Patchawarra, Epsilon, Daralingie, and Toolachee For-
mations are an order of magnitude larger, at 1019 tcf
(29 Tm3; including dry, wet, and associated gas) and
490 billion bbl liquids (78 TL; including oil and gas
condensate; Geoscience Australia, 2017a). This gives
a total estimated in-place resource for both conven-
tional andunconventional accumulations of 700billion
BOE (115TL equivalent), approximately 30% of the
total hydrocarbons generated.

To date, no basin-wide, undiscovered resource
estimates have been published for the Patchawarra,
Epsilon, Daralingie, and Toolachee deep coal and
shale plays. However, once undiscovered resources
are available for all play types, the total estimated in-
place resources are likely to rise to greater than 50%,
consistentwith the unconventional basins evaluated by
Biteau et al. (2010). The remaining difference between
the total volume of generated hydrocarbons and an
undiscovered resources estimate including all plays

would provide an indication of the total hydrocarbon
loss from the system.

Type of Discovered Fluids as a Constraint on
Volumes Generated and Retained

The main uncertainties in the modeled generated
hydrocarbons are the average TOC values assigned to
the shale‒coaly shale source rocks and the HIo as-
signed to the coals. Uncertainty also exists for the
generated and retained hydrocarbon proportions,
arising from uncertainty in the input parameters to
the ARCO expulsion model. The range is not large,
however, at approximately 13%–45% retention of the
total generated gas for a wide range of values for initial
oil sorption, inorganic porosity, maximum inorganic
saturation, and organic porosity reduction factor.
Hence, uncertainty in the generated volume is more
relevant than in expelled versus retained amounts, and
the largest impact on this is the HIo of the coals.

Because source-rock HIo is the strongest de-
terminant of the GLR of the expelled fluids, appro-
priate HIo values should also predict field GLRs
that are consistent with observations. The base-case
source-rock characteristics result in expelled fluid
GLRs ranging from 2700 scf/bbl (480 m3/m3) at
TR = 20% to 6400 scf/bbl (1139m3/m3) at TR = 50%
to 33,000 scf/bbl (5872 m3/m3) at TR = 90%
(equivalent to a maturity > 1.9% Ro). Typically,

Figure 9. Maximum theoretical
hydrocarbon yield by source rock
with uncertainties. Bboe = billion
BOE; Fm = Formation; P10 = 10%
exceedance probability; P50 =
50% exceedance probability;
P90 = 90% exceedance
probability.
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fluids with a GLR of less than approximately
3000 scf/bbl (~534m3/m3)will result in either single-
phase oil or oils with a gas cap. FluidswithGLRs greater
than approximately 5000 scf/bbl (~890 m3/m3) will
result in either mainly gas-condensate accumulations
or gas with oil rims. Hence, although it is expected
that some light oil with gas caps would be present in
reservoirs draining low-maturity Permian coals, the
dominant expelled fluid type is predicted to be a gas
condensate with GLR in the range of approximately
5000–50,000 scf/bbl (~89–8897 m3/m3). This cor-
responds to condensate–gas ratios (CGRs) between
20 and 200 bbl/million scf. However, the high end of
this range may not be seen, because in most reservoirs
suchfluidswill be below their saturation pressure (dew
point), and liquids will have dropped out as an oil rim.

Before comparing the model predictions with
the observed fluid types and GLRs, two factors need
to be considered that could confound the comparison:
(1) alteration of GLR in the reservoir or during mi-
gration and (2) the possibility that other source rocks
contribute.

Impact of Water Washing

Considering in-reservoir alteration first, most Cooper–
Eromanga fluids are not significantly biodegraded,
but there is strong evidence that oils in the Ero-
manga Basin reservoirs are water washed (Cotton and
McKirdy, 2006 and references therein; Elliott, 2015b).
In addition, Permian fluids within the deep coal

reservoirs may also have experienced diffusive gas loss
where adjacent to overlying aquifers of the Great
Artesian Basin (Dunlop et al., 1992, 2017).

Depletion in light aromatics such as toluene
relative to alkanes is the most commonly cited in-
dicator for water washing (Lafargue and Le Thiez,
1996; de Hemptinne et al., 2001). However, meth-
ane is among the most water-soluble hydrocarbons
and is more soluble than light aromatics (such as
benzene and toluene) at elevated pressures (Price,
1979; Duan et al., 1992). Hence, water washing
selectively removes methane and can reduce GLR
to the point where a gas condensate is converted to
undersaturated oil (Newell, 1999).

In cases where water washing is responsible for
reduced GLR, this should be apparent in a reduc-
tion in the amount of methane relative to ethane,
propane, and other straight-chain hydrocarbons,
that is, an increase in gas “wetness.” Figure 11A
shows a comparison of GLR with gas wetness (sum
of mole percent ethane to pentane divided by the
total of methane though to pentane) for a set of
Cooper–Eromanga fluids. These fluids have been
selected because they have complete and internally
consistent molecular compositional data available
in their PVT reports. Figure 11B shows a compari-
son of saturation pressure with reservoir pressure;
note that the data set is smaller here because sat-
uration pressures are not reported for all points.

Figure 11A, B shows that (1) there is much more
scatter in the gaswetness values for theEromangaBasin
compared with the Cooper Basin reservoired fluids,

Table 8. Monte Carlo Simulation Result: Total Hydrocarbon Volumes Generated

Source Rock Base Case (Billion BOE) P90 (Billion BOE) P50 (Billion BOE) P10 (Billion BOE)

Toolachee Fm coal 550 208 389 626
Toolachee Fm shale‒coaly shale 287 54 224 781
Daralingie Fm coal 20 10 15 21
Daralingie Fm shale‒coaly shale 37 4 31 97
Roseneath Shale 99 34 79 164
Epsilon Fm coal 64 33 49 70
Epsilon Fm shale‒coaly shale 85 15 71 211
Murteree Shale 47 17 37 68
Patchawarra Fm coal 524 259 412 598
Patchawarra Fm shale‒coaly shale 536 96 445 1472
Total 2250 729 1753 4107

Abbreviation: Fm = Formation; P10 = 10% exceedance probability; P50 = 50% exceedance probability; P90 = 90% exceedance probability.
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(2) themajority of theEromangaBasinfluids are highly
gas-undersaturated oils, and (3) the solution gases of
these oils are very “wet.” These observations are con-
sistentwith variable but generally high gas loss from the
Eromanga Basin reservoir fluids resulting from water
washing. Before this process occurred, it is likely that
the original fluids were gas condensates or gas-rich oils.
This is also consistent with the high API gravity of the
Eromanga Basin oils (median 47°).

Contribution from Non-Permian Source Rocks

The contribution of non-Permian source rocks to the
fluids observed has also been considered. Excellent
potential source rocks exist within the Eromanga
Basin strata, particularly in the Middle Jurassic succes-
sion (Michaelsen andMcKirdy, 1996 and references

therein). However, these are thermally immature
or marginally mature in most parts of the basin. On
this basis alone, the contribution from the intra-
Eromanga source rocks should be minor, except in
a few localized areas. Despite this, several reports
argue for a more significant contribution, and most
recently Plummer (2016, p. 43) stated that “a
number of oils were either derived solely from or had
a significant input from, mature Jurassic source
rocks.” Various kinds of geochemical data underpin
this conclusion, and the interpretations are robust
in themselves. However, they do not sufficiently
consider the quantitative aspects of fluid mixing.
Arouri and McKirdy (2005) have shown that some
biomarker features commonly used to define the
Jurassic versus Permian contribution seriously
overestimate the Jurassic contribution. This con-
clusion applies to the origin of the liquid component

Figure 10. Tornado diagrams
comparing the relative impact of
each input parameter for (A)
Patchawarra Formation
shales–coaly shales and (B)
Patchawarra Formation coals.
Bboe = billion BOE; HI = hydro-
gen index; P10 = 10% exceedance
probability; P50 = 50% exceed-
ance probability; P90 = 90% ex-
ceedance probability; TOC = total
organic carbon.
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of the whole fluids, but we must also consider what
happens when a Permian-derived gas condensate ei-
thermixes with a small amount of Jurassic oil or comes
into contact with early mature and organically rich
Jurassic source rocks. A gas condensate with a GLR of
20,000 scf/bbl (3559 m3/m3; CGR 50 bbl/million scf)
has a gas to liquids mass ratio of approximately 4:1,
whereas this ratio is approximately 1:10 for an oil from
a low-maturity source rock. This means that a whole
fluid derived from Permian and Jurassic source rocks

in a mass proportion of 40:1 will have approximately
equal contributions to the liquids fraction from each
source. Since virtually all geochemical source as-
signments for fluids from the Cooper and Eromanga
Basins have been based on analysis of the liquids
fraction alone, it is inevitable that the Jurassic source
contribution would be overestimated. This problem
is exacerbated by the postemplacement loss of gas
by water washing, as described above for Eromanga
Basin reservoirs.

Figure 11. Bulk fluid composition from Cooper and Eromanga reservoirs. (A) Gas–liquid ratio (GLR) versus gas wetness. (B) Reservoir
pressure versus saturation pressure. (C) Histogram of bulk fluid composition by reservoir depth. (D) Histogram of bulk fluid composition by
basin. N = number of samples; Std = standard deviation.
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An original charge of Cooper Basin Permian gas
condensate, followed by gas loss in Eromanga Basin
reservoirs, has resulted in an unusually distinct sep-
aration of gas and oil pools both by depth and be-
tween the Cooper and Eromanga Basins. This
is shown for a basin-wide data set of fluids in
Figure 11C, D. The spatial distribution of these data
confirms the occurrence of oilmainly close to the zero
edge of the Cooper Basin and on intrabasin highs
where Permian-sourced fluids can enter the Eromanga
Basin reservoirs and be exposed to gas loss by water
washing (Figure 12).

The less alteredCooper Basin reservoirfluids thus
provide the best comparison between the GLRs
observed and those predicted by the charge model.
The GLRs for these fluids range from 2000 to
greater than 200,000 scf/bbl (356–35,587 m3/m3),
but most lie between 10,000 and 100,000 scf/bbl
(1779–17,794 m3/m3; corresponding to gas con-
densates with CGRs of 10 to 100 bbl/million scf).
These GLRs are approximately double those pre-
dicted by the model (5000 to 50,000 scf/bbl
[890–8897 m3/m3]). This may seem like a large
discrepancy, but relatively small changes inHIo and in
the kinetics of cracking of the retained oil are enough
to cause differences of this magnitude. In addition,
secondary in-reservoir cracking of expelled liquids
within the Nappamerri trough will further impact
this. Overall, the agreement of the model prediction
with the observed fluid type and distribution is con-
sidered satisfactory.

CONCLUSIONS

This study used PSA to provide a regional framework
for understanding both the conventional and un-
conventional hydrocarbon prospectivity of the Cooper
Basin, Australia. Results have quantified the
spatial distribution and petroleum generation po-
tential of Permian source rocks across the basin as
well as the likely composition of both expelled and
retained fluids. The deterministic petroleum systems
model estimated the volumes of expelled and re-
tained hydrocarbons at 512 billion bbl (84 TL) and
4410 tcf (125 Tm3) and 362 billion bbl (58 TL)
and 3568 tcf (101 Tm3), respectively. The combined
theoretical volume of hydrocarbons generated from
all Permian source rocks is mapped, highlighting the

broad extent of the source kitchens and its consistency
with the location of major conventional fields across
the basin. Source rocks within the Toolachee and
Patchawarra Formations are the biggest contributors
to both expelled and retained hydrocarbons, because
these are the richest, thickest, and most extensive
source facies, with good to excellent generation po-
tential across the entire basin. In contrast, the hy-
drocarbon volumes generated from the Roseneath
and Murteree Shales are an order of magnitude less,
because the shale facies are volumetrically smaller and
their source rocks are of lower quality.

The modeled GLR of expelled fluids from each
source rock ranges between approximately 7000 and
22,000 scf/bbl (~1246‒3915 m3/m3). When sec-
ondary in-reservoir cracking is considered, this is
broadly consistent with the production GLR to
date of 67,000 scf/bbl (11,922 m3/m3). Small, but
nevertheless significant, commercial pools of un-
dersaturated oil occur primarily in Eromanga Basin
reservoirs, although some are also present in the
Cooper Basin. These are mostly the remnant liquids
from Permian-sourced gas condensates with a sub-
sidiary contribution from Jurassic source rocks in
localized areas where these are mature.

Monte Carlo simulations were used to quantify
the uncertainty associated with hydrocarbon yield
and investigate the sensitivity of results to each input
parameter. The difference between the P90 (~730
billion BOE [~116 TL equivalent]) and P10 (~4100
billion BOE [~652 TL equivalent]) scenarios high-
lights the large inherent uncertainty. For the shale‒
coaly shale source rocks, the biggest contribution to
this uncertainty comes from the broad distribution of
TOC values (0.5‒50 wt. %). In contrast, for the coal
source rocks (TOC > 50 wt. %), variation in HIo con-
tributes most.

The large total generation potential of theCooper
Basin and the broad distribution of the Permian
source kitchen highlight the basin’s significance as
a hydrocarbon province. The large disparity between
the calculated volumes of hydrocarbons generated
and the volumes found in reservoirs indicates the
potential for large volumes to remain within the
basin, despite significant losses from leakage and
water washing. The hydrocarbons expelled have
provided abundant charge to both conventional ac-
cumulations and to lower-porosity (tight) reservoirs,
and the broad spatial distribution of hydrocarbons
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Figure 12. (A) Spatial distribution of reservoir fluids colored by bulk composition. (B) Cross section showing reservoir fluid variation with
depth. equiv. = equivalent; Fm = Formation; Gp = Group; NSW = New South Wales; NT = Northern Territory; QLD = Queensland; SA =
South Australia; Sh. = Shale; Ss = Sandstone; TAS = Tasmania; VIC = Victoria; WA = Western Australia.
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remaining within the source rocks, especially those
within the Toolachee and Patchawarra Formations,
suggests the potential for widespread shale and deep
dry coal plays.

The results presented here provide a starting
point for hydrocarbon migration and accumulation
analyses, which would provide insights into fluid
movement through the basin and help to understand
the effects processes such as phase separation, mi-
gration losses, and seal integrity have on the resultant
fluid compositions. This model also has the potential
to be extended to include maturity, generation, mi-
gration, and accumulation modeling in the overlying
Eromanga Basin. Further consideration also needs to
be given to the source potential of the underlying
basins, including the Devonian sediments of the
Warrabin trough and Barrolka depression in the
north and the Cambrian–OrdovicianWarburton Basin
in the south, to support geochemical evidence for oil
migration into the overlying Cooper Basin sediments
(Boreham and Summons, 1999).
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