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ABSTRACT

The Cooper/Eromanga Basin is one of the most important onshore petroleum

provinces in Australia. It is located in the northeastem corner of South Australia and

extends into the southwestern part of Queensland. The area of the Eromanga Basin is

1,000,000 km2, and that of the underlying Cooper Basin is 13,000 km2. Sediments of

the Cooper Basin were deposited in glacial, fluvial and lacustrine environments,

throughout the Permian and much of the Triassic. Deposition of fluvial, lacustrine

and marine sediments in the Eromanga Basin commenced in the Early Jurassic and

extended into the Cretaceous. Hydrocarbons have been recovered on test over a

wide stratigraphic interval from the Early Permian Tirrawarra Sandstone to the Early

Cretaceous Coorikiana Sandstone. More than six major potential hydrocarbon

source rocks have been identif,red. These include the Patchawarra, Epsilon and

Toolachee Formations of the Cooper Basin and the Poolowanna, Birkhead, and

Murta Formations of the Eromanga Basin.

Considerable effort has been made over the last fifteen years to establish robust

correlations between liquid hydrocarbons and potential source rocks, and thus to

delineate petroleum migration pathways, within the Cooper/Eromanga petroleum

province. However, due to the gross chemical similarity (including biomarker

distributions) of the source rock extracts ancl reservoired oils, these problems have

yet to be satisfactorily resolved. In order to better understand the processes of

petroleum generation, migration and accumulation in the Cooper and Eromanga

Basins, a multi-faceted study has been carried out in the following stages:

High resolution cryogenic GC-FID of whole oils and condensates (n : 123)

to establish the limits of hydrocarbon compositional variation in the

Cooper/Eromanga Basin.

Statistical analysis of GC-FID data (e. g. correlation, covariance, cluster

analysis) to evaluate the relative importance of source and maturity, and also

fractionation effects during secondary migration, in controlling the

composition of these oils and condensates.

1
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J Measurement and comparison of the thermal maturities of the C5-C15 and

C151 fractions of selected oils and condensates (n : 72) to ascertain whether

or not they are the result of in-reservoir mixing of multiple hydrocarbon

charges from kitchens of different thermal maturities.

Quantification (modelling) of the in-reservoir mixing of multiple

hydrocarbon charges from different petroleum kitchens with the help of

statistical analysis and computer digital imitation.

Reconstruction of long-distance secondary migration pathways and reservoir-

filling histories on the southern flank of the Nappamerri Trough based on

core-plug analysis using a novel device recently developed at the University

of Cologne, the solvent flow-through solvent extraction (SFTE) cell.

Following examination of isopach and structure maps and well completion

reports, the Thurakinna, Garanjanie, Dirkala and Wancoocha Fields were

selected for this part of the study. These fields comprise oil and gas

accumulations in stacked Permian, Jurassic and Cretaceous reservoirs that lie

along a fill-and-spill pathway previously thought to have been charged by

updip migration from a Permian hydrocarbon kitchen. Residual oils

recovered by SFTE (n:20) and conventional bulk extraction ofsandstones

from the Permian Patchwarra Formation and Murteree Shale, the Jurassic

Hutton Sandstone and Birkhead Formation, and the Cretaceous Murta

Formation \'r'ere compared with crude oils obtained by drill stem testing of the

same units. These oils were analysed using MPLC, GC and GC-MS.

Cluster analysis of the whole-oil GC-FID data enabled the Cooper/Eromanga

petroleums to be classified into three groups - Cooper-sourced oils and condensates;

Eromanga-sourced oils; and mixed crudes derived from both Cooper and Eromanga

source rocks (work of stages I and2).

A mathematical model based on a comprehensive mass balance of light and heavy

hydrocarbon components has been devised in order to better quantify the mixing

ratios of discrete oils in a given reservoir. Computer digital imitation of this model

closely matches the actual data distribution on cross-plots of lighf versus heavy-end

4
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maturities and the results of principal components analysis of the measured data.

The relevance of this model to the Cooper and Eromanga Basins is demonstrated by

way of three examples (work of stages 3 and 4).

The first application of SFTE technology to a major Australian petroleum province

(work of stage 5) has confirmed significant lateral and vertical secondary migration

of Permian oil in the southwestern Cooper and Eromanga Basins; and revealed a

complex charge history for its Jurassic and Cretaceous reservoirs. Residual and DST

oils recovered from sands in the Permian Patchawarra Formation and Murteree Shale

are all of intra-Permian origin. Oil in the Jurassic reservoirs (Hutton, Birkhead) at

Dirkala and Wancoocha displays a gross stratigraphic segregation according to

maturity. The least mature oil (Rc : 0.1yo) is located at the top of the oil column.

These early oils, and the more mature residual oils lower in each structure (Rc :

0.7-0.5%), are all of Jurassic origin. Anomalously mature residual oils (Rc :

1.0-1.1%) at the base of the oil column in these two fields are of mixed Permian-

Jurassic source affinity. They imply leakage of Permian hydrocarbons past the zero

edge of the Nappamerri seal; and compartmentalisation of the Jurassic reservoirs.

DST oils from Cretaceous reservoirs (Cadna-owie, Murta) in the study area have

uniformly low maturities (Rc : 0.63-0.69%). Those at Wancoocha and Dirkala are

of Jurassic (Birkhead) origin. However, the biomarker signature of Murta oil in the

more basinward Garanjanie field indicates an additional contribution from a low-

maturity Permian source.
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CHAPTER O

CHAPTER ONE

INTRODUCTION

1.1 RATIONALE, AIMS AND SCOPE OF THE STUDY

The CooperÆromanga Basin is one of the most important onshore petroleum

provinces in Australia (Figure 1.1). Since the first discovery of natural gas at

Gidgealpa in 1963 and oil at Tirrawarra in 1970, 229 x 10e m3 of recoverable raw

gas and 11.5 x 106 kL of recoverable oil have been found in South Australia, and a

total of 129 x 10e m3 of gas and 4.6 x 106 kL of oil have been produced (as at 1

January 1998: Gravestock et a1., 1998a). It supplies crude petroleum or its products

to Adelaide and Sydney, as well as several regional centres (Figure 1.1)

Sediments of the Cooper Basin were deposited in glacial, fluvial and lacustrine

environments during the late Carboniferous, the Permian and much of the Triassic.

Deposition of fluvial, lacustrine and marine sediments in the Eromanga Basin

commenced in the Early Jurassic and extended into the Cretaceous. Hydrocarbons

have been recovered on test over a wide stratigraphic interval from the Lower

Permian Tirrawarra Sandstone to the Lower Cretaceous Coorikiana Sandstone

(Moussavi-Harami, l996a,b). At least six major potential source rocks for the

hydrocarbons have been identified. These include the Patchawatra, Epsilon and

Toolachee Formations of the Cooper Basin and the Poolowanna, Birkhead and Murta

Formations of the Eromanga Basin (Jenkins, 1989; Tupper and Burckhardt, 1990).

Considerable effort has been made over the last fifteen years or so to establish robust

correlations between liquid hydrocarbons and potential source rocks, and thus to

delineate petroleum migration pathways within the CooperÆromanga petroleum

province (McKirdy, 1982; Kantsler et al., 1983; Vincent et al., 1985; Alexander et

al., 1988, 1996; Heath et al., 1989; Jenkins, 1989; Michaelsen and McKirdy, 1989,

1996 Powell et al., 1989, I99l; Tupper and Burckhardt, 1990; McKirdy and Chivas,

1992; Alexander, I996a; Boult et al., 1991, 1998). However, due to the gross

I



CHAPTER ONE

chemical similarity (including biomarker distributions) of the source rock extracts

and reservoired oils, these problems have yet to be satisfactorily resolved.

By studying the vertical and horizontal distribution of the hydrocarbon reservoirs in

the Cooper and Eromanga Basins, Heath et al. (1989) proposed that most of the

Eromanga-reservoired hydrocarbons were derived from Cooper Basin source rocks,

and migrated vertically into the Eromanga sequence, where their physical and

chemical characteristics were significantly altered. The results of exploratory drilling

in the Lake Hope Block during 1988 seem to support this model. Jenkins (1989),

based on his studies of Eromanga-specific biomarkers, also suggested that a

considerable proportion of the Eromanga-reservoired oil was derived from source

rocks in the Cooper Basin.

This conventional wisdom is strongly challenged by the work of the others.

Michaelsen and McKirdy (1989, 1996), for example, concluded that migration from

Permian source rocks into Eromanga Basin reservoirs had not occurred to any great

extent in the southern Cooper Basin region and that many of the oils reservoired in

the Eromanga Basin were generated in situ. McKirdy and Willink (1988) even

proposed long-distance lateral migration of these oils towards the basin margin.

Powell et al. (1989) also maintained that most of the oil reservoired in the Murta

Formation of the Eromanga sequence is derived in situ. Based on their study of

Araucariacean conifer biomarkers, Alexander et al. (1988) showed that large amounts

of hydrocarbons in certain Eromanga reservoirs were of Jurassic origin.

Furthermore, Tuppper and Burckhardt (1990) concluded that mixing of Cooper and

Eromanga Basin oils has occurred in some Murta Formation reservoirs. A recent

geochemical study of oils and potential source rocks by Boreham and Summons

(1999) led them to suggest that Eromanga Basin oil accumulations have received less

than 25Vo of their charge from local Eromanga source rocks.

Clearly, the hydrocarbon charge histories of oil fields in the Cooper and Eromanga

Basins are still poorly understood. A more comprehensive secondary migration

scenario is required for the whole province, as well as more precise estimates of

mixing ratios for individual reservoirs that have received multiple hydrocarbon

2
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charges from kitchens of different thermal maturity and/or different source rocks.

These considerations provided the impetus for the present study which is a three-

pronged investigation based on 1) establishment of the basin-wide variability in

crude oiVcondensate composition; 2) digital imitation and its application to the

mixing of multiple hydrocarbon charges; and 3) characterisation of residual

hydrocarbons in carrier beds along secondary migration pathways and in discrete

r.eservoirs. This project has been carried out in the following stages:

Analysis by high-resolution cryogenic gas chromatography (with flame

ionisation detection: GC-FID) of a large collection of whole oils and

condensates (n = I23) in order to establish the limits of compositional

variation for liquid petroleum in the CooperÆromanga Basin.

Statistical analysis of the resulting gasoline and kerosino-range hydrocarbon

data (e.g. correlation, covariance, cluster analysis ancl principal components

analysis) to evaluate the relative importance of source and maturity, and also

fractionation effects during secondary migration (Thompson,1987, 1988) in

controlling the front-end composition of these oils and condensates.

Measurement and comparison of the thermal maturities of the C5-C15 and

C15..,. fractions of selected oils and condensates (n - 72) to ascertain whether

or not they are the result of in-leservoir mixing of multiple hydrocarbon

charges from kitchens of different thermal maturity.

4. Quantification of the in-reservoir mixing of multiple hydrocarbon charges

from different petroleum kitchens with the help of statistical analysis and

computer-aided digital imitation.

Reconstruction of long-distance secondary migration pathways and reservoir-

filling histories on the southern flank of the Nappamerri Trough based on

core-plug analysis using a novel device recently developed at the University

of Cologne, the solvent flow-through extraction (SFTE) cell (Schwark et al.,

1997). Following examination of isopach and structure maps and well

completion reports, the Thurakinna, Garanjanie, Dirkala and Vy'ancoocha

2
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CHAPTER ONE

Fields were selected for this part of the study. These fields comprise oil and

gas accumulations in stacked Permian, Jurassic and Cretaceous reservoirs that

lie along a fill-and-spill pathway previously thought by Heath et al. (1989) to

have been charged by updip migration from a Permian hydrocarbon kitchen.

Residual oils recovered by SFTE (n = 20) and conventional bulk extraction of

sandstones from the Permian Patchwarra Formation and Murteree Shale, the

Jurassic Hutton Sandstone and Birkhead Formation, and the Cretaceotts

Murta Formation were compared with crucle oils obtained by drill stem

testing of the same units. These oils were analysed using medium-pressure

liquid chromatography (MPLC), gas chromatography (GC) and gas

chromatography-mass spectrometry (GC-MS).

Stages 1 and 2 were aimed at surveying as many as possible whole oils and

condensates from all over the CooperÆromanga Basin in order to determine whether

they could be assigned to compositionally distinct groups. Cluster analysis of the

whole-oil GC-FID data enabled these petroleums to be classified into three groups -
Cooper-sourced oils and condensates; Eromanga-sourced oils; and mixed crudes

derived from both Cooper and Eromanga source rocks. The main factors controlling

the grouping were found to be source, migration, in-reservoir mixing and water-

washing.

Stages 3 and 4 combined the compositional information acquired during Stages 1 and

2 with that obtained from high-resolution cryogenic GC-MS analysis of 12

representative samples from the original suite of oils and condensates. The resulting

source and maturity data were processed statistically in a similar way to that used in

the previous stages of the study. In order to explain the observed variations in the

maturities of lighfend and heavy-end hydrocarbons, as measured by isomeric ratios

of various C3-alkylbenezenes (Alexander et al., 1996) and the methylphenanthrene

index (MPI-1: Radke and Welte, 1983), a mathematical model of in-reservoir mixing

of hydrocarbon charges from different petroleum kitchens has been proposed. The

model was verified by computer digital imitation and shown to quantify the mixing

ratios of discrete oils in a given reservoir better than has previously been possible.
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CHAPTER ONE

The first application of SFTE technology to a major Australian petroleum province

(the work of stage 5) has confirmed significant lateral and vertical secondary

migration of Permian oil in the southwestern Cooper and Eromanga Basins; and

revealed a complex charge history for its Jurassic ancl Cretaceous resetvoirs.

1.2 ORGANISATION OF THE THESIS

This thesis is organised into seven chapters. Chapter 1 outlines the rationale, aims

and scope of the study. Chapter 2 is a review of the literature on the petroleum

geology of the Cooper and Eromanga Basins. It provides the necessary geological

background of the work undertaken, as well as the basics of the petroleum

geochemistry of the region, including the relevant parameters of oil-to-source

correlation. Chapter 3 details the materials and analytical methods employed.

Cryogenic GC-FID data on the untopped oils and condensates are presented and

discussed in Chapter 4. The recognition and quantification of in-reservoir mixing of

hydrocarbon charges from different petroleum kitchens based on cryogenic GC-MS

analysis of selected oils and condensates is dealt with in Chapter 5. The

reconstruction of secondary migration pathways and reservoir filling histories for the

Thurakinna, Garanjanie, Dirkala and Wancoocha Fields, based on the analysis of

residual oils recovered by SF[E, is described in Chapter 6. The major findings and

conclusions of the thesis are summarised in Chapter 7.
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CHAPTER TWO

CHAPTER TWO

PETROLEUM GEOLOGY OF THE COOPER AND
EROMANGA BASINS

2.1 GENERAL INFORMATION

The Cooper and Eromanga Basins together comprise one of the most significant

onshore oil and gas provinces in Australia. This province is located in central-eastern

Australia (Figure 1.1). The younger Eromanga Basin (or Great Artesian Basin, an

important water resource in Australia) covers an area of 1,000,000 km2, 360,000 km2 of

which lie in South Australia (Alexander and Hibburt, 1996). Deposition of fluvial,

lacustrine and marine sediments in the Eromanga Basin commenced in the Early

Jurassic and extended into the Cretaceous (Figure 2.1). The underlying Cooper Basin

covers an area of 13,000 km2, one third of which lies in south Australia. The

unconformity at its upper surface varies in depth from 970 to 2800 m while the base of

its deepest trough reaches about 4400 m below sea level (Gravestock et al., 1998a). Its

non-marine sediments were deposited in glacial, fluvial and lacustrine environments and

accumulated throughout the Permian and much of the Triassic (Figure 2.1). The Cooper

Basin succession unconformably overlies Cambrian sedimentary and volcanic rocks of

the Warburton Basin. The maximum total thickness of Permian to Recent sediment so

far penetrated by drilling is 3850 m in the Nappamerri Trough (Alexander and Jensen-

Schmidt, 1996).

2.2 TECTONIC HISTORY

Just like intracratonic basins elsewhere, the Cooper and Eromanga Basins have

undergone slow episodic subsidence and low rates of deposition relative to rift basins

(Alexander and Jensen-Schmidt, 1996). Their structural framework is a product of

tectonic movements at least as old as the Late Devonian (Gravestock and Flint, 1995).
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CHAPTER TWO

Orogeny and epeirogeny cause deformation, uplift (or depression) and erosion of

continental landmasses. Episodic subsidence is accompanied by deposition of sediment.

The Cooper and Eromanga Basins display evidence of many significant tectonic

movements and depositional episodes. In order of decreasing age, these are the Alice

Springs Orogeny; Carboniferous-Triassic subsidence ancl deposition; Triassic uplift and

erosion; Jurassic-Cretaceous subsidence and deposition; and Cainozoic tectonic

movements (Alexander,I996a; Alexander and Jensen-Schmidt, 1996; Hoffmann, 1989;

Moussavi-Harami, I996a,b). These events are considered in more detail below.

2.2.1 Aucr Spalrucs Onoeeuv

Devonian to Carboniferous (360-330 Ma) northwest-southeast orientated compression

and uplift had a profound influence on shaping the original structure of the Cooper and

Eromanga region. The compression and the resultant uplift probably were caused by the

Alice Springs Orogeny (Gravestock and Flint, 1995). However, other workers variously

attribute it to the Late Ordovician-Silurian Benambran Orogeny (Gatehouse, 1986), the

mid-Carboniferous Kanimblan Orogeny (Apak et al., 1993, 1995), or a final phase of

the Delamerian Orogeny (Roberts et al., 1990). The latter authors, using evidence from

seismic sections and drillholes, identified overthrusts in Cambrian rocks beneath the

Cooper Basin. These thrusts formed some of the most important structural features in

the Cooper region: the arcuate domal Gidgealpa-Merimelia-Innamincka Ridge and the

Murteree-Nappacoongee Ridge (Figure 2.1), as well as the Birdsville Track Ridge

which separates the Cooper and Simpson Basins (Figure 2.3).

2.2.2 Cnneourenous-TqtAssrc Dzposrrc¡'t

From the Late Carboniferous to the Late Triassic, the Cooper and Eromanga Basins

were regions of relative tectonic quiescence (Alexander and Jensen-Schmidt, 1996), and

the prevailing subsidence and deposition were only interrupted by a brief interval of

compression and uplift (Moussavi-Harami, l996a,b). Up to 2,500 m of conglomerate,

sandstone, siltstone, silty shale and coal were deposited in a variety of glacio-fluvial,

fluvial, deltaic and lacustrine environments, within the Patchawalra and Nappamerri

Troughs. The stacked non-marine depositional sequences are assigned to the Late

9
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Carboniferous-Late Permian Gidgeatpa Group and the Early-Middle Triassic

Nappamerri Group (Alexander and Sansome, 1996: Figures 2.I and 2.3). The

Patchawarra, Epsilon and Toolachee Formations are important source rocks within the

Gidgealpa Group.

This period of subsidence was followed by a brief (ca 2.5 Ma) interval of compression

and uplift (starting at about 256}da: Figure 2.1) during which the southern Cooper

Basin became a site of active erosion during the early Late Permian (Moussavi-Harami,

1996b). The resultant Daralingie Unconformity represents an erosional loss of 75-350

m of section, depending on location. According to Apak et al. (1993), this uplift was

perhaps related to basement activity along older Palaeozoic or even Proterozoic

northwest, meridional and northeast trends.

2.2.3 Tnnssrc Enosrc¡'t

Sedimentation resumed with deposition of the Toolachee Formation and Nappamerri

Group before prolonged uplift and erosion from Late Triassic to Early Jurassic (ca236.5

to 193 Ma: Figure 2.1). This uplift was due to compressional deformation and regional

tilting of the Cooper Basin toward the northwest. It resulted in removal by erosion of

between 47 m and 285 m of Permian. sediment in the southern Cooper Basin (Moussavi-

Harami, 1996b). Erosion was particularly severe across the Dalhousie-McDills Ridge

(Figure 2.3).

2.2.4 Junasstc-CqETAcEous SuasnrucE AND Drpostnou

Down-warping within the Australian landmass created the Eromanga Basin and the

sedimentation resuming during the Early Jurassic to Late Cretaceous without any major

break (Moussavi-Harami, 1996b). Sedimentation in the Eromanga Basin was controlled

by the topography of the unconformity surface at the top of the underlying Cooper Basin

(Moussavi-Harami, 1996a,b). A ca 2.8 km-thick succession of lower non-marine,

marine and upper non-marine sediments accumulated (Figures 2.t and 2.3). The lower

non-marine sequence (Poolowanna to Murta Formations) consists of sandstone,

siltstone and shale with minor coal that were deposited in fluvial and lacustrine

10
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environments (Alexander and Samsome, 1996). The Poolowanna, Birkhead and Murta

Formations are potential source rocks within this sequence, whereas the Hutton

Sandstone is a good reservoir rock.

Subsidence ceased with the onset of regional east-west compression of basement rocks

during the Late Cretaceous to Late Palaeocene (ca 90-60 Ma). This deformation caused

considerable uplift and erosion (Moussavi-Harami, 1996b).

2.2.5 Cnwozotc TEcroNtc AcrtvtrY

At least two phases of tectonic movement that are significant for the petroleum geology

of the Cooper and Eromanga Basins have happened since Late Cretaceous. By this time,

most of the Permian source rocks in the Patchawana and Nappamerri Troughs and part

of those in the overlying Eromanga sequence (here and in the Poolowanna Trough:

Figure 2.3) had become mature enough to start generating hydrocarbons (Moussavi-

Harami, l996a,b; Tupper and Burckhardt, 1990). Reactivation of old faults by

Cainozoic tectonic movements, and the formation of new ones, are likely to have had a

major influence on hydrocarbon generation, expulsion, migration and accumulation.

Fault activity provides heat for local petroleum generation and pathways for bulk

migration, as well as destroying former traps and perhaps creating new ones.

Since the Late Jurassic Australia has drifted in a north-easterly direction from Antarctica

towards collision with the South-East Asian and Pacific Plates. During this time the

orientation of its continental compressive stress field has progressively changed from

east-west to north-south (Alexander and Jensen-Schmidt, 1996). Thus, events on the

margins of the Australian Plate may have strongly influenced Cainozoic deposition and

structuring in the interior Cooper and Eromanga Basins.

From detailed seismic interpretation, Hoffmann (1989) recognised three episodes of

tectonic extension and/or compression. The first of these occurred during the Late

Cretaceous-Early Tertiary. It involved widespread extensional movement, which caused

reactivation of pre-existing features in response to the rifting of the Tasman Sea. Two

phases of compression followed, the first associated with the Middle Oligocene-
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Miocene collision of the Australian and Pacific Plates. The second was an east-west

compression, the cause and timing of which are not clear.

The significance of Cainozoic structuring in the Eromanga Basin has been recognised

by many other researchers, including Sprigg (1986). During the Early Oligocene, major

surface anticlines such as the Innamincka Dome and Birdsville Track Ridge formed

(Moore and Pitt, 1984). Uplifts of the order of 350-500 m occurred around the margin

of the basin (Alexander and Jensen-Schmidt, 1996). Evidence of Oligocene re-

activation and uplift of these structures was also described by Wopfner (1985).

2.3 STRUCTURE

As shown in Figures 2.2 and 2.3, the South Australian part of the Eromanga Basin is

separated by the Birdsville Track Ridge.into two depocentres, the Poolowanna Trough

and the Cooper Basin region. The major troughs in the Cooper Basin (Patchawarra,

Nappamerri and Tenappera) are separated by two main sets of structural highs, the

Gidgealpa-Menimelia-Innamincka (GMD Trend and the Murteree-Nappacoongee (MN)

Trend. This structural configuration is largely a product of the Alice Springs Orogeny

and/or the Delamerian Orogeny, and is dominated by southwest-northeast oriented

compressional features (see Section 2.2.1). Draped over the underlying structural grain

and influenced by it, Permo-Triassic deposition in the Cooper Basin oscillated between

the Nappamerri Trough and the Patchawarra Trough (Alexander and Jensen-Schmidt,

1996). The major sedimentary depocentre of the Eromanga Basin then shifted from the

Cooper Basin region westward to the Poolowanna Trough in the Jurassic-Cretaceous, a

time of tectonic quiescence with subsidence being the major mechanism creating space

for deposition. Eromanga Basin deposition extended far beyond the limits of the Cooper

Basin. All structuring within the Eromanga Basin is controlled by deposition over, and

re-activation of, older tectonic trends.

The following discussion provides further details about three major structural highs: the

GMI Trend, the MN Trend and the Birdsville Track Ridge.
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2,3"1 GMI Tneuo

The GMI Trend, the most prominent structural high in the Cooper Basin, is an arcuate

series of northeast-southwest oriented asymmetric, mildly compressional anticlinal

features (Alexander and Jensen-Schmidt, 1996; Apak et al., 1993), It separates the

Patchawarra Trough to the north and Nappamerri Trough to the south (Figures 2.2. and

2.3). Its northwest flank is controlled by high-angle thrust faults which were reactivated

repeatedly throughout geological time, while the southern margin with the Nappameni

Trough exhibits a more complex anay of gentle folds and smaller faults (Apak et al.,

Ig93). The GMI Trend was formed prior to the deposition of the Cooper sequence

during the Alice Springs Orogeny (Alexander and Jensen-Schmidt, 1996). Evidence

from crustal unconformities led Apak et al. (1993) to suggest that the GMI Trend was

uplifted in at least four distinct structural episodes, and that these phases of uplift caused

the rejuvenation of pre-Permian faults. Seismic and other geological evidence suggests

that, at the onset of deposition in the Eromanga Basin, the GMI Trend formed basement

highs with a thin cover of Permo-Triassic sediments. Subsequent Mesozoic structttring

over these ridges is due more to compaction of thick sediment in the adjacent

Patchawarra and Nappamerri Troughs, than to loading and subsidence (Alexander,

I996a; Alexander and Jensen-Schmidt, I 996; Moussavi-Harami, I 996b)'

2.3.2 MN Tneuo

Similar to the GMI Trend, the northeast-southwest oriented MN Trend is a complex

structural high approximately 150 km long and 10-15 km wide consisting of many

individual anticlines and faults (Apak et al., 1995). It separates the Nappamerri Trough

to the northwest from the Tenappera Trough to the southeast and was in place during

deposition of the Carboniferous to Triassic sediments of the Cooper Basin. The MN

Trend resulted from the re-activation of basement folds and faults during compressional

phases of uplift (Apak et al., 1995) and/or differential compaction (Alexander and

Jensen-Schmidt, 1996; Moussavi-Harami, 1996b). It also formed a basement high when

deposition of Eromanga Basin sediments commenced (Alexander and Jensen-Schmidt,

1996).
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2.3.3 Bnosvttæ Tnncx Rnae

The Birdsville Track Ridge (Figure 2.3), defined by surface exposures of the Late

Cretaceous Winton Formation (Figure 2.1) and olcler units, is a northeast-southwest

trending complex of domes and ridges that includes the Gason and Cordillo Domes

(Alexander and Jensen-Schmidt, 1996, Fig. 4.4). These structural highs influenced

deposition in the Cooper, Pedirka and Simpson Basins since Triassic sediments onlap

their margins. However, it appears that the structures had little relief during Eromanga

Basin deposition.

2.4 DEPOSITIONAL SETTINGS AND STRATIGRAPHY

The stratigraphy and depositional environments of the Eromanga Basin have been under

investigation for more than 40 years. For economic reasons, such studies became more

refined and comprehensive in the Cooper region following the discovery of the first

hydrocarbon-bearing reservoir in the underlying Permian sequence in 1963 (Alexander

and Frears, 1995). Among the pioneering researchers were Kapel (1966), Martin (1961),

and Gatehouse (1972). Hill and Gravestock (1995) and Krieg et al. (1995) provided

comprehensive summaries of the sedimentology, stratigraphy and economic geology of

the Cooper Basin and the Eromanga Basin, respectively. The most recent

lithostratigraphic description of the Eromanga sequence is that by Alexander and

Sansome (1996), and of the Cooper succession by Alexander et al. (1998). The

following is a brief summary of these accounts, focussing on source and reservoir rocks.

2.4.1 DTPOSTIONAL EUVIAOUMENTS AND PALAEOCLIMATES

During the late Palaeozoic, changing ocean circulation and orogenesis caused by the

joining of Gondwana and Laurasia led to widespread glaciation. Highlands, such as the

Birdsville Track Ridge and the platform on the southwest margin of the Cooper Basin,

were glaciated during the Carboniferous and remained as topographical features during

Early Permian deposition in the Cooper Basin.
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Decay of the ice-sheet during the Early Permian as the climate ameliorated released

enorïnous volumes of sediment which were deposited in various fluvio-glacial settings,

including flood-basin lakes. These sediments formed the major part of the Gidgealpa

Group comprising conglomerate, sandstone, siltstone, silty shale and coal (Figure2.I).

Basin uplift during the Late Permian Daralingie Movement resulted in considerable

erosion of the Early Permian section. Subsidence and deposition resumed in the Cooper

Basin under meandering fluvial, deltaic, lacustrine and floodplain conditions, resulting

in the Late Permian sandstones and coal measures of the Toolachee Formation and the

interbedded sandstone, mudstone and minor coal of the Early-Middle Triassic

Nappamerri Group. Orogenic movement and global climatic warming during the late

Earty Triassic to Middle Triassic caused widespread subaerial weathering and

pedogenesis.

The cool, arid climate of the Early Jurassic gave way to moist cool conditions in the

Late Jurassic. Following cold conditions with periods of ice formation in the Early

Cretaceous (Frakes and Francis, 1988; De Lurio and Frakes, 1999) the climate then

warmed during the Late Cretaceous as Australia drifted northwards. Early Jurassic-Late

Cretaceous (193-90 Ma) deposition within the Eromanga Basin was relatively

continuous and widespread. Terrestrial freshwater conditions prevailed, except for an

Early Cretaceous marine transgressive phase that deposited thick shales (e.g. Bulldog

Shale: Figure 2.1). During the time interval Early Jurassic to earliest Cretaceous,

extensive sand-dominated braided fluvial systems drained into lakes and swamps

through a landscape vegetated by conifers, cycads and ferns, whereas the Late

Cretaceous upper non-marine sequence (Winton Formation) is the product of a

meandering fluvial regime.

2.4.2 SrnnnennPuY

A schematic ESE-WNW cross section (Figure 2.3) shows how the major stratigraphic

units vary in thickness across the southwestern Cooper and Eromanga Basins. A

generalised lithostratigraphic column is depicted in Figure 2.1. The following is a brief

synopsis of the regional lithostratigraphy.
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CHAPTER TWO

The Gidgealpa Group was deposited on glaciated'Warburton Basin sediments or granitic

basement. It comprises, in ascending order, the glacio-fluvial Merrimelia Formation and

the braided fluvial, proglacial outwash Tirrawarra Sandstone, overlain by peat swamp

and floodplain facies of the Patchawarra Formation. Two lacttstrine units, the Murteree

and Roseneath Shales, with intervening fluviodeltaic sediments of the Epsilon and

Daralingie Formations, were deposited during a phase of continued subsidence. The

Late Permian fluvial sandstones, lacustrine shales, and thin coals of the Toolachee

Formation unconformably overlie the Early Permian section, and are in turn overlain by

the Nappamerri GrouP.

The Gidgealpa Group is thickest in the Nappamerri Trough, whereas the thickest

Nappamerri Group (>500 m) exists in the Nappamerri and Patchawama Troughs (Figure

2.3). The Nappamerri Group consists of the Late Permian to Middle Triassic Anabury

Formation, comprising the lacustrine, floodplain and braided fluvial Callamburra,

Paning and Wimma Sandstone Member, and the Middle Triassic fluvial lacustrine

Tinchoo Formation. In the northern Patchawarra Trough, the group is locally overlain

by sandstones, minor siltstone and coal beds of the Late Triassic Cuddapan Formation

(Powis, 1989).

Bounded at the bottom and top by unconformities, the sedimentary record of the

Eromanga Basin extends without major break from Early Jurassic to mid-Cretaceous

and consists of a cyclic succession of sandstone and mudstone units (Figure 2.I). The

sedimentary succession is composed of lower and upper terrestrial sequences and an

intervening marine interval. Much of the lower sequence is medium- to moderately

high-energy, cross-bedded fluvial sandstone. In ascending order, it comprises the

Poolowanna Formation (sandstone, siltstone, shale and coal deposited in meandering

fluvial to flood-plain settings); Algebuckina Sandstone (fluvio-lacustrine facies); Hutton

Sandstone (braided fluvial facies); Birkhead Formation (siltstone, mudstone and coal

deposited in lacustrine, peat-swamp and meandering 'fluvial environments); Adori

Sandstone (braided fluvial facies); W'estbourne Formation (lacustrine shale and

siltstone); Namur Sandstone (braided fluvial facies); and Murta Fotmation (lacustrine-

deltaic siltstone, shale and sandstone).
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The upper non-marine sequence (Winton Formation), however, is mainly of lower

energy, finer grained, flood-plain and lacustrine sandstone, siltstone and coal-swamp

deposit. The intervening marine succession is a grey, fossiliferous mudstone-siltstone

sequence with regressive marine sandstone intervals and a basal, non-marine to

marginal marine sandstone-siltstone unit (Cadna-owie Formation).

2.5 SOURCE ROCKS

A comprehensive understanding of the source rocks in a petroleum-bearing basin -
their occurrence, petrology and organic geochemistry, and their correlation with

petroleum - is fundamental to the development of a regional exploration philosophy.

This is particularly relevant in frontier areas but also has application in more mature

provinces like the Cooper and Eromanga Basins. Research on source rocks of these two

basins has been in progress for many years (Smyth, 1983; Smyth et al., 1984; Vinôent

et al., 1985; Alexander et al., 1988; Jenkins, 1989; Michaelsen and McKirdy, 1989;

Powell et al., 1989; Armanios et al., 1995; Michaelsen and McKirdy, 1996; Boreham

and Hill, 1998). A synopsis of the main source rocks in the study area is presented

below. These are the Patchawarra and Toolachee Formations in the Cooper sequence

and the Poolowanna, Birkhead and Murta Formations in the Eromanga sequence. Each

will be discussed in terms of their deþositional environment, total organic ca¡bon (TOC)

content, kerogen type (as determined by Rock-Eval pyrolysis) and thermal maturity.

2.5,1 PnrcuawnqRA FoRMATtoN

Deposited under an environment dominated by high-sinuosity fluvial systems flowing

northward over a floodplain with peat swamps, lakes and gentle uplands, the Early

permian Patchawarra Formation is the thickest formation of the Gidgealpa Group (up to

680 m thick in the Nappameri Trough: Alexander et al., 1998). Its coal and

carbonaceous shale are the principal source ¡ocks of the,Cooper Basin, both in source

richness and quality. The total thickness of the Patchawarra coals exceeds 60 m in the

'Weena Trough (in the southwestern corner of the basin; not shown in Figure 2'1) and

ranges up to 40 m in the Patchawarra Trough, but rarely exceeds 10 m in Nappameni

Trough (Boreham and Hill, 1998).
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The TOC content of shale in the Patchawarra Formation is up to IOVo, whereas that of

the carbonaceous shale and coaly shale facies is in the range l}-3OVo. The coal, by

definition, has TOC values >30Vo. The hydrogen index (HI = 3-346, mean = 132) and

genetic potential, (Sl + Sz = 0.04-37, mean = 7.7 kg hydrocarbons per tonne) of the

shales indicate potential to generate both gas and oil. Carbonaceous shale, coaly shale

and coal exhibit a somewhat greater capacity for hydrocarbon generation (Sr + Sz= 2-

182, mean = 54 kg hc/t) and a similar spread of kerogen quality (HI = 12-34'7, mean =

I17). O\l-prone Patchawarra kerogen (HI > 200) ranges in composition from Type tr to

Type IIIIII (Boreham and Hill, 1998, Fig. 8.4).

The western Patchawarra Trough (Figure 2.2) represents the most important petroleum

kitchen where thick shale and coal were deposited (Moussavi-Harami, 1996b) and now

lie within the present-day oil generation window (vitrinite reflectance, Ro >0.657o:

Boreham and Hill, 1998).

2.5.2 TootncuEE FoRMArtoN

According to Hill and Gravestock (1995), the Late Permian Toolachee Formation

comprises sandstone deposited in mixedJoad fluvial channels of moderate to high

sinuosity, overbank and floodplain.lacustrine mudstone, and peat-swamp coal. It is

ubiquitous across the Cooper Basin, except on pafis of the GMI Ridge and southern

Muteree Ridge. It reaches its maximum thickness of 160 m in the central Nappamerri

Trough.

The coal and carbonaceous shale of the Toolachee Formation make it the second most

important petroleum source rock unit in the Cooper Basin. The total coal thickness is

greater than 35 m in the northern Patchawarra Trough (Boreham and Hill, 1998). TOC

in the Toolachee shale facies ranges from 0.3 to 9.3V0 (mean = 3.8Vo), while the

corresponding S¡ * Sz values are from 0.1 to 19.5 (mean = 6.9) kg hc/t. Hydrogen

indices (HI = 8-215, mean = 128) suggest minimal oil source potential. The far greater

genetic potential of the coals (range = 2l-I81, mean = 61.5 kg hc/t) is paralleled by

their improved kerogen quality (HI = I4l-330, mean = 214).This kerogen is mainly of

Type IIlIil composition.
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Regional isopach and vitrinite reflectance maps of the Toolachee Formation source

rocks (shale and coal) show that they are thickest and also mature for oil generation in

the northern Patchawarra Trough (Figure 2.2: Boreham and Hill, 1998; Gravestock and

Jensen-Schmidt, I 998).

2,5.3 POOTOWNNNA FORMATION

The Early to Middle Jurassic Poolowanna Formation was deposited in an environment

of high sinuosity fluvial channels meandering across a floodplain on which minor peat

swamps developed (Alexander and Samsome, 1996). It consists of sandstone,

interbedded with siltstone and shale, and thin, discontinuous coal seams and intraclast

breccias (Krieg et al., 1995). Its maximum penetrated thickness is 205 m in
poolowanna-1 in the Poolowanna Trough (Figure 2.3: Alexander and Samsome, 1996)'

The interbedded coals and carbonaceous shales and siltstones are believed to be

potential source rocks (Kagya, t997).

TOC ranges from 5.1 to 42.l%o, and the potential hydrocabon yield (S¡+ 52) ranges from

1l to 160 kg hclt in the Poolowanna Trough where the formation shows good to

excellent source richness (Michaelsen and McKirdy, 1996). Hydrogen index values

greater than250 are exhibited by source rocks in both the Poolowanna Trough (HI up to

390) and in the Cooper region (HI up to 480), where the source potential for oil ranges

from good (Type IVItr kerogen) to very good (Type II kerogen: Michaelsen and

McKirdy, 1996).

The maturity of the Poolowanna Formation source rocks reaches 0.9Vo Ro in the

poolowanna Trough (Michaelsen and. McKirdy, 1996). They are only margiunally

mature (O.5-0.67o Ro) in the Sturt-Tantanna area of the Patchawarra Trough (Kagya,

lggT). Further east in the Cooper region, maturities up to l.09Vo Ro have been recorded

(Jenkins, 1989).
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2.5.4 Bnrcueao FonmartoN

The Middle to Late Jurassic Birkhead Formation comprises interbedded siltstone,

mudstone and sandstone with thin (<0.3 m), lenticular coal seams (Alexander and

Sansome, 1996; Krieg et al., 1995). As the most important source rock unit in the

Eromanga Basin, its olganic-rich silts, muds and coals were deposited in lacustrine and

peat swamp environments, cut by meandering fluvial channels. The thickness of the

Birkhead Formation is greater than 150 m in both the Patchatvarra and Nappameni

Troughs (Alexander and Sansome, 1996)'

Source richness across the Birdsville Track Ridge (Figure 2.3) at Pandieburra-l,

Poonarunna-l and Putamurdie-l is generally high but ranges from fair to excellent

(TOC = 0.84-19.J7o, Sr* 52 = 1-98 kg hydrocarbons per tonne rock) (Michaelsen and

McKirdy, 1996). Source quality for oil is excellent here (resinite-rich Type tr kerogen).

Elsewhere Type IVItr kerogen is the prevailing organic facies in the Birkhead

Formation.

The Birkhead Formation source rocks are generally marginally mature to mature (Ro =

0.5-O.77o) around the margins of the underlying Cooper Basin, but the maturity of this

unit increases to L37o at Burley-l in the central Naþpameni Trough (Jenkins, 1989;

Boult et al., 1997).

2.5.5 Munra Fonmanou

The Early Cretaceous lacustrine Murta Formation consists of finely interbedded

siltstone, shale and sandstone (Alexander and Sansome,1.996', Krieg et al., 1995). It is

widespread in the Eromanga Basin and reaches its maximum thickness (in excess of 90

m) in the Nappameni Trough.

The Murta Formation is regarded as the shallowest unit of importance for hydrocarbon

generation (Michaelsen and McKirdy, 1996). Its source richness and potential for

hydrocarbon generation were studied in detail by Michaelsen and his co-workers

(Michaelsen and McKirdy, 1989, 1996; Powell et al., 1989). Its TOC values (0.8-2.6V0)

and potential hydrocarbon yield (Sr + Sz = 3 to 12kg hc/t), indicate fair to good source
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richness. HI values in the range 115-542 are characteristic of Type tr and Type IVItr

kerogen with a significant oil and gas-generating potential.

Maturity of the Murta Formation is typically in the range 0.40-0.60Vo Ro (marginal for

oil generation) in the Patchawara and Tennapera Troughs, increasing to ca LOVo at

Burley-2 in the centre of the Nappamerri Trough (Figure 2.2; Tupper and Burckhaldt,

19e0).

2.6 RESERVOIRS

Petroleum reservoirs occur in nearly all the units of the Cooper and Eromanga Basins

because sandstones are common throughout (Figure 2.1: Alexander, 1996b; Gravestock

et a1., 1998b). In the Cooper sequence, economic oil and/or gas occur within glacio-

fluvial sandstones in the Merrimelia Formation (Williams and Wild, 1984: Chaney et

al., 1997); glacial and fluvial sandstones in the Tirrawarra Sandstone (Seggie et al.,

1994; Rezaee and Lemon,1996; Seggie, 1991): fluvial channel, point bar and crevasse

splay sandstones in the Patchawarra Formation (Gravestock et al., 1998b); fluvio-deltaic

and shoreline sandstones in the Epsilon Formation (Fairburn, 1992; Alexander et al.,

1998); fluvial channel and lacustrine delta sandstones in the Daralingie Formation

(Kelemen, 1986; Gravestock et al., 1998b); fluvial channel, point bar and crevasse splay

sandstone in the Toolachee Formation (Fairburn, 1989; Mackie et al., 1995); sands of

the Callamurra, Paning and Wimma Members in the Arabury Formation; ancl sandstone

deposited in high-sinuosity fluvial channels of the Tinchoo Formation (Gravestock et

al., 1998b).

In the Eromanga sequence, commercial oil/condensate flows have been obtained from

fluvio-lacustrine sandstones in the Poolowanna Formation, Hutton Sandstone, Birkhead

Formation, Namur Sandstone, Murta Formation and Cadna-owie Formation

(Gravestock and Alexander, 1986, 1989; Heath et al., 1989; Alexander, L996b; Boult et

a1.,1997,1998).

The two most significant and representative hydrocarbon reservoir formations are

discussed in more detail below - the gas and condensate-bearing Patchawarra Formation
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of the Cooper Basin, and the oil/condensate-bearing Hutton Sandstone of the Eromanga

Basin.

2.6.1 ParcunwaqRA FoRMArtoN

The Patchawarra Formation contains the most significant reservoirs of gas and/or

condensate. Typical drillstem test (DST) flow rates are 2, 440,268 m3 of gas and 14 kI-

of condensate per day in Garanjanie -I; I'14, 679 m3 of gas and2.9 kL of condensate per

day in Gahnia-1; 146,505 m3 of gas and 0.3 kL of oil per day in Cooper Creek-2; and

42,267 m3 of gas per day in Beanbush-l (Gravestock et al., 1998b). The total amount

of gas produced from the Patchawarra Formation was 45.1 x 10e m3 by the end of 1998

(Gravestock et al., 1998b).

The Patchawarra Formation is the thickest and most widespread Permian unit in the

South Australian sector of the Cooper Basin (Alexander et al., 1998). It varies greatly in

depth of burial, from 1,800 to 3,500 metre below sea level, with the deepest reservoirs

occuring in the Nappameni Trough (Hitl and Gravestock, 1995). Its reservoirs were

deposited as fluvial channel, point bar and crevasse splay sands. Their porosity ranges

from 5 to 25Vo, with the modal frequency occurring at I5Vo. The permeability varies

between 0.01 and 1,000 millidarcies (mD), but is mostly in the range 1-10 mD'

2.6.2 Hurrou Snuosro¡'te

The Hutton Sandstone is the most productive unit within the Eromanga Basin. Nearly

half of the total crude oil produced from the Eromanga sequences in South Australia

comes from reservoirs in the Hutton Sandstone that are sealed by the Birkhead

Formation (Alexander, 1996b).

Underlying the Poolowanna Formation and overlain by the Birkhead Formation, the

Hutton Sandstone reaches its greatest thickness in the Patchawarra Trough (Moussavi-

Harami, l996a,b). Toward the south, east and west, it becomes thin and is replaced by,

or intertongues with, the Middle-Late Jurassic Algebuckina Sandstone (Figure 2'1)'

The reservoir facies of the Hutton Sandstone consists of mineralogically mature, fine to
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coarse-grained quartz sandstone (with minor amounts of feldspar) deposited as fluvial

channel sands, gravel bars and crevasse splay sands (Alexander, I996b; Alexander and

Sansome, 1996).

The reservoir properties of the Hutton Sandstone are excellent (Alexander, 1996b). Its

porosity varies widely from 8 to 28Vo, but is mostly in the range 2024Vo. The

permeability is even more variable, from 0.1 to 10,000 mD, although usually >1000

'mD.

2.7 SEALS

The seals (cap rocks) of hydrocarbon accumulations in the Cooper and Eromanga Basin

have not been rigorously studied, even though they are a vital component of risk

analysis in petroleum exploration. Gravestock et al. (1998) summarised the Cooper

Basin regional and intraformational seals, and Alexander (1996) reviewed those of the

Eromanga Basin. Heath et al. (1989) noted a strong geographic relationship between

hydrocarbon discoveries in the Eromanga sequence and the combined thickness of the

Permo-Triassic seals in the underlying Cooper Basin. The BirkheadÆIutton

seal/reservoir combination has been extensively studied by Boult and his co-workers

(Boult er al., 1997,1998).

2.8 BURIAL HISTORY AND SOURCE ROCK MATURATION

Thermal evolution of a source rock is controlled by the maximum temperature to which

it is exposed and the duration of the heating (Tissot and 'Welte, 1984). As the source

rock subsides, both the pressure and temperature build up, and the thermal maturity of

its organic matter progressively increases. Burial depth determines the pressure,

whereas the temperature is dependent on the heat flow and geothermal gradient. The

burial and thermal history of the Cooper and Eromanga Basins has been studied most

recently by Moussavi-Harami (1996a,b) and Deighton and Hill (1998), with the help of

basin modelling computer software. Previous studies of the geothermal history and

timing of maturation in these basins include those by Kantsler et al. (1983, 1986), Pitt

(1986), Zhou (1989), Tupper and Burckhardt (1990) and Toupin etal. (1997).
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A brief summary of the history of hydrocarbon generation in the Cooper and Eromanga

Basins is presented here based on the modelling undertaken by Deighton and Hill

(1998). Two representative areas are selected for discussion. These are the central

Nappameri Trough (represented by Burley-2) and the northwestern margin of the

Patchawarra Trough (exemplified by Cuttapirrie- 1 : Figvte 2.2).

2.8.1 ParcuawaqqA TRoucH

The burial and maturity history plot of Cuttapirrie-1 (Deighton and Hill, 1998, fig.9.I1)

shows that the Patchawarra, Toolachee, Poolowanna and Birkhead source rocks all

entered the oil window (>O.65Vo Ro ) at ca 95 Ma. The Permian units reached the onset

of wet gas generation (L\Vo Ro ) at ca 87 Ma and have remained in the wet gas window

since then. Modelling of hydrocarbon generation indicates expulsion of some oil and

minor gas from coals in the Patchawarra and Toolachee Formations, but little or no oil

from the Jurassic units.

2.8.2 Napparwenry TRoucH

The equivalent geohistory plot for Burley-2 (Deighton and Hill, 1998, fig. 9.13)

indicates that the Permian source rock units entered the oil and gas windows very early

because of high heat flow from basement granites during their deposition. The estimated

geothermal gradient at this time was 80-110"C/km (compared with the present-day

gradient of 6l"C/km). Oil was expelled from the Patchawarra coals in the Late Permian

and from the Toolachee coals in the mid-Cretaceous, when most of their gas was also

generated. It was during the Cretaceous that the main Eromanga source rocks entered

the oil generation window. They are now within the wet gas (Murta) and dry gas

(Poolowanna, Birkhead) maturity zones.

2.9 olLS

Different varieties of crude oil and condensate occur in the Cooper and Eromanga

Basins. Although most of them are obviously derived from terrestrial source rocks

(Vincent et al., 1985; Heath et al., 1989; Hunt et al.' 1989; Jenkins, 1989; Michaelsen
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and McKirdy, 1989; Powell et al., 1989; Tupper and Burckhardt, 1990; Boreham and

Hill, 1998; Boreham and Summons, 1999), crudes that bear fingerprints of a marine

carbonate origin do exist in basement rocks of the underlying Warburton Basin (Kagya,

1997; Yu andMcKirdy, 1998; X. Sun, private communication, 1998). In general, oils

and condensates reservoired in the Cooper Basin are typically medium to light crudes

with paraffinic to paraffinic-naphthenic bulk compositions, and low to high wax

contents (Hunt et al., 1989; Boreham and Hill, 1998). Most Permian oils contain

signif,rcant dissolved gas and none show any evidence of water washing on the basis of

their aromatic hydrocarbon distributions (Hunt et al., 1989; Yu and McKirdy, 1998).

Oils in the Cretaceous reservoirs are normally light, non-waxy, low sulphur, paraffinic

crudes (Vincent et al., 1985), although some waxy oils do occur in the Murta Formation

along the MN Ridge (Figure 2.2: Míchaelsen and McKirdy, 1989; Powell et al., 1989).

Most of the Eromanga crudes, particularly those from Jurassic reservoirs, are non-waxy

but show obvious signs of water-washing.

Boreham and Hill (1998) reported six geochemical parameters of oils from 161 selected

wells covering both the South Australian and Queensland portions of the Cooper and

Eromanga Basins. Table 2.1 is a statistical summary of the reported data. The following

is a brief discussion of the physical and chemical properties of these oils and the

geological factors that influence their variation.

2.9.1 Gas-ro-Or Rano

The gas-to-oil ratio (GOR) of a crude oil accumulation reflects the amount of natural

gas associated with the oil. Crudes from the Cooper and Eromanga Basins have a large

range of GOR values (Heath et al., 1989; Hunt et al., 1989). Oils from the Eromanga

Basin typically contain about 9 m3/kl natural gas, but those in Permian reservoirs range

as high as 2950 m'/kl.

2.9.2 Poun Powr

The pour point of a crude oil is another parameter reflecting its content of light

hydrocarbons relative to heavy ends. Technically, it is a measure of the temperature at
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Table 2.1 Descriptive statistics for geochemical parameters of oils from selected

Cooper and Eromanga wells, South Australia and Queensland (based on the data of
Boreham and Hill, 1998)

Description <Crs PrlPh Prln-Cv Ph/n-C1s OEP API"

Cooper and Eromanga Crudes
Mean 17.9
Standard Error 1.6
Median 16.3
Mode 0.8
Standard Deviation 15.5
Sample Variance 239.4
Kurtosis 0.4
Skewness 0.9
Range 66.9
Minimum 0.0
Maximum 66.9
Sum 1767.8
Count 99.0

Cooper Grudes
Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count

19.0
3.6
8.0
1.0

20.9
437.9

-0.6
0.8

66.9
0.0

66.9
645.5

34.0

4,6
0.1
4.4
3.3
1.3
1.7
0.7
0.8
7.7
1.7
9.5

733.7
161 .0

4.8
0.2
4.7
4.2
1.4
1.9

-0.7
0.2
6.0
2.0
7.9

194.8
41.0

0.4
0.0
0.4
0.3
0.3
0.1

25.4
4.1
2.3
0.1
2.5

67.5
161 .0

0.4
0.0
0.4
0,4
0.2
0.0
0.3
1.0
0.9
0.1
1.0

18.3
41.0

0.4
0.0
0.3
0.3
0.3
0.1

28.2
4.6
2.3
0.2
2.5

49.2
120.0

0.1
0.0
0.1
0.1
0.0
0.0
8.3
2.4
o.2
0.0
0.3

14.1
161 .0

0.1
0.0
0.1
0.1
0.0
0.0
0.7
1.1
0.1
0.1
0.2
3.9

41.0

0.1
0.0
0.1
0.1
0.0
0.0

12.1
3.0
0.2
0.0
0.3

10.2
120.0

1.1
0.0
1.1
1.1
0.0
0.0

12.0
-2.0
0.3
0.8
1.2

172.1
161 .0

45.5
0.5

45.7
47.5

4.7
22.5
-o.7
-0.3
20.7
34.2
54.9

4236.1
93.0

44.6
1.1

44.0
53.2
5.9

35.4
-1.3
-0.1

19.0
34.2
53.2

1337.3
30.0

46.0
0.5

45.9
50.9

4.0
16.1
-0.6
-0.1
18.2
36.7
54.9

2898.8
63.0

1.0
0.0
1.1
1.1
0,0
0.0

14.0
-2.5
0.3
0.8
1.2

43.0
41.0

Eromanga Crudes
Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count

17.3
1.5

17.1
29.1
11.8

139.8
-0.1

0.5
52.5

0.6
53.1

1122.3
65.0

4.5
0.1
4.3
3.3

9.5
538.9
120.0

1.1
0.0
1.1
1.1

0.0
0.0
5.9

-1 .1

0.2
0.9
1.2

129.1
120.0

1.3
1.7
1.6
1.1
7.7
1.7

1

2.

(C15 = Vo weight loss of the whole oil by evaporation of volatile components over

24hrs at room temPerature

OEP = Odd over even predominance aT n-Czt in normal alkane distribution

= (Czt + 6Czz + Cz)l(4Czz+ 4Cz¿,)

Pr = Pristane,
Ph = Phytane

3.

4.
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which the oil solidifies and is controlled by the wax content (essentially Czz* n-alkanes).

The lower the pour point, the smaller the proportion of waxy, long-chain n-alkanes. The

pour point of petroleum reservoired in the Cooper Basin ranges from -25 to 35"C (Hunt

et al., 1989), whereas crudes from the Eromanga Basin have pour points that are

marginally higher (-10 to 40'C: Heath et al., 1989).

2.9.3 API Gnavrv

Because of their high contents of gasoline and kerosine-range (Cs-Crz) hydrocarbons,

the Cooper and Eromanga petroleums are typically medium to light (30-60" API: Heath

et al., 1989; Hunt et al., 1989; Powell et al., 1989). Boreham and Hill (1998) reported

an API range of 34-55" for 93 selected oils from South Australia and Queensland (see

Table 2.1). Surprisingly, there is no significant difference between the Eromanga (range

= 36.1-54.9o, mean = 46.0", n = 63) and the Cooper (range = 34.2-53.2o, mean = 44.6",

n = 30) crudes. Powell and co-workers reported that the API gravities of oils from the

Murta Formation, the shallowest of the main reservoirs, were at the top of the range

(48-52'), although some heavier examples are cited by Boreham and Hill (as low as

4r.2").

2.9.4 Ueur HvonocaqBoN Coureur

Light oils contain proportionally more volatile (<Crs) components than do heavy oils.

The percentage of such components in the Cooper and Eromanga crudes varies from 0

to 66.9Vo, with a mean of fl.8Vo (Table 2.1). Based on the statistical means, Cooper

crude (I9Vo) is only slightly richer in volatile hydrocarbons than the average Eromanga

crude (17.37o).

It must be kept in mind that the chemical composition of a crude oil changes very much

during its passage from the sub-surface reservoir to the surface (England et al., 1987).

Under the higher temperature and pressure conditions in the reservoir the oil contains

far more methane and other gaseous components (hydrocarbons and non-hydrocarbons)

than under the surface conditions. Methane and other volatile hydrocarbons are lost due

to evaporation. This is a very significant factor that influences the measuring of
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properties such as API gravity and gasoline content. Handling procedures, including

storage time and conditions, must be taken into account whenever these data are used to

compare oils.

2.9.5 Pnrcrnue/Puvraue

The pristand/phytane ratio (PrÆh) has long been regarded as a parameter indicating the

redox potential of the source rock depositional environment and hence it is used in oil-

to-oil and oil-to-source correlations (Powell and McKirdy, 1973; Didyk et al., 1978).

However, Alexander et al. (1981) found that it could also be influenced by thermal

maturation. The Pr/Ph ratio in Cooper and Eromanga Basin crudes varies from 1.7 to

9.5, with a statistical mean of 4.6 (Table 2.1). Values for the Cooper oils (range =2.0-
'1.9, mean = 4.8) are similar to those of the Eromanga crudes (range = l.'l-9.5, mean =

4.s).

2. 9. 6 P a rcrnu zlu - H e prap E c AN E A N o P uvrau e/u' O crao eca¡,t e

These isoprenoid/n-alkane ratios are both source and maturity dependent (Tissot and

'Welte, 1984). Among the 161 oils from the Cooper and Eromanga Basins analysed by

Boreham and Hill (1998), thePrlnCtT ratio varies from 0.L to2.5, and the statistical

mean is 0.4 (Table 2.1). The 41 Cooper oils (range = 0.1-1.0, mean = 0.4) differ little

from the 120 Eromanga oils (range = O.2-2.5, mean = 0.4). Similarly, the Ph/nCrs ratio

provides no discrimination between oils from the two basins (Table 2.1).

2.9.7 Opp-eveu Pneoo¡øwaNcE tN N-ALKANES

The relative abundance of odd versus even carbon-numbered n-alkanes (OEP) may be

used to obtain a rough estimate of the thermal maturity of non-marine petroleum source

rocks and crude oils (Scalan and Smith,l97O). OEP values decrease with increasing

source rock maturity, and are close to 1 in most crude oils (Tissot and Welte, 1984).

However, although the Eromanga oils are less mature than those from the deeper

Cooper reservoirs, their OEP values are essentially the same (Table 2.I). The 41 Cooper
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oils have OEP values in the range 0.8 to 1.2 (mean - 1.0), compared with 0.9 t'o I.2

(mean = 1.1) for the 120 Eromanga oils.

2.10 OIL.SOURCE CORRELATION

Given the inability of the previously discussed geochemical parameters to distinguish

different genetic families of oil in the Cooper and Eromanga petroleum province, other'

methods are needed for this purpose.

2.1 0.1 GasottNE-BANGE HYDRøaARBoNS

Variations in the distribution of gasoline-range hydrocarbons (C5-C1s) have been used

to identify oils of different source and maturity (e.g.Thompson, t987; Mango, 1990).

The first geochemical studies of light hydrocarbons in oils from the Cooper and

Eromanga Basins were by McKirdy (1985), Vincent et al. (1985) and Michaelsen ancl

McKirdy (1989). However, one problem with this approach is that the gasoline fraction

is very sensitive to alteration. For example, the concentrations of some light aromatic

hydrocarbons, such as benzene, toluene and xylene, in crude oils are strongly influenced

by fractionation during secondary migration and by other secondary alteration processes

(Ca¡pentier et al., t996: Thompson, 1987, 1988).

Heath et al. (1989), Boreham and Hill (1993) and Boreham and Summons (1999)

reported higher toluene/n-heptane ratios in the Cooper Basin oils compared to those in

the Eromanga Basin. This was ascribed to the effects of fractionation on the Cooper-

sourced petroleums during their long-distance migration and to water-washing of oils

(of both Permian and Jurassic or Cretaceous origin) within the Eromanga reservoirs.

This is consistent with the fact that the Eromanga Basin is actually part of the Great

Artesian Basin, and that the Hutton Sandstone is one of the most significant aquifels in

the region (Habermehl, 1986; Alexander, 1996a). This could be the only parameter that

can effectively distinguish the Eromanga-reservoired oilò from the Cooper-reservoired

petroleums. The indigenous Cooper oils and condensates normally contain high

concentrations of light aromatic hydrocarbons, whereas the Eromanga oils show very
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low concentrations regardless of their source. This problem will be reviewed and

discussed extensively in Chapter 4,

2.10.2 Bto¡vtanrcens

The distributions of conventional biomarkers (n-alkanes, acyclic isoprenoids, steranes

and triterpanes) in oils from the Cooper and Eromanga Basins are extremely similar

(Vincent et al., 1985; Jenkins, 1989). This is not surprising, as they have been generated

from source rocks deposited under similar (fluvio-lacustrine) environments (Michaelsen

and McKirdy, 1996; Boreham and Hill, 1993). However, some special biomarkers do

occur in certain Eromanga oils. Alexander et al. (1988) identified age- and source-

specific biomarkers derived from the resins produced by fossil Araucariacean conifers

in source rocks of the Early Jurassic to Early Cretaceous sequence of the Eromanga

Basin. In addition, Jenkins (1989) proposed that 25,28,30-trisnorhopane, 25,28,30-

trisnormoretane (demethylated triterpanes of bacterial origin) and 19-norisopimarane (a

diterpane of conifer resin origin) were Eromanga-specific biomarkers. He used the

contents of these triterpanes to assess the hydrocarbon contribution of Eromanga

petroleum kitchens to individual oil accumulations (maximum 40Vo, average <20Vo by

volume). This will be discussed further in Chapter 5.

2.10.3 Caneo¡t Isoronc CotwpostrtoN oF N-ALKANES

The carbon isotopic composition of the various fractions of source rock bitumens and

crude oils (saturated hydrocarbons, aromatic hydrocarbons, NSO compounds and

asphaltenes) has long been used to identify different oil families, and in oil-source

correlations (e.g. Sofer, 1984.; Al Arouri et al., 1998). The use of a Sofer-type ôr3C

saturates versus õt3C aromatics crossplot to distinguish oil families in the Cooper and

Eromanga Basins was only partly successful (McKirdy, 1985; Vincent et al., 1985;

Michaelsen and McKirdy, 1989).

GC-ir-MS (gas chromatography combined with isotope ratio-mass spectrometry) is a

newly-developed technique which enables direct stable carbon isotope analysis of the

effluent from a capillary gas chromatography column (Hayes et al., 1981; Freeman et
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aI., 1990; BjorØy et al., 1991). Carbon isotope compositions of individual ¡r-alkanes in

selected Cooper and Eromanga crude oils have recently been measured (Boreham and

Hill, 1998; Boreham and Summons, 1999). The majority of these oils are characterised

by n-alkane isotope profiles that become progressively lighter with increasing carbon

number (i. e. they have negative n-alkane isotope gradients). The application of this

technique to the recognition of oils with mixed sources will be discussed in more detail

in Chapter 5.

2.10.4 Mnrunrv

Most of the sterane- and terpane-based maturity parameters (Peters and Moldowan,

lgg3) are not effective in distinguishing Cooper and Eromanga-sourced oils, because of

the high maturity of the former crudes and their low concentrations in many

condensates. Neither are the aromatic sterane parameters effective, because they also are

not abundant enough. Under these circumstances, the methylphenanthrene index (MPI:

Raclke and Welte, 1983) has become the most important maturity parameter in

describing the Cooper and Eromanga petroleums. Tupper and Burckhardt (1990), for

example, used it to characterise the expulsion histories of the Cooper and Eromanga

oils. Michaelsen and McKirdy (1989) and Powell et al. (1989) successfully employed it

to demonstrate the unusually low maturities of Murta-derived oils. Generally speaking,

the Cooper-derived crudes are more mature than the Eromanga-sourced oils, but there

are many exceptions. Rc (calculated vitrinite reflectance based on MPI) of the Cooper

petroleums ranges from 0.7 to0.9Vo, while the Eromanga oils have Rc values ranging

from 0.5 toO.6Vo. The Rc maturities of the oils and condensates analysed here will be

discussed in detail in Chapters 5 and 6.
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CHAPTER THREE

MATERIALS, METHODS AND EXPERIMENTS

3.1 INTRODUCTION

The overall purpose of the present study was to analyse a suite of oil and cole

samples in order to gain further insights into the factols that control the variability of

oil composition in the Cooper and Eromanga Basins. These factors may include

multiple sources, migration and mixing of petroleum. The first part of the project

involved the screening of 123 oil/condensate samples from wells distributed

throughout the Cooper Basin and the overlying Eromanga Basin in both South

Australia and Queensland, using whole-oil GC and GC-MS. The latter part of the

study focussed on secondary migration. It was based on 53 core samples of source

rock (coal, shale, siltstone) and reservoir/carrier bed sandstone, plus selected oils,

from 11 wells in the Thurakinna, Garanjanie, Dirkala andWancoochaFields in the

southwestern corner of the Cooper B asin (Figures 3 .), e. 3 .2) .

The aforementioned samples were prepared and analysed using the joint facilities of

two laboratories in Australia and Germany (viz. that of the Organic Geochemistry in

Basin Analysis Group, Department of Geology and Geophysics, University of

Adelaide; and the Laboratory for Organic and Environmental Geochemistry, Institute

of Geology, University of Cologne). The techniques employed include gas

chromatography (GC), gas chromatography combined with mass spectrometry (GC-

MS), medium pressure liquid chromatography (MPLC), accelerated solvent

extraction (ASE), Soxhlet extraction, ultrasonic extraction, solvent flow-through

extraction (SFTE), thin-layer chromatography combined with flame ionisation

detection (TLC-FID or latroScan) and X-ray diffraction.' Figure 3.3 summarises all

these techniques in a flow chart.

All the whole oils/condensates were analysed directly by cryogenic GC-FID and GC-

MS. Selected oils/condensates were evaporated under ambient conditions, and the
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residues were fractionated using MPLC. The saturate ancl aromatic fractions were

analysed by GC-FID ancl GC-MS in Adelaide.

Cylindrical plugs (2 or 4 cm in diameter), oriented perpendicular to bedding, were

cut from conventional cores of oil-bearing sandstones. The sequential extraction of

residual "free" and "adsorbed" oils from these core plugs was carried out in Cologne

using the solvent flow-through extraction (SFTE) device as described by Schwark et

al. (1997). Employing this method, six fractions of extractable organic matter

(EOM), inorganic salt and the residual sandstone plugs were obtained. The SFTE

fractions were analysed on IatroScan-FID to determine their bulk chemical

composition (i. e. contents of saturate hydrocarbons, aromatic hydrocarbons, NSO-

compounds and asphaltene) and then fractionated by MPLC, yielding saturate,

aromatic and resin fractions. The saturate and aromatic fractions were measured on

GC-FID and GC-MS in the Adelaide laboratory. The inorganic salts were AgNO3-

tested and then analysed by X-r'ay diffraction. Selected residual (i.e. SFTE-extracted)

sandstone plugs were ground and then extracted on ASE to test the efficiency of the

SFTE. The EOM from ASE was weighed and analysed on IatroScan-FID.

Bulk samples of both source rock and reservoir/caruier bed sandstone lithofacies,

taken from the same conventional cores from nine wells in the Thurakinna, Dirkala,

Garanjanie and 'Wancoocha areas, were crushed and then Soxhlet- or ultrasonic-

extracted. The EOM was deasphaltened (when necessary) and then fractionated by

MPLC. The saturate and aromatic hydrocarbon fractions were analysed on GC-FID

and GC-MS in the Adelaide laboratory.

In all cases (oils/condensates, residual oils and source rock extracts), the resin and

asphaltene fractions were retained in Cologne for future analysis of nitrogen

compounds (e.9. methylcarbazoles).

3,2 MATERIALS

3.2.1 Otts AND CaNDENSATES

The oils and condensates assembled for this project are listed in Table 3.1, along with
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their basic geological information. Most of them are DST samples, the remainder

being from production tests. The approximate locations of all the oil and gas fields in

the South Australian sector of the study area are shown in Figure 3.1. Of the I23

oil/condensate samples, 11 (nos. 1-11) were provided by Santos specifically for the

cunent PhD project; 43 (nos. 12-53,91 and 92) were from the in-house collection of

Associate Professor D.M. McKirdy and his Organic Geochemistry in Basin Analysis

(OGBA) Group, Department of Geology and Geophysics, University of Adelaide;27

(nos. 54-90) were from the personal collection of Dr N.M. Lemon, National Centre

for Petroleum Geology and Geophysics (NCPGG); and 27 (nos. 93-lI9) had been

previously donated by Santos for a recently completed PhD project (Kagya, 1997).

The other four oils (nos. 120-123) were provided by the Department of Primary

Industries and Resources, South Australia (PIRSA) for a pilot study of secondary

migration of hydrocarbons in the Wancoocha area of the Cooper and Eromanga

Basins.

GC-FID analysis of the whole oils and condensates; and comparison of the resulting

chromatograms with those obtained from the artificial evaporation experiment

(Section 3.3.6), allowed ready evaluation of sample quality (see last column and

evaporation scale in footnote of Table 3.1). Two waxy oils (solid at room

temperature) could not be analysed and one 'condensate' proved to be just water.

3.2.2 SnuosroNr CoRE Prues

The Wancoocha, Dirkala, Garanjanie, and Thurakinna Fields (Figure 3.1) were

selected as suitable for this study because of the availability of drill cores that

intersected oil-impregnated sandstone and adjacent source rock lithologies. The

presence of oil was indicated by fluorescence under UV light. A total of 48 pieces of

core \ryere obtained from the PIRSA Core Library'

A subset of 33 core samples were selected for plug drilling at the ACS Laboratory

(Brisbane). The basic geological information on the plugs is given in Table 3.2.

Figure 3.2 is a cross-section through the Wancoocha, Dirkala, Garanjanie, and

Thurakinna Fields showing the approximate sampling depths of the core plugs.
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Table 3.1 Oil and condensate samples: well, test, formation and quality

No' GC run WELL DST # TYPE FORMATION Quality".

1s xyoil001

2s xyoil002

3s xyoil003

4s xyoil004

5s xyoil005

6s xyoil006

7s xyoil007

8s xyoil008

9s xyoil009

10s xyoil010

1 1s xyoilOl 1

12 xyoilO12

13 xyoilO13

14 xyoilO14

15 xyoilO15

16 xyoilO16

17 xyoil017

18 xyoilO18

19 xyoilO19

20 xyoil020

21 xyoil021

22 xyoil022
23 xyoil023

24 xyoil024

25 xyoil025

26 xyoil026

27 xyoil027

28 xyoil028

29 xyoil029

30 xyoil030

31 xyoil031

32 xyoil032

33 xyoil033

34 xyoil034

35 xyoil035

36 xyoil036

37 xyoil037

38 xyoil038

39 xyoil039

40 xyoil040

41 xyoil041

42 xyoilO42

43 xyoil043

Tirrawarra-13
Tirrawarra-14

Tirrawarra-64
firrawarra-70
Tirrawarra-70

Taloola-1

Taloola-3

Taloola-2

Tantanna-2
Tantanna-1

Tantanna-9
Biala-1

Mooliampah-1

Munkah-2
Yanda-2
Kercummurra-1
Minkie-1

Wilson-6
Big Lake-37

Mooliampah-1

Epsilon-3
Lepena-1

Epsilon-3

Spencer-4
Wilson-6

Moolion-1

Tickalara-2

Wancoocha-3

Jackson-28

Tickalara-2

Ulandi-1

Wilson-2
Kihee-2

Thungo-2

Dilkera-2
Maxwell-1

Maxwell-2

Thungo-3
Thungo-1

MaxwellSouth-1
Thungo-1
Thungo-4
Thungo-1

Tirrawarra
Ti rrawarra/Me rri mel ia

Tirrawarra
Tirrawarra
Patchawarra

Namur
Namur
Namur
Namur
Birkhead/Namur
McKinlay
Namur

Adori
Patchawarra

Patchawarra
Cadna-Owie

Nappamerri
Namur
Birkhead

Namur
Toolachee
Patchawarra
Nappamerri

Birkhead
Hutton

Hutton

Namur

Hutton
Westbourne
Namur
Namur
Mufia
Mufta
Mufta
Murta
Mufia
Murta
Mufta
Murta
Murta
Westbourne
Murta

Muda

DST 4

DST 3

DST 1

DST 1

DST 2

DST 2

DST 2

DST 3

DST 2

DST 3

DST 3

DST 2

DST 7

DST 1

DST 2

DST 1

DST 4

DST 2

DST 1

DST 3

DST 5

DST 3

DST 3

DST 2

DST 1

DST 1

DST 5

DST 3

DST 2

DST 1

DST 2

DST 1

DST 1

DST 2

DST 1

DST 1

DST 2

DST 4

oit
oit
oil
oit
Cond

oit
oit
oit
oit
oit
oir
oit
oit
Cond

Cond
oit
oil
oir
oir
oit
Cond

Cond

Cond
oit
oit
oit
oil
oil
oit
oir
oit
oil
oit
oil
oit
oil
oil
oit
oit
oil
oil
oil
oil

Waxy
5

5

5

4

1

5

4

4

3

4

3

4

5

4

5

4

5

4

4

5

5

5

5

5

5

5

4

1,W
4

5

4

2

2

2

2

2,

2

4

5

2

1

5
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No* GC run WELL DST # TYPE FORMATION Quality.*

44
45

46
47

48
49

50

51

52

53
54nl

55nl

56nl
57nl

58nl
59nl

60nl

61 nl

62nl

63nl

64nl
65nl

66nl
67nl
68nl

69nl

70nl
71nl
72nl

73nl

74nl
75nl

76nl
77nl
78nl

79nl

80nl

81 nl

82nl
83nl

84nl
85nl
86nl
87nl
SBnl

xyoil044
xyoil045
xyoil04ô

xyoil047
xyoil048

xyoil049

xyoil050
xyoil0S'1

xyoil052

xyoil053

xyoil054

xyoil055
xyoil056
xyoil057

xyoil058
xyoil059
xyoil060

xyoil061

xyoil062

xyoil063
xyoil064

xyoil065
xyoil066
xyoil067

xyoil068

xyoil069
xyoil070

xyoil071

xyoil072

xyoil073

xyoil074
xyoil075
xyoil076

xyoil077

xyoil078
xyoil079

xyoil080

xyoil081

xyoil0B2
xyoil083

xyoil084
xyoil085
xyoil086

xyoil087
xyoil088

oit
o¡l
oil
o¡t

oil
oit
o¡l
oil
oit
oil
oir
oil
oit
oil
oir
Cond

oit
Cond
oit
o¡t
oit
Cond
oit
oil
oit
Cond

oit
oil
Cond

oit
o¡r

Cond
oit
oit
Cond
oit
oit
Cond

oil
oil
oil
Cond
oil
oil
Cond

Winna-1
Dilkera-2 DST 2

Nockatunga-4
Dilkera-1 DST 7

Koora-2 DST 4

Winna-2 DST 1

Winna-3 DST 1

Nockatunga-1

Maxwell-2

Nockatunga-3
Mooliampah-1 DST 2

Strzelecki
Meranji-1 DST 2

Tirrawarra-S8 DST 3
Tirrawarra-S7 DST 2

Gooranie-1 DST 2

Merrimelia

Merrimelia-17 DST 4

Wancoocha-2 DST 5

Cook-1 DST 3

Merrimelia
Della-2

Woolkina
Moorari-3
Wancoocha-6

Wippo-1 DST 1

Jackson South-4 DST 2

Moorari-3

Meranji-1 DST 5

Jackson-2

Wilson South-1 DST 3

Leleptian-1 DST 3

Fly Lake-2

Merrimelia
Daralingie

Alwyn-1 DST 1

Dullingari

Aroona-1 DST 3

Tirrawarra
Bagundi-1 DST 4

Mooliampah-1 DST 1

Bookabourdie-4
Jackson-3
Nungeroo-1 DST 2

Nulla-1 DST 3

Murta
Murta
Mufia
Murta

Mufta
Murta

Mufta
Murta
Mufta
Murta
Namur
Namur
Namur
Tirrawarra
Tirrawarra
Patchawarra
Namur
Nappamerri
Hutton

Hutton

Nappamerri
Toolachee
Tirrawarra
Tirrawarra
Murta
Patchawarra
Birkhead

Tirrawarra
Patchawarra
Hutton
Hutton

Patchawarra
Tirrawarra
Hutton

Permian
Murta

Namur
Toolachee
Tirrawarra
Patchawarra
Mufta
Tirrawarra
Westbourne
Namur
Patchawarra

3

5

5

5

3

4

3

4

4

4

4

4

5

4

4

5

5

4

3

4

5

.t

5

4

3

4

4

1

4

Waxy
3

1

1

5

4

5

5

3

5

1

5

4

4

5

3
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No* GC run WELL DST # TYPE FORMATION Quality**

89nl
90nl

91

92

93m
94m
95m
96m

97m

98m
99m
100m

101m

102m
103m

104m
105m
106m

107m
108m
109m

1 10m
111m

112m
113m
1 14m

1 15m
1 16m

117m
118m
1 19m

12Op

121p
122p
123p

Cond
oil
oil
oit
oit
oir
oit
oil
o¡t

oir
oit
oit
oit
oit
oit
oit
oil
oir
oit
oit
oit
oil
oit
oit
oil
o¡l
oir
oil
oit
o¡l
oit
oir
oit
Cond

oil

xyoil089

xyoil090
xyoil091

xyoil092
xyoil093

xyoil094
xyoil095
xyoil096

xyoil097
xyoil098
xyoil099

xyoil100
xyoil101

xyoil102

xyoil103
xyoil104
xyoil105

xyoil106
xyoil107
xyoil108

xyoil109
xyoil110
xyoil111
xyoill12
xyoill 13

xyoill 14

xyoill 15

xyoill 16

xyoill 17

xyoill 18

xyoil119
xyoil120
xyoil121

xyoil122
xyoil123

Daralingie-1

Wancoocha-2
lnland-1

lnland-1

Taloola-2

Taloola-2

Taloola-2
Tantana-1
Tantana-1

Tantana-1
Tantana-2

Tantana-2
Tantana-9

Tantana-9

Sturt-2
Sturt-2

Sturt-3
Sturt-3
Sturt-4

Sturt-4
Sturt-S

Sturt-6
Sturt-6

Stud-6
Sturt-7
Sturt-7

Sturt-7

Sturt-7
Sturt-8

Sturt East-2

Poolowanna

Wancoocha-2
Garanjanie-1

Dirkala-1

Dirkala-1

DST 4
DST 1

DST 2
DST 1

DST 2
DST 3
DST 1

DST 2
DST 3
DST 1

DST 2
DST 3
DST 4
DST 1

DST 2
DST 1A

DST 18
DST 1

DST 2
DST 1

DST 1

DST 3
DST 5
DST 2
DST 3
DST 5
DST 4

DST 1

DST 1

DST 2

DST 3

DST 1

DST 1

DST 6

Patchawarra
Birkhead
Hutton

Namur

Poolowanna
Hutton

Namur
Poolowanna

Hutton
Namur

Poolowanna
Namur

McKinlay

Hutton
Poolowanna

Birkhead
Poolowanna
Birkhead

Poolowanna
Patchawarra

Patchawarra
Birkhead

Patchawarra

Patchawarra
Mooracoochie
Patchawarra

Patchawarra
Patchawarra

Patchawarra
Patchawarra
Poolowanna

Patchawarra

Murta
Birkhead

Namur

4

2

4

4

2

1

1

3

1

1

2

1

1

3

3or4
1

4

3or2
5

5

5

1

4

3

4

3

2

3

2

2

Waxy

4

4

3

4

*<s Samples from Santos Limited
*m Samples from PhD study of Kagya (1997)
*p Samples provided by PIRSA
*nl Samples from N. M. Lemon (NCPGG)

All the remaining samples were from D. M. McKirdy's in-house collection
**1-5 Sample evaporation scale:

1 = very severe;

2 = severe;
3 = moderate;
4 = slight;
5 = very slight

**'W Water
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All the core plugs were extracted using SFTE, but only twenty contained enough

EOM to satisfy the requirements for further analysis. The cliscussion in Chapter 6 is

based mainly on the source and maturity data obtainecl from the residual oils in these

twenty core plugs. Their lithological descriptions are included in Table 3.4.

3.2.3 CoruveurtoNAL Conzs

In addition to the aforementioned sandstone core plugs, another twenty conventional

bulk core samples of both sandstones and putative source rocks were taken for

comparative study. Their basic geological information is listed in Tables 3.3 & 3.4.

The conventional core samples cover a wide spectrum of lithology (viz. sandstone,

siltstone, shale and coal) and stratigraphy (viz. Mufta Formation; Birkhead

Formation; Epsilon Formation; and Patchawara Formation: Figune 3.2).

3,2.4 OnenurcSo¿Ysrurs

All AR grade organic solvents were distilled before use. In this project, the

following solvents were used: n-hexane (for MPLC), methanol (for Soxhlet

extraction, ultrasonic extraction, SFTE and MPLC), dichloromethane (for Soxhlet

extraction, ultrasonic extraction, SFTE, ASE and IatroScan), petroleum ether (for

deasphaltening), trichloromethane (for SFTE), benzene (for IatroScan), and toluene

(for IatroScan). Occasionally, high purity commercial n-hexane and dichloromethane

were used, directly, in diluting of samples for GC and GC-MS analysis.

3.2.5 Snrca Get auo Oruen CuerwrcaL REAçENTS

Silica gel was used in MPLC fractionation. For the pre-column, Silica Gel 100 (0.2-

0.5 mm) and Silica Gel 100 (0.063-0.2 mm) were packed. The coarser silica gel was

activated by heating for two hours at 600oC, and the finer one was activated by

heating for one hour at 200"C. Sitica Gel 60,Ä,, activated by heating at 120oC, was

packed in the main column.

Deionised water and AR grade silver nitrate were employed in processing the

methanol-soluble inorganic salt(s) obtained from the SFTE of some core plugs.
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Table 3.2 Sandstone core plug samples: well, depth, formation and lithology

UAUK Sample Well Depth (m) Depth (m) Depth(m) Top Depth Base Depth
lftì linch)

Formation
Too

Formation
Base

Lithology
Cologne
No
98051 1

98051 2

9805 1 3

98051 4

98051 5

98051 6

9805 1 7

9805 1 B

98051 9

980520

980521

980522
980523
980524

980525

980526

980527
980528

980529
980530
980531

980532
980533
980534
980535
980536
980537
980538
980539
980s40
980541

980542
980543

Core plug 10

Core plug 11

Core plug 12

Core plug 13

Core plug 14

Core plug 15

Core plug 16

Core plug 17

Core plug 18

Core plug 19

Core plug 20

Core plug 21

Core plug 22

Core plug 23

Core plug 24

Core plug 25
Core plug 26

Core plug 27
Core plug 28
Core plug 29

Core plug 30

Core plug 31

Core plug 32

Core plug 33

Dirkala-1

Dirkala-1

Dirkala-1

Dirkala-1

Dirkala-1

Dirkala-1

Drkala-2
Dukala-2
Dirkala-3

Dirkala-3
Dirkala-3

Garanjanie-2

Garanjanie-2
Garanjanie-2
Thurakinna-2

Thurakinna-2
Thurakinna-2

Thurakinna-3

Thurakinna-3
Thurakinna-3
Thurakinna-3
Wancoocha-1
Wancoocha-1

Wancoocha-1
Wancoocha-1
Wancoocha-3
Wancoocha-3
Wancoocha-3
Wancoocha-3
Wancoocha-3
Wancoocha-4
Wancoocha-4
Wancoocha-4

1624.71

1626.79
'1628.80

1631 .82

1 633.44
1 637.79

1890.24

1894.91

1 398.32
1407.63

1411.22
2011.98

2016.48
2022.34
2282.95

2289.60

2295.32

2275.89
2277.69
2285.87

2287.21
1773.02

1773.68
1 889.63
1890.44
1 564.08
1565.31

1571 .39
1770.25
1779.11

1561.13
1563.37
1566.21

1624.76

1626.84

1 628.90

1631 .95

1 633.57
1 637.89

1890.37

1895.01

1398.37

1407.69

1411.35
2012.08
2016.53
2022.45

2283.02

2289.65

2295.39
2275.94

2277.77
2285.92
2287.28
1773.06
1773.83

1889.78
1 890.52
1 564.1 3

1 565.46
1574.82
1770.44
1779.18

1561 .26

1563.49

1566.29

Birkhead

Birkhead

Birkhead

Birkhead

Birkhead
Birkhead

Murteree

Murteree

Murta
Murta

Murta
Patchwarra

Patchwarra
Patchwarra
Patchwarra

Patchwarra

Patchwarra
Patchwarra

Patchwarra
Patchwarra

Patchwarra
Epsilon
Epsilon

Patchwarra
Patchwarra
Birkhead
Birkhead
Birkhead
Patchwarra
Patchwarra
Birkhead

Birkhead
Birkhead

Birkhead

Birkhead

Birkhead

Birkhead

Birkhead
Birkhead

Murteree

Murteree
Murta

Murla

Murta
Patchwarra
Patchwarra

Patchwarra
Patchwarra

Patchwarra

Patchwarra
Patchwarra

Patchwarra
Patchwarra

Patchwarra
Epsilon
Epsilon
Patchwarra
Patchwarra
Birkhead
Birkhead
Birkhead
Patchwarra
Patchwarra
Birkhead

Birkhead
Birkhead

Sandstone

Sandstone

Sandstone

Sandstone

Sandstone
Sandstone

Sandstone

Sandstone

Sandstone
Sandstone

Sandstone
Sandstone

Sandstone
Sandstone
Sandstone

Sandstone

Sandstone
Sandstone

Sandstone
Sandstone

Sandstone
Sandstone
Sandstone

Sandstone
Sandstone
Sandstone
Sandstone
Sandslone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone

Nñ Middle
1624.73

1626.81

1 628.85

1631 .88

1633.51

1 637.84
1 890.30

1 894.96
1 398.34
1407.66
1411.28

2012.03
2016.50
2022.39

2282.99

2289.63

2295.36
2275.91

2277.73
2285.89
2287.25
1773.04

1773.75
1889.70
1890.48
1 564.1 0

1565.38
1 573.1 1

1770.34
1779.14
'1561 .19

1563.43
1 566.25

Râsê ffrl

5330

5337

5343

5353

5359
5373

6201

6216

4587

461 B

4630

660'l
661 5

6635
7450
7511

7530
7466
7472
7499
7504
5817
581 I
61 99
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51 31
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51 38
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14
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40
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5330

5337

5344

5354
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5373

6202
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4587
4618

4630

6601
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6635

7490
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Table 3.3 Conventional core samples: well, depth, formation and lithology

Cologne
No

UANK
No
49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

6B

980544

980545

980546

980547

980548

980549

980550

980551

980552

980553

980554

980555

980556

980557

980558

980559

980560

980561

980562

980563

Dirkala-1

Dirkala-1

Dirkala-2

Dirkala-3

Dirkala-3

Garanjanie-1

Garanjanie-1

Garanjanie-1

Thurakinna-2

Thurakinna-2

Thurakinna-3

Wancoocha-1

Wancoocha-1

Wancoocha-3

Wancoocha-3

Wancoocha-3

Wancoocha-3

Wancoocha-4

Wancoocha-4

Wancoocha-4

1634.71

1638.09

1888.98

1399.36

1407.57

2018.88

2023.87

2028.50

2286.96

2296.71

2279.52

1881 .98

1890.64

1568.24

1768.60

1772.00

1777.13

1560.57

1563.90

1564.79

1634.84

1638.14

1889.01

1399.43

1407.60

2018.90

2023.87

2028.50

2286.96

2296.71

2279.52

1881.98

1890.64

1568.24

1768.60

1772.00

1777.13

1560.57

1563.98

1564.79

Sample Well

Core 1

Core 2

Core 3

Core 4

Core 5

Core 6

CoreT

Core 8

Core 9

Core 10

Core '11

Core 12

Core 13

Core 14

Core 15

Core 16

Core 17

Core 1B

Core 19

Core 20

Depth(m)
Middle
1634.78

1638.12

1888.99

1399.40

1407.59

2018.89

2023.87

2028.50

2286.96

2296.71

2279.53

1881.98

1890.64

1568.24

1768.60

1772.00

1777.13

1560.57

1563.94

1564.79

Depth (m)
Tôn

Depth (m)
Base

Formation
Too

Birkhead

Birkhead

Epsilon

Murta

Murta

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Birkhead

Patchawarra

Patchawarra

Patchawarra

Birkhead

Birkhead

Birkhead

Formation
Base
Birkhead

Birkhead

Epsilon

Murta

Murta

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Patchawarra

Birkhead

Patchawarra

Patchawarra

Patchawarra

Birkhead

Birkhead

Birkhead

Lithology

Sandstone

Sandstone

Coal

Heterolithic

Silty shale

Coal

Sandstone

Sandstone

Siltstone

Shale, Coal

Sandstone

Coal

Coal

Sandstone

Sandstone

Sandstone

Coal

Sandstone

Siltstone

Coal

5Þ



Table 3.4 Lithological descriptions of the analysed sandstone core plugs and conventional core samples (taken from well completion

reoorts)

Samole V/ell Deoth fm) Formation Litholosv Descrintion and Comments

980511 Dirkala-l 1624.7 Birkhead Massive sandstone: clear to translucent, fine, minor and coarse, moderately well

980514 Dirkala-l 1631.9 Birkhead

sorted, subangular to commonly subrounded, weak to moderate siliceous cement,

minor to moderate white argillaceous matrix, trace lithics, common quartz

overgrowths, fair to good visual porosity, strong fluorescence

Same as above, but thick siltstone underlying the sampling interval within 30 cm.

Massive sandstone: translucent to off white, occasionally fine, trace very fine,

moderately well sorted, subangular to subrounded, moderate siliceous cement,

moderate white argillaceous matrix, minor brown silty matrix, trace micromicaceous

and carbonaceous specks, poor visual porosity, strong fluorescence. Close contact

with siltstone on both the top within 10 cm and the bottom within 30 cm.

Sandstone: translucent, light grey, occasionally clear, fine to occasionally medium,

moderately well sorted, subangular to commonly subrounded, week siliceous cement,

common quartz overgrowths, minor to occasionally moderate white argillaceous

matrix, trace lithics, firm to friable, fair visual porosity, strong fluorescence.

Siltstone occurs around the sampling interval, within 10 cm at the bottom and 30 cm

on the top.

Same as above, with trace siltstone aroun

Massive sandstone: clear to translucent, medium, minor and coarse, moderately well

sorted, subangular to commonly subrounded, occasionally rounded, weak siliceous

cement, cornmon qtastz overgrowths, trace to minor white argillaceous matrix,

commonly clean, predominantly friable, occasionally firm, fair to good visual

oorosrtv , no fluorescence

9805 12

9805 1 3

Dirkala-1

Dirkala-1

1626.8

1628.9

1633.5

1631.8

Birkhead

Birkhead

Birkhead

Birkhead

980515

9805 16

Dirkala-1

Dirkala-1

5(¡



980517 Dirkala-2 1890.3

980518

980519

Dirkala-2

Dirkala-3

1895.0

1398.3

Murteree

Murteree

Murta

Patchawarra

Patchawarra

Patchawarra980528 Thurakinna-3 2275.9

980529 Thurakinna-3 2277.7 Patchawarra Same as a

Sandstone: light grey, very fine to medium, well sorted, subrounded, weak siliceous

cement, white silty matrix, microcarbonaceous, plant root horizons, carbonaceous

laminae with abundant muscovite, becoming thicker and more common with depth,

very poor to fair visual porosity, rare vertical fractures. Fluorescence: trace, dull
pale green/yellow with weak pale green yellow crush, thin ring to trace residue.

Siltstone occurs around the sampling interval, one metre above is 60 cm-thick

siltstone, a metre below very thick siltstone (several metres).

No clear record, surrounded by siltstone, organic matter is probably in sim.

Sandstone: off white to colourless, very fine to fine, moderately to moderately well

sorted, subrounded, siliceous cement, trace argillaceous matrix, rare lithic fragment,

friable, poor porosity, no fluorescence.

Sandstone: light grey-brown, generally medium, occasionally very fine to fine,

occasional bands pebbles, well to very poorly sorted, subangular to subrounded,

com.mon quartzovergrowths, siliceous cement, argillaceous matrix, friable to

moderately hard, common carbonaceous grains, flecks and laminations in part, poor

to fair visual porosity. Trace siltstone occurs beiow the sampling interval (10 cm).

Similar sandstone as above but surrounded by coal laminae in the top and bottom,

which may influence the hydrocarbon composition of the organic matter in the

sandstone. Siltstone occurs around the sampling interval (3 cm below and2 cm

above).

Sandstone with frnely laminated carbonaceous siltstone, minor coaly laminae.

Sandstone: clear to buff, fine to medium, silty, subangular, moderate sorting.

Argillaceous siltstone: black to dark grey, argillaceous, highly carbonaceous.

Abundant siltstone occurs in the sampling interval.

hove- but near siltstone on the toD

980522 Garanjanie-2 2012.0

980523 Garanjanie-2 2016.5

5
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980531 Thurakinna-3 2287.0

980536 Wancoocha-3 1564.1

980537 Wancoocha-3 1565.4

980539 Wancoocha-3 1770.3

980540 Wancoocha-3 1779.1

980541 Vy'ancoocha-4 1561.2

Patchawarra

Hutton

Hutton

Patchawarra

Patchawarra

Birkhead

Interlaminated sandstone and siltstone. Sandstone: light grey brown, medium to

coarse, clean to slightly argillaceous, well sorted, subangualr to subrounded, minor

carbonaceous fragments and lithics. Siltstone: dark grey, argillaceous. Trace dull

orange fluorescence, slow diffuse cut. Siltstone occurs around the sampling interval.

Sandstone with very minor interbeded siltstone. Sandstone: cleat, rarely off white,

medium grained, occasionally coarse grained, well sorted, angular to subrounded,

week recrystallised siliceous cement, carbonaceous material and lithics, very friable,

good visual porosity. Siltstone: brown, arenaceous, micromicaceous, carbonaceous,

blocky, firm. Fluorescence: l00Vo bright yellow white patchy to solid fluorescence'

Moderate to strong streaming moderately thick to thick ring residue.

Lithology same as above but less fluorescenc e: 3OVo dull yellow patchy, weak crush

cut, very thin ring residue decreasing with depth.

Sandstone with rare interbedded siltstone. Sandstone: clear to light brown, medium

to coarse grained, conglomeratic within the sampling interval, good visual porosity-

Siltstone: dark grey to black, very carbonaceous, locally arenaceous, minor

micaceous material, firm to moderately hard. Fluorescence l00Vo moderately bright

to bright yellow white patchy to solid, fast to very fast streaming cut, thick ring

residue. It is congiomeratic in the sampling interval.

Same as above, but the sandstone within the sampling interval is very thin and

sounded by siltstone. Its organic content is most likely be in situ or strongly

influenced by the bitumen in the siltstone.

Massive sandstone with minor siltstone clasts and coal spar. Sandstone: off white,

fine to medium grained, subangular, moderately well sorted, occasional siliceous

cement, trace carbonaceous flecks, friable to firm, fair to good visual porosity.

Siltstone: dark grey, argillaceous in parts, carbonaceous in parts, firm to moderately

hard. Black. earthv to vitreous brittle. Fluo¡çsççnçe; IjAVo moderately
À{



980542

980s44

980545

Wancoocha-4

Dirkala-1

Dirkala-1

980561 Wancoocha-4 1560.6 Birkhead

bright, solid, occasionally patchy, white fluorescence, slow streaming cut, thick ring

to thin residue. Abundant siltstone in the sampling interval.

Same as above. Thick siìtstone 15 cm below.

Similar to 980515

Sandstone similar to that in 980515. The deepest sandstone sample within the

Birkhead Formation, the furthest one away from the siltstone. Its petroleum should

bear more deeper-sourced hydrocarbon fingerprint.

Sandstone: similar to 980528 and 980531, but relatively far away from siltstone.

Sandstone: Same as in 980536, but 4 metres deeper. There exist 4 layers of blocþ,
firm carbonaceous siltstone between them. It could be more appropriate to treat

980557 as pure Hutton Sandstone, because there is nearly no siitstone below this

interval. Hydrocarbons in Plug 980536 are probably more in situ than those in Core

980557.

Sandsotne: same as in Plug 980539, but not conglomeratic at all.

Sandstone: predominantly light brown to clear, coarse to very conglomeratic,

moderate to well sorted, subangular to subrounded, week siliceous cement, very

carbonaceous, plant fragments, very friable, excellent vugular porosity.

Fluorescence l00Vo bright white, solid fluorescence. Instant streaming cut, thin ring

residue.

Massive sandstone with siltstone clasts. Sandstone: off white, light grey, very f,tne to

fine grained, occasionally medium, subangular to subrounded, moderately well

sorted, siliceous cement, white argillaceous matrix, trace carbonaceous flecks, friable

to moderately firm, poor to fair visual porosity. Fluorescence l00Vo moderately

bright to rarely bright, occasionally patchy, white fluorescence, moderately fast to

fast streaming cut, thin ring to thin film residue. Siltstone: dark grey, occasionally

black, llnceous hard.

1563.4

1634.8

1638.1

Birkhead

Birkhead

Birkhead

Patchawarra

Birkhead

Patchawarra

Patchawarra

980554

980557

Thurakinna-3
'Wancoocha-3

2219.5

1568.2

980558

980s59

'Wancoocha-3

Wancoocha-3

fl68.6

t772.O
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3.3. METHODS AND EXPERIMENTS

3.3.1 Cnvoeeutc GC-FID l¡,tsrau¡øeur

The whole research project was made possible by the recent purchase of a new

Hewlett-Packard (HP) 6890 gas chromatograph (GC) coupled to a flame ionisation

detector (FD) and a HP5973 mass selective detector (MSD). In addition to all the

advanced features of the modern GC-FID and GC-MSD, it is also equipped with an

electronic pneumatics control (EPC) and liquid nitrogen cryogenic system (NCS).

Flow rate and/or pressure of the carrier gas and the gas supply to the FID and MSD

are controlled precisely by the EPC. The oven temperature can be set much lower

(-80"C) than the ambient temperature by using the liquid nitrogen cryogenic facility.

By appropriately adjusting the EPC and NCS, it is not difficult to obtain high

resolution for a whole-oil sample, across the entire range of C¡ to C¿s hydrocarbons,

with just one conventional 3O-metre fused silica capillary column. The GC

conditions developed in our laboratory can even quantitatively resolve methane and

ethane.

3.3.2 GC-FID oF WHaLE OtLs AND CaNDENSATES

Cryogenic GC-FID analysis of the untopped oils and condensates was carried out on

the aforementioned HP 6890 GC system. Depending on the gasoline content of the

sample, 0.5 ¡rl to 1.0 ¡rL of crude oil/condensate was injected with a split ratio of

200:1 under an inlet temperature of 280 oC. Two minutes after the injection, the split

flow was automatically reduced from 198.8 ml/min to 20 ml/min by the gas saver.

The GC was fitted with a 30 m x 0.25 mm (i. d.) HP-5 fused silica capillary column

coated with cross-linked 5Vo phenylmethylsiloxane (0.25 pm film thickness). Helium

was used as carrier gas at a 6.8 psi head pressure to obtain a constant flow rate of 1.0

ml/min, or a linear velocity of 19 cm/sec. The oven temperature program was as

follows: -60"C for 2 min; 2O'Clmin to 10'C and held for 1 min; l0'C/min to 20"C;

Z}"Clmin to 40"C; 5.5"C/min to 240"C;6"C/min to 310"C and held fot 20 to 40

minutes. The FID temperature was 32O"C. The flow rates to the detector were:

hydrogen 30 ml-/min and air 400 ml-/min. A makeup gas flow of 29 ml-/min (N2)

50
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Table 3.5 Peak identification in GC-FID analysis of whole oil

Peak No. Compound Retention Time Standard RT
(min) (min)

I
2
3

4
5

6
7

8

9
10
l1
t2
t3
l4
15

l6
t7
18

t9
20

¡so-butane
n-butane
rso-pentane
z-pentane
iso-hexane
n-hexane
metþlcyclopentane
benzene
cyclohexane
2-metþlhexane
3-methylhexane
cis- 1, 3 -dimetþlcyclopentane
tr an s - I,3 -dimethylcyclop entane
tr an s - 1,2 - dimethyl cyclop entane
n-heptane
metþlcyclohexane
toluene
n-octane
xylene (p + m-)
unknown compound (o-xylene?)
n-nonane
1,2,4 -trimethylb enz ene

n-decane
n-undecane
naphthalene
n-dodecane
unknown compond
n-tridecane
n-tetradecane
n-pentadecane
n-hexadecane
n-heptadecane
pristane
phenanthrene
n-octadecane
phytane
n-nonadecane
n -eicosane

4.67
5.32
6.64
7.13
8.37
8.94
9.44
9.94

10.01
10.21
10.39
10.54
10.60
10.66
10.90
r1.37
t2.4t
t3.21
15.03
rs.67
15.84
18.46
18.60
21.33
23.65
23.95
24.29
26.44
28.79
3t.02
33.13
35. l3
35.25
36.89
37.04
37.21
38.89

9.94

12.41

15.07
1s.68

2T

22
23
24
25
26
27
28
29
30
31

32
JJ
34
35
36
37

,38

52



gave a combined flow rate from the column of 30 ml/min. Data were acquired and

processed using a HP Vectra XA5 computer (with Pentium 166 MHz CPU) and

ChemStation software.

An example of a whole-oil chromatogram is shown in Figure 3.4. The numbered

peaks are identified as in Table 3.5. Compound identification was based on

published retention times and the retention times of standards measured on our GC

under the same conditions. The standards used in this project were benzene, toluene,

ethylbenzene, m-, p- and o-xylene. Their retention times are also shown in Table 3.5.

3,3.3 GC-FID oF SATURATED HYDBaaARBaNS

GC-FID analysis of the saturate fractions prepared by MPLC was carried out on the

aforementioned HP 6890 GC system. An HP 7373 liqlid automatic sampler was

used for the injection. The injection amount was 2 ml solution (10 mg/ml in DCM),

with a split ratio of 40:1 under an inlet temperature of 280"C. Two minutes after the

injection, the split flow was automatically reduced from -40 ml/min to 2O ml/min

by the gas saver. The GC was fitted with a 30 m x 0.25 mm i.d. HP-5 fused silica

capillary column coated with cross-linked SVo phenylmethylsiloxane (0.25 pm film

thickness). Helium was used as the carrier gas at a 6.8 psi head pressure to obtain a

constant flow rate of 1.0 ml/min, or a linear velocity of 19 cm/sec. The oven

temperature program was as follows: 70'C for 3 min; 6'Clmin to 100'C and held for

I min; 4'Clmin to 200"C; 6'Clmin to 310'C and held for 20 minutes. The FID

temperature was 320"C. Flow rates to the detector were: hydrogen 30 ml/min and

air 400 ml-/min. A makeup gas flow of 29 rnl-lmin (N2) gave a combined flow rate

from the column of 30 ml/min. Data were acquired and processed using a HP Vectra

XA5 computer (with Pentium 166 MHz CPU) and ChemStation software. Peak

identification was based on published retention times.

3.3.4 lwecnoN TEaHNIQUE FoR Wuorc-otL GC Aunwses

A consistent and appropriate injection method is crucial for reproducible whole-oil

53



GC analyses. Before any injection, the 5-microlitre (¡rL) syringe was thoroughly

washed using petroleum spirit and then dichloromethane (DCM). This involved

repeated flushing of the whole syringe, rinsing the plunger individually, and blow-

drying the syringe in a stream of ultra-high purity nitrogen for at least one hour.

The detailed manual injection sequence is described below:

l. Draw air slowly into the syringe so that the tip of the plunger is at the 1.0 ¡tL

mark.

2. Insert the needle into the untopped oil, draw up the desired volume (0.4-0.8 ¡tL),

and then remove the syringe.

3. Draw a further 2 pL of air into the syringe. The oil sample is now isolated

between two air gaps.

4. Remove any excess sample from the syringe by wiping the outside of the needle

with a clean, lint-free tissue.

5. Hold the plunger in place while aligning the syringe over the injection port. Inject

the sample by inserting the syringe needle into the injector until the barrel of the

syringe rests on the injector. Press the plunger all the way into the syringe.

6. Press 'Start' on the GC keypad.

7. Wait several seconds to allow all traces of sample to enter the system, then

remove the syringe from the injection port.

3,3.5 RrpnopuctBtLtrY Tesr

The detection of subtle trends in oil compositional data places great demands on

analytical reproducibility. To test the repeatibility of our.new anal¡ical method, six

runs of one oil (Sturt-6) using the same GC conditions but different injection sizes

rwere completed before the routine GC analysis of all 120 oils and condensates was

undertaken. The amount injected ranged from 0.5 to 0.8 ¡rL, which is within the

range for obtaining adequate resolution and signal size. The reproducibility of
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representative ratios used in this project is summarised in Figure 4.5 and will be

discussed in Chapter 4.

3.3.6 A+NNCNL EVAPORATION OF MURTA OIL

Loss of light ends from oil/condensate during sampling and storage is a serious

problem for geochemists because it affects the accuracy of oil-oil correlations based

on the ratios of crude oil components, particularly those in the Cs-Crz range. In order

to evaluate the influence of evaporation, a laboratory imitation was designed using

forced evaporation under capillary flow of nitrogen. Briefly, a sample of Murta oil

from Nockatunga-3 (udged to be unaltered according to the published criteria of

Holba et a1., 1996) was artificially evaporated at ambient temperature (ca 20"C)

under a capillary stream of ultra-high purity nitrogen. GC-FID analyses of the

residual oil were undertaken at eleven stages during the course of the evaporation

experiment, which lasted 48 hours. The times at which aliquots of oil were removed

for GC analysis are listed in Table 3.6. The resulting whole-oil GC traces are shown

in Figure 4.3.

Table 3.6 Experimental evaporation of an unaltered Murta oil (at 20'C under

stream of N2)

Test 1234567 8 9 10 11

Evaporation time 0.0

in hours

1.5 3.0 4.5 6.5 8.5 10.5 12.5 18.0 31.0 48.0

All of the eleven GC traces were integrated. Values of selected compound ratios were

calculated and plotted against the evaporation time (Figures 4.4a-d). These crossplots

reveal that evaporation can severely limit the usage of some of the gasoline-range

parameters which have previously been used for the purposes of oil characterisation

and oil-oil correlation.

3.3.7 GC-MS oF WHaLE OtLs AND CoNDEIvsArEs

Gas chromatography-mass spectrometry (GC-MS) of whole oils/condensates was
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performed on a HP 6890 GC coupled with a HP 5973 MSD in selected ion

monitoring (SnyÐ mode. The capillary column specifications were: HP-5MS, 57o

phenyl methyl siloxane, 30 meters long, 250 pm i'd. and 0.25 pm film thickness'

The oven temperature was controlled by the same program as in the whole-oil GC-

FID analysis (see Section 3.3.2). The injection was accomplished by the HP 1673

liquid automatic sampler (LAS), under the following control settings: sample pumps'

6; injection volume, 1.0 pL; syringe size, 10.0 pL; post-injection solvent A (DCM)

washes, 8; viscosity delay, 0 second; plunger speed, fast' Helium was used as the

carrier gas. The head pressure for the carrier gas was 2.1 psi. Typical MS conditions

were: ionisation mode, electron impact (EÐ; electron energy, 70eV; soufce

temperatur e, 230" C; and quad temperature, 1 50oC.

3,3.8 GC-MS OF SATURATED AND ANO¡øNTIC HYDROCARBONS

GC-MS analyses of the saturate and aromatic HPLC fractions were carried out on the

same instrument using the same MS detection mode. The LAS controlling

parameters were: sample pumps, 6; injection volume, 3.0 FtL; syringe size, 10.0 pL;

pre-injection solvent A washes (DCM), 3; pre-injection solvent B washes (n-hexane),

3; post-injection solvent A washes, 3; post-injection solvent B washes, 3; viscosity

delay, 0 second; plunger speed, fast. Sample concentration \ryas about 10 mg/ml in

DCM. The GC conditions were the same as in the aforementioned GC-FID analysis

of saturate and aromatic fractions (see Section 3.3.3). The capillary column and MS

conditions were the same as for whole-oil GC-MS (see Section3.3.7)'

To make the GC-MS peak retention times match those in the GC-FID traces, a series

of carrier gas head pressures were tested (6.8, 6.7,5.6,4.3,3'3,2'1, and 1'7 psi), and

2.1 psi was finally chosen as the head pressure for the GC-MS analysis' By studying

the retention time changes with the head pressure, an explanation of the "tridecane

preference index" (TPI) was provided (see Chapter 4)'

GC-MS peak identification was based on retention time, mass spectra and standard

injections where possible. Pure standards (viz. 1,3,5-trimethylbenzene,

propylbenzene and isopropylbenzene) and two whole-oil samples (viz. Oil 004 of the
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Cooper Basin and Oil 013 of the Eromanga Basin: Table 3.1) were measured by full-

scan GC-MS, under the same GC conditions as used for whole- oil analysis in SIM

mode.

3.3.9 Sotvtur Ftow-TuRoucH ExrnacrtoN oF Cone Pwes

Solvent flow-through extraction (SFTE) is a novel extraction system for whole

sandstone core plugs (Figure 3.5). It was recently developed in the Institute of

Geology, University of Cologne, Germany. The solvent-extractable organic matter is

sequentially extracted from the core plugs while preserving the original rock

characteristics. The system and its operation have been detailed by Schwark et al.

(1997). The following is a brief introduction to the technique.

Figure 3.5 is schematic diagram of the whole SFTE system and the details of the

extraction cell. The personal computer controls the pneumatic switching valves,

solvent flow rates, extraction time (adjusted according to the size of the core plug),

fraction collector position, and the collection of the pressure data (for assessing the

liquid permeability). The Hewlett-Packard HPLC (high-pressure liquid

chromatograph) pump with a preparative head (0.5-30 ml-/min) provides a

maximum pressure of 450 bar. Two kinds of eluting solvents, DCM and a mixture of

DCM and methanol (50:50 v/v), were used. The confining and back-pressure

overflow valves together with the head and back-pressure gauges control the

pressure. Two different extraction cells have been used to allow for two different

sizes of core plugs (2 cm and 4 cm in diameter). The filter and the 16-port selection

valve, in combination with a 16-place fraction collector, help the collection of the

eluates from the core plugs.

The special design of the extraction cell and the solvent flow-path ensure that the

solvent flows through the core plug, but not preferentially via the outer surface

between the plug and the liner. Two metal frits and the end pieces are positioned at

both ends of the plug. They are then placed in the liner of heat-shrinkable fluoro-

ether polymer (FEP). The FEPliner is heated gently with a blow-drier, with the

result that the core plug and the end pieces are held tight and sealed by the shrinking
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Figure 3.5 Solvent flow-through extraction (SFTE) system
a) the system b) the extraction cell
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where it is sealed by a combination of metal, inert rubber O-rings, and two caps on

each ends of the cell body. Solvent is pumped to fill the space between the outside of

the FEP-lined plug and the inner wall of the extraction cell. When the head pressure

exceeds the preset confining pressure (ca. 190 bar), the solvent is allowed to pass the

confining pressure valve and flow through the capillary tube connecting to the cell

inlet. It is vital in this design that the solvent flow path ensures a higher confining

pressure. This is important in preventing the solvent from flowing, preferentially, via

the outer surface of the core. Furthermore, by applying a back-pressure (ca. 50 bar

lower than that of the confining pressure) at the outlet of the extraction cell, solvent

is forced to flow through the entire pore system.

From each plug, six fractions of eluate were collected. The first three fractions were

eluted by dichloromethane, and the other three with a mixture of DCM and methanol

(50:50 v/v). The elution time was determined according to the size or mass of the

core plug. For a plug of 80 g, the first 3 fractions were each about 40 mL, the fourth

was about 20 mL, and the last two each about 60 mL.

Solvents in the collected fractions were removed on a rotary evaporator, at

temperatures lower than 45'C and under negative pressure (DCM solution 600 mm

Hg, solvent-mixture solution, 350-600 mm Hg). All the fractions were analysed by

TLC-FID (IatroScan: see Section 3.3.1 1) to determine their bulk chemical

compositions, quantifying the aliphatic hydrocarbons, aromatic hydrocarbons, NS O-

compounds (resins) and asphaltenes. Selected SFTE fractions were further

fractionated by MPLC (see Section 3.3.10). The MPLC saturates and aromatics were

then analysed using GC and GC-MS.

To assess the efficiency of the SFTE, selected SFTE-extracted sandstone plugs were

ground and extracted further by ASE (see Section 3.3.14).

3.3.1 0 Meorum-PnessunE LIaUD CunouarocRAPHY

Instead of open-column liquid chromatography, a faster and more convenient MPLC

technique was employed in fractionation of EOM from conventional cores, SFTE

fractions, and topped crude oils and condensates. The non-commercial MPLC device
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was designed and assembled by H.V/illsch (see Radke et al., 1980). Its schematic

representation is shown in Figure 3.6.

An Hewlett-Packard preparative pump provided the elution solvent from the n-

hexane reservoir. The pre-columns (10 cm long and 1 cm in diameter) were packed

with 8-9 cm of silica gel 100 (0.063-0.2 mm) and 1 cm of silica gel 100 (0.2-0.5

mm). The main column (25 cm long and 1 cm in diameter) was packed with silica

gel 60 Å (O.O¿S-0.063 mm). The combination of a UV-photometer and a differential

refractometer was used to monitor the separation between the saturate and aromatic

hydrocarbon fractions.

About 500 pL of n-hexane lvas added to 10-50 mg of maltenes (asphaltene-free

extractable organic matter). The whole solution was then transfened into the sample

loop with a micro-syringe. The sample vial was rinsed at least twice with n-hexane

(500 pl) to ensure that all the maltenes had been removed.

Once the sample is loaded on to the sample loop, all the ensuing procedures for a

whole batch of samples are fully automatic. During the initial period, the first

sample is carried by normal flow of n-hexane into the first pre-column where

saturates are separated from the sample and collected. After the total aromatics have

entered the main chromatographic column, and before the mono-aromatics have been

eluted, flow through the chromatographic column is reversed by action of a back-

flush valve and the flow rate increased from 8 ml/min to 12 ml/min. Pre-column

valve indexing is performed at the same time, allowing solvent to pass through the

second pre-column. Polar N, S and O-bearing compounds from the first sample will

remain on the first pre-column which is detached from the solvent line. Thus, pure

aromatics will be collected during the back-flushing procedure. The elution time for

the saturates fraction was 4 min, and that for the aromatics was 6 min. The initial

conditions are restored after this period (i.e. the back-flush valve is switched back

and the flow rate is reduced to the initial setting. Sample loop valve indexing is then

performed to introduce the second sample. Since the rotor motion is rather slow,

dual 20-way valves have to be bypassed during indexing to prevent buildup of

excessive pressure.
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After separation of hydrocarbons had been completed for a given sample batch, the

pre-columns were dismounted sequentially, and the polar NSO-compounds were

recovered, by eluting with DCN{/methanol (93:7 vlv) provided by another device

(viz. a solvent reservoir connected to nitrogen cylinder to provide a pressure of

approximat ely 2-6 bars).

Rotary evaporation was used for removal of solvent from the NSO-fraction, and a

turbo evaporator for the saturated and aromatic hydrocarbon fractions. Selected

saturate and aromatic hydrocarbon fractions (according to the amount obtained) were

analysed by GC-FID and GC-MSD.

3.3.11 laraoScnu

A Th-10 IatroScan equipped with an FID and interfaced to a Hewlett Packard

integrator was used for quantification of the saturates, aromatics, resins and

asphaltenes in the SFIE and ASE extracts. The IatroScan experiments were carried

out according to the published procedure (Karlsen and Larter, 1989, I99l). Briefly,

-zltL aliquots of SFTE fractions dissolved in DCM (20 gil- concentration) were

applied, dropwise, from a 5pl syringe, on to the rods (Chromarod Type A, alumina,

pore diameter 150 Å). The rods were kept at ambient room conditions for about 3

min to dry. They were then developed in tanks of different mobile phases as follows:

30 min in n-hexane for saturates (to I00Vo of rod length), 12.5 min in toluene for

aromatics (50Vo), and 3 min in DCM/IyIeOH (93:7 v/v) for the resins (25Vo).

Between each stage of development, the rods were dried at room temperature for

about 3 min. Peak identification and quantification were achieved by comparison

with a standard. The standard was a DCM solution, containing 10.72 glL of

saturates, 692 glL of aromatics,2.5J gll of resins, and 0.58 glI' of asphaltenes.

3,3.12 luonc,nutc Sat-¡ Trsr

To determine the type of salt recovered in some SFTE fractions, a 57o solution of

AgNO3 was added dropwise to an aqueous solution of the inorganic extract. A white

precipitate indicated that the inorganic extract included halite (NaCl), according to
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the reaction:

Ag* + Cl- -> AgCl J (white)

3.3,13 X-anv DrrnecnoN

To confirm the above mineral identification X-ray diffraction analysis was also

employed. The samples were prepared as smears by grinding in water with an agate

mortar and pestle to form a thin slurry that was then spread on to a glass slide and

allowed to dry.

The samples were scanned in a semi-automated Philips PlV1050 diffractometer,

incorporating a graphite monochromator and using a Co tube operating at 50 kV and

30 mA. The scans were logged as computer disc files, and displayed and processed

using the CSIRO XPLOT computer program.

3.3.1 4 AccercnnrED SaLwENT ExrqAcrtoN

Accelerated solvent extraction (ASE) is another new extraction technique (Richter et

a1.,1996) in which solid or semi-solid samples are enclosed in sample cartridges that

are filled with extraction fluid. The'samples are statically extracted under elevated

temperature (50-200'C) and pressure (500-3000 psi) for a short period of time (5-10

minutes). Compressed gas is used to purge the sample extract from the cell into a

collection vessel. A schematic diagram of the ASE system is shown is Figure 3.7.

The ASE experiments for this project were carried out on a Dionex ASE 200

instrument. Twenty SFTE-extracted sandstone plugs were selected (see Table 6.2)

and ground in a mortar and pestle. About 10 g of rock powder was loaded into each

extraction cell. The samples were then extracted in DCM for 20 min at 75"C and 50

bar. Nitrogen was used to purge the sample extracts. D9M was removed from the

extract solution using rotary evaporation. The ASE extracts were then weighed and

fractionated by latroScan to assess the efficiency of the SFIE.

3.3,1 5 Soxurcr Exrnacnou
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Figure 3.7 Schematic diagram of accelerated solvent extraction (ASE) system.

Core samples were crushed (80-200 mesh) and then Soxhlet extracted with an azeotropic

mixture of DCM and methanol (97:3 v/v) for 72 hr (coal, shale and siltstone) or 60 hr

(sandstone).

3.3.1 6 Ultrasonic Extraction

Ultrasonic extraction was employed in a preliminary survey of all the bulk core and core

plug samples. Crushed core sections (ca. l- 50 g, depending on the visual TOC) were

extracted twice with DCM/methanol (95:5 v/v) in an ultrasonic bath for F2 hr, and then

centrifuged. The supernatant was decanted and collected in a round-bottom flask. The

residue was washed with additional solvent mixture, and centrifuged trvice. The combined

supernatants were concentrated by rotary evaporation and the residues were weighed. This

weight gives a measure of the EOM content and hence a guide to the size of the plug needed

for SFTE to yield adequate residual oil for further analysis.
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CHAPTER FOUR

CHAPTER FOUR

HYDROCARBON MAPPING
BASED ON GC.FID ANA¡-YSIS

4.1 INTRODUCTION

The origin of the Eromanga-reservoired oils has provided lively debate since the first

discovery of oil in the sandstone of the Early to Middle Jurassic Poolowanna

Formation at Poolowanna-l in 1917 (O'Neil, 1996, 1998). Initially, Armstrong ancl

Barr (1986) thought these Jurassic accumulations were derived from the organic-rich

mudstone units of the Eromanga Basin. Michaelsen and McKirdy (1989) and Powell

et al. (1989) maintained that most of the oil reservoired in the Murta Formation of the

Eromanga sequence was derived in situ. Furthermore, using age- and source-specific

biomarkers, Alexander et al. (1988) and Jenkins (1989) recognised Eromanga-

sourced inputs to certain Jurassic and Cretaceous reservoirs. However, Heath et al.

(1989) strongly believed that Permian shales and coals in the Cooper Basin sequence

were the sources of the Eromanga-reservoired oils.

Recently, more and more researchers have proposed that many Eromanga-reservoired

oils are the result of mixed sourcing (Alexander et al., 1996a; Boreham and Hill,

1998; Boreham and Summons, 1999; Michaelsen and McKirdy, 1999, 2000).

Petroleum reservoired in an Eromanga reservoir could be a mixture of hydrocarbons

derived from both the Cooper and Eromanga sources, and even from the Cambrian

carbonates of the underlying 'Warburton Basin. But the mixing scenario is poorly

understood, both qualitatively and quantitatively.

As mentioned in Chapter 1, one of the main aims of this project was to shed some

new light on this question. This chapter presents the results from the first two steps

of the project. One hundred and twenty-three oil/condensate samples were collected

from more than 50 petroleum-producing fields and all but three were analysed by
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cryogenic GC-FID. These samples cover most of the reservoir formations in the

Cooper and Eromanga Basins. All their GC traces were examined for peak

identification and integration, and the oils/condensates grouped (classified) using

hierarchical cluster analysis based on a set of twenty parameters (Table 4.1). Some of

these parameters were adopted from the literature whereas others were newly created

in an attempt to rigorously distinguish the Cooper-hosted oils from those in

Eromanga reservoirs.

Based on this initial screening, a subset of 72 oils/condensates was selected for

further GC-MS (SIM mode) analysis. The pu¡pose of the GC-MS analysis was to

obtain additional source-specific information that would allow the recognition and

quantitative description of mixed charging of hydrocarbon reservoirs (see Chapter 5).

One target area was chosen (Figures 3.I 8L 3.2) to depict how Permian-derived

hydrocarbons migrated from the Cooper to the Eromanga Basin, and then mixed with

Eromanga-derived petroleum and pooled there (see Chapter 6).

This chapter, therefore, discusses the results of the GC-FID measurement and peak

identification, sample quality control, data quality control, parameter selection and

creation, variation of the parameters with reservoir formation, and hydrocarbon

mapping based on the cluster analysis.

4.2 RESULTS AND DISCUSSION

4.2,1 GC-FID A¡uarysts oF Wuore Orcs

Biomarkers have been used in oil-to-source and oil-to-oil correlations for decades.

However, recent studies show that the conventional approach of using several

biomarker distributions (e.9. steranes and terpanes) in these correlations is not always

successful. High-molecular-weight biomarkers are helpful but not always sufficient

for correlation, especially when mixed sourcing occurs. To solve this problem,

whole oils/condensates were injected directly into the GC-FID and GC-MS. This not

only prevents the loss of information carried by the lighrend components, but (in the
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Table 4.1 Parameters for oiVcondensate mapping and their specificity

1. PrlPh - pristane/phytane (source, maturity)

2. Prln-Cn = pristane/n-C17 (source, maturity, biodegradation)

3. Ph/n-Cre - phytane/n-C1s (source, maturity, biodegradation)

4. A = benzene/n-hexane (aromaticity: evaporative fractionation, water-washing)

5. A' = benzene/1c3-dimethylcyclopentane (aromaticity: evaporative f ractionation,
water-washing)

6. B = toluene/n-heptane (aromaticity: evaporative f ractionation, water-washing)

7. B' = toluene/n-octane (aromaticity: evaporative f ractionation, water-washing)

8. X= tn + p-xylene /n-octane (aromaticity: evaporative fractionation, water-washing)

9. X' = rn + p-xylene /n-nonane (aromaticity: evaporative f ractionation, water-washing)

10. C = (n-hexane + n-heptane)/(cyclohexane + methylcyclohexane (paraff inicity:
maturity)

1 1 . I (isoheptane value) = [methyhexanes (Z- + 3-)]/[dimethylcyclopentanes (1 c3- + 1t3-
+ 112- )l (paraffinicity: maturity)

12. F = n-heptane/methylcyclohexane (paraffinicity: maturity)

13. H (heptane value) = 10 x n-heptane/(Xcyclohexane through methylcyclohexane
excluding 1 c2-dimethylcyclopentane) (paraffinicity: maturity)

14. R = n-heptane/2-methylhexane (paraffin, branching)

1 5. U = cyclohexane/methylcyclopentane (naphthene, branching)

16. New 1 = o-xylene/n-nonane (aromaticity: water-washing)

1 7. N ew 2 = 1,2,4-lrim ethyl ben zenel n-decane (a romaticity: wate r-washi n g)

18. New 3 = naphthalene/unknown compound* (aromaticity: water-washing)

19. New 4 = TPI (tridecane preference index) = 3 x n-Cry'(n-Cp+ n-Crg + n-C1a)
(aromaticity: source? water-washing: see Section 3.2.1)

20. New 5 - phenanthrene/phytane (aromaticity: water-wash¡ng)

I

* - peak no.2l (Figure 3.4, Table 3.5)
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case of mixed sourcing or multiple charging) also suppresses the overestimation of

the contribution from the sources that contain relatively more heavy-end biomarkers.

Whole oil GC-FID has been used in studies of petroleum reservoir continuity and

production management (Hwang et al., 1994; and references therein). With the

development of GC techniques, peak resolution has improved, especially in the

gasoline range. This allowed Dzou and Hughes (1993), Thompson (1987) and

Curiale and Bromley (1996) to employ whole-oil GC in "migration fractionation" or

"evaporative fractionation" studies. Holba et al. (1996) used it to investigate the

history of reservoir filling and biodegradation in a field in the Gulf of Mexico.

Recently, Boreham and Hill (1998) and Boreham and Summons (1999) identified

five source-reservoir couplets in Cooper and Eromanga Basins by using whole-oil

GC and other geochemical data.

In the present study excellent resolution was routinely achieved across the entire

range of C¡ to Ca5 hydrocarbons with a 3O-metre fused silica capillary column. As

shown by the chromatograms in Figures 4.la--c, for example, the resolution of peaks

in Cls+ range is no worse than that obtained by conventional GC using a 5O-metre

column. Baseline resolution is achieved between pristane and n-heptadecane (n-Cn)

and between phytane and n-octadecane (n-Cra). Unlike conventional whole-oil

chromatograms, in which the light-end components are commonly congested and

poorly resolved (Hwang et al., 1994), the present chromatograms also display

baseline resolution for most of the low-molecular-weight hydrocarbons (Cr-Cro). In

particular, the C1-C5 alkanes are far more cleanly separated. Also, it is noteworthy

that methane and ethane are still present in some of the Murta oils!

Figure 4.la shows the GC-FID profile of an Eromanga oil (XYOIL53, Nockatunga-l,

Murta Formation). Methylcyclohexane is the most abundant component, and n-

heptane is the major peak in the n-alkane distribution thairanges from C3 to C¡r and

displays no obvious odd or even carbon number predominance. By comparison, the

gas chromatogram of a typical Cooper oil (XYOL57, Tirrawarra-58, Tirrawarra

Formation: Figure 4.2b) is very similar, except that it contains more aromatic
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hydrocarbons, such as toluene, xylene and naphthalene. Another obvious feature is

the apparent predominance of tridecane (n-Cr:) observed in all the Cooper

oils/condensates. This is caused by the co-elution of n-Cr¡ and 2-methylnaphthalene

(Figure 4.2) and is discussed in the next section.

Not all the Cooper- and Eromanga-reservoired crude oils have unimodal GC-FID

profiles, as shown in Figures 4.La & b. Bimodal n-alkane distribution patterns are

also common, skewed toward either the heavy end (n-C23) or the light end (n-Cù.

Some typical bimodal GC-FID traces can be seen in Chapter 5. Figure 4.1c is an

example of a slightly bimodal n-alkane distribution that is strongly skewed toward

the heavy end (maximum at n-Cß). Oils/condensates showing bimodal gas

chromatograms were interpreted to be the results of mixed sourcing or multiple

charging (further discussed in Chapter 5).

4.2.2 Penx loeunncefloN

Identification of peaks in the gas- chromatograms was accomplished based on

retention time, external standards, and GC-MS analysis in full scan mode that

permits mass spectral characterisation. The identified compounds were numbered as

shown in Figure 3.4 and listed in Table 3.5. In fact, the retention times differed

slightly between runs, and the retention times listed in Table 2.5 are those within one

typical run.

A full-scan GC-MS was carried out to determine the structures of some of the

aromatic compounds incorporated in the new parameters created in this study.

Identifications of o-xylene (No. 20), 1,2,4-tnmethylbenzene (No. 22), naphthalene

(No. 25), and phenanthrene (No. 34) were confirmed by their mass spectra. The key

ions in their mass spectra and retention times of these molecules are suÍtmarised in

Table 4.2. Some other relevant compounds, used in the newly devised parameters

that will be discussed in the next chaptet, are also listed here.
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CHAPTER FOUR

Table 4.2 Retention times and key ions in mass spectra of some compounds

involved in the whole-oil characterisation parameters

No Molecular Weight Name Key lons
(mlzl

Retention Time
(min.)

20

21

22

23

25

26

34

35

36

106

128

120

142

128

168

178

254

282

o-xylene

n-nonane

1,2,4-TMB

n-octane

naphthalene

n-dodecane

phenanthrene

n-octadecane

phytane

91,106

57, 128

105,120

57,142

128

57,168

178

57,254

183,282

14.77

15.00

17.72

17.90

23.16

23.58

37.25

37.40

37.60

One compound (No. 2l inTable 3.5) used in one of the new parameters (No. 19 in

Table 4.1) remained unidentified. It elutes after n-Cn in whole-oil GC-FID traces.

Its mass Spectrum shows that the most abundant peaks ate mlz 5'.1,71,85, II3,99,

127, l4t and 155, among which mlz 57 is the major ion and mJz I84 is the molecular

ion. However, the identity of this compound will not be discussed further here since

it does not influence the usefulness of the parameter in distinguishing the

oils/condensates from the Cooper and Eromanga Basins.

What is worthy of mention is the co-elution of tridecane and an isomer of

methylnaphthalene in the whole-oil GC-FID analysis (Figure 4.2). During the initial

GC-FID survey (Yu and McKirdy, 1998), the apparent predominance of n-tridecane

in the Cooper-reservoired crudes was noticed. Accordingly, a new parameter (New 4,

the tridecane preference index, TPI: Table 4.1) was devised to exploit this

phenomenon for the purpose of distinguishing those oils and condensates derived

from the Cooper Basin. The tentative explanation for TPI values >1 was either that

anomalously high n-tridecane levels do occur in Permian source rocks, or (more

likely) that their organic matter contained a specific biomarker that co-elutes with n-

tridecane.

Subsequently, the elevated TPI values were unveiled as an analytical artefact by full-
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CHAPTER FOUR

scan-mode GC-MS analysis of Tirrawarra-reservoired oil, XYOL004 (Tirrawara-

70, DST 1: Table 3.1). Six GC-MS runs, each under a different carrier-gas head-

pressure, were carried out. The results are summarised in.Figure 4.2 and the

retention time changes with the head pressure are listed in Table 4.3.

Table 4.3 Retention time changes of 2- ancl l-methylnaphthalene and n-

tridecane with GC head pressure

GC.MS
Run

XYLAST-2

XYLAST-3

XYLAST-4

XYLAST-5

XYLAST-6

XYLAST-7

Column Head
Pressure (psi)

6.7

5.6

4.3

3.3

2.1

1.7

2-MN
23.90

24.13

24.67

25.15

25.93

26.18

Retention time (min)

n-Tridecane
24.12

24.33

24.84

25.29

26.03

26.26

1.MN
24.30

24.54

25.08

25.57

26,35

26.60

The retention times of the methylnaphthalenes are more sensitive to column head

pressure than that of zr-tridecane. As shown in Table 4.3, with head pressure

increasing from L7 to 6.7 psi, the decrease in retention time for 2- and 1-

methylnaphthalene was 2.28 and 230 min, respectively, whereas that for tridecane

was only 2.14 min.

All the total ion curent (TIC) mass chromatograms of the GC-MS scans and the GC-

FID trace of XYOL004 are compiled in Figure 4.2. The left column of the figure

shows the complete chromatograms and the right column exhibits the expanded

section around n-tridecane. On the top is the original GC-FID trace of XYOIL004,

which shows an apparent "tridecane preference". With the decrease in GC head

pressure from 6.7 to L1 psi, the resolution of 2-methylnaphthalene and n-tridecane

deteriorates to the point where they nearly coelute. If the,head pressure were to drop

slightly below 1.7 psi, these molecules would co-elute completely, causing an

apparent "tridecane predominance" in the TIC mass chromatograms.
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Though the "tridecane preference" in untopped Cooper-reservoired oils/condensates

is in fact an analytical artefact, it is still useful for distinguishing Cooper and

Eromanga oils/condensates. But it must be kept in mind that the phenomenon is

caused by co-elution of a more water-soluble aromatic compound with a less water-

soluble saturated hydrocarbon. Such co-elution is commonly an unavoidable problem

in whole-oil GC-FID and GC-MS analyses.

Like other parameters based on aromatic and saturated hydrocarbons (Table 4.1), the

so-called TPI is sensitive to water-washing. Thus, the "tridecane preference" in

Cooper-reservoired petroleums is likely to disappear once they migrate, laterally

and/or vertically, into stratigraphically younger traps within the Eromanga sequence.

4.2.3 DarnaasE AND Panauerens

One hundred and eighteen whole-oil GC-FID traces were surveyed and integrated.

The areas under the peaks of interest were recorded and compiled in a database.

Twenty peak ratios (compositional parameters) were calculated and the results were

summarised in Table 4.4. The parameters and their specificity are defined in Table

3.4. Fifteen of these parameters were selected and/or modified from the literature

(Powell and Snowdon, 19791' Snowdon and Powell, 1979; Thompson,1983, 1987,

1988; Schaefer and Littke, 1988; Dzou and Hughes, 1993; Hwang et al., t994;

Curiale and Bromley, 1996; Holba et al., 1996; Boreham and Hill, 1998; Boreham

and Summons, 1999). The other five are newly-created parameters, based on careful

inspection of the GC-FID traces.

4,2.4 A+NNCNL EVAPORATION AND PARAMETER EVAruANON

As explained in Section 3.3.6, an otherwise unaltered oil from the Murta reservoir at

Nockatunga-3 was artificially evaporated for 48 hr. and its composition monitored at

eleven stages during the experiment (see Table 3.6). The results are presented in

Table 4.5 and Figures 4.3 &.4.4.

The GC profile of the unaltered oil (Figure 4.3a) is dominated by the Cs-Crz

hydrocarbons. The C5 alkanes, n-pentane and isopentane, have similar
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Table 4.4 Values of ratios (parameters) for oiVcondensate mapping (based on whole oil GC-FID Íteasurements) (page 1i8)

Dqto File GC method Records in the GC Dotobqse Formotion
2 3 5

PrlPh PrlnCl7 Ph/nCI8 A A'

6

B

4

XYOILOOl.D
XYOILOO3.D

XYOILOO4.D
XYOILOOs.D

XYOILOO6.D
XYOILOOT.D
XYOILOOs.D
XYOILOOg.D
XYOILOlO.D
XYOILOI l.D
XYOILOl2.D
XYOILOl3.D
XYOILOl4.D
XYOILOls.D
XYOILOl6.D
XYOILOls.D
XYOILOl9.D
XYOILO2O.D
XYOILO2l.D
XYOILO22.D

XYOILO23.D
XYOILO24.D
XYOILO25.D
XYOILO26.D
XYOILO2T.D
XYOILO2s.D
XYOILO29.D
XYOILOsO.D
XYOILOSl.D

XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M

Tirrawarra
Tirrawatta
Tirrawatta
Patchawarra
Namur
Namur
Namur
Namur
Birk/Namur
Mckinley
Namur
Adori
Patchawarra
Patchawarra
Cadna-Owie
Namur
Birkhead
Namur
Toolachee
Patchawarra
Nappamerri
Birkhead
Hutton
Hutton
Namur
Hutton
Westboutne
Namur
Namur

Tirrawarra-13, DST 4

Tirrawarra-64, DST 1, Tirrawarra
Tirrawarra-7O, DST 1, Tirrawarra Fr
Tirrawarra-7O, DST 2, Patchawarra F r

Taloola-1, DST 2, Namur
Taloola-3, DST 2, Namur
Taloola-2, DST 3, Namur
Tantanna 2, DST 2, Namur
Tantanna 1, DST 3, Birkhead/Namur
Tantanna 9, DST 3, McKinlay
Biala-1, DST 2, Namur
Mooliampah-1, DST 7, Adori
Munkah-2, DST 1, Patchawarra
Yanda-2, DST 2, Patchawarra
Kercummurra-1, DST 1, Cadna-Owie
Wilson-6, DST 2, Namur
Big Lake-37, DST 1, Birkhead
Mooliampah-1, DST 3, Namur
Epsilon-3, DST 5, Toolachee
Lepena-1, DST 3, Patchawarra
Epsilos-3, DST 3, Nappamerri
Spencer-4, DST 2, Birkhend
Wilson-6, DST 1, Hutton

Moolion-1, DST 1, Hutton
Tickalara-2, DST 5, Namur
Wancoocha-3, DST 3, Hutton

Jackson-28, DST 2, Westbourne
Tickalara-2, DST 1, Namur
Ulandi-1, DST 2, Namur

5.74

5.66

5.63

o.44

6.69

6.62

6.30

6.42

7.95

7.55

2.90

0.26

o.22

2.84

4.50

3.55

5.12

2.91

2.93

3.41

2.98

4.14

3.01

7.78

2.92

o.62

2.87

3.45

3.33

0.63

0.59

0.62

0.36

0.86

0.87

0.86

o.78

1.20

1.20

0.27

0.27

0.'t9

o.22

0.46

0.37

o.52

0.26

o.22

0.21

0.21

0.38

0.25

1.65

0.24

0.54

0.25

0.30
0.33

0.12

0.11

0.12

1.00

0.13

0.13

o.14

0.13

o.17

0.17

0.08

1.00

1.00

0.08

0.11

0.10

0.11

0.09

0.09

0.07

0.09

0.09

0.07

0.21

0.07

1.00

0.08

0.08

0.09

0.01

0.03

0.01

o.o2

0.02

0.03

o.o2

o.o2

0.02

o.o2

0.02

0.03

0.0s

0.06

0.01

0.03

0.02

0.03

0.02

0.03

0.03

o.o2

o.o2

0.08

0.02

o.o2

0.01

0.01

o.o2

0.09

0.18

0.08

0.11

0.06

0.05

0.06

0.05

0.04

0.04

0.o7

0.12

0.13

o.'12

0.14

o.17

0.'t9

o.12

o.17

0.15

0.20

0.13

0.11

0.11

0.13

o.20

0.10

0.14
'0.06

0.67

0.47

0.77

1.35

0.27

0.30

o.29

0.33

0.37

0.50

0.16

0.16

2.27

5.76

0.07

0.19

0.11

o.'12

1.64

2.42

0.46

0.08

0.08

0.35

0.11

0.09

0.10

0.09

0.'f I{
-¡



Table 4.4 Values of ratios (parameters) for oiVcondensate mapping (based on whoil GC-FID measurements) (page 2/8)

7 I 9

X X'

l0 lÌ 2 t3

H

t4 t5 tó 17
't8 ì9 20

R U New I New2 New3 New4 New5Dotq File
FcB'

XYOILOOl.D
XYOILOO3.D
XYOILOO4.D
XYOILOO5.D

XYOILOO6.D
XYOILOOT.D
XYOILOOS.D

XYOILOOg.D
XYOILOlO.D
XYOILOIl.D
XYOILOl2.D
XYOILOl3.D
XYOILOl4.D
XYOILOl5.D
XYOILOl6.D
XYOILOls.D
XYOILOl9.D
XYOILO2O.D

XYOILO2l.D
XYOILO22.D

XYOILO2s.D
XYOILO24.D

XYOILO25.D

XYOILO26.D

XYOILO2T.D

XYOILO2s.D
XYOILO29.D
XYOILO3O.D
XYOILOsl.D

0.63

0.47

0.63

0.91

0.04

0.04

0.04

0.04

0.03

0.04

0.09

0.09

0.95

2.45

0.06

0.16

0.09

0.07
't.39

1.{8

0.48

0.06

0.06

0.22

0.09

0.06

0.11

0.11

0.09

1.05

0.92

1.17

1.47

0.28

0.28

0.28

0.27

0.26

o.27

0.24

0.18

2.29

4.39

0.16

0.46

o.25

0.21

1.36

9.86

0.68

0.19

0.17

1.08

0.26

0.17

0.57

0.30

0.26

1.15

0.98

1.15

1.31

0.11

0.11

0.11

0.11

0.11

0.10

0.20

0.'t6

0.96

2.50

0.17

0.23

0.23

0.20
't.46

0.78

0.80

0.16

0.17

o.21

0.27

0.16

0.58

0.36

0.19

0.83

0.76

0.85

0.54

t..Jo
't.38

1.42

0.96

1.40

1.30

0.78

1.02

0.36

0.24

2.25

0.72

1.50

1.05

0.50

0.38

0.65

1.68

1.72

0.22

0.94

3.54

0.99

1.16

0.76

1.62

1.86

1.54

1.67

1.52

1.45

1.53

1.25

1.41

1.33

1.19

1.86

1.44

0.99

2.61

1.68

2.67

1.81

1.77

1.35

1.84

2.27

2.25

0.83

1.61

4.59

1.52

1.76

1.14

0.69

0.52

0.65

0.45

1.21

1.24

't.24

0.85

1.30

1.18

0.61

0.87

0.35

o.25

1.60

0.48

1.10

0.92

0.42

0.32

0.45

1.23

1.44

0.18

0.69

2.96

0.68

0.74

0.60

2.82

2.18

2.73

2.22

3.74

3.72

3.73

3.16

3.92

3.70

2.51

3.05

1.91

1.46

4.23

2.O7

3.53

3.13

1.97

1.64

2.07

3.83

4.10

1.O7

2.67

5.13

¿.to
2.80

2.48

4.07

2.30

4.34

3.93

4.09

3.93

3.BB

3.89

4.63

4.18

3.35

3.1'l

4.27

5.'t4

3.83

2.48

3.36

3.22

3.38

3.43

2.92

3.55

4.25

2.57

3.12

3.60

4.19

3.19

3.47

1.91

1.39

1.85

3.24

o.41

0.44

0.48

0.57

0.48

0.43

0.70

0.93

4.17

6.90

0.87

1.11

1.13

0.77

4.20

3.29

1.98

0.74

0.85

1.51

0.96

0.68

1.53

1.07

0.69

0.23

o.17

o.23

0.25

0.00

0.00

0.00

0.00

0.00

0.00

0.03

0.02

0.18

0.46

o.o2

0.04

0.03

o.o2

0.27

0.20

0.13

0.01

0.02

0.04

0.03

0.00

0.08

0.06

0.01

0.37

o.37

0.38

0.35

0.00

0.00

0.00

0.00

0.00

0.00

0.05

0.04

o.22

o.41

0.02

0.03

0.06

0.04

0.27

0.42

0.22

0.02

0.03

0.03

0.08

0.00

0.20

0.13

0.03

0.95

0.68

0.99

1.22

0.16

0.16

0.16

o.20

0.13

0.13

0.25

0.28

0.93

2.20

0.23

0.14

0.19

0.28

1.20

1.47

0.31

0.22

0.27

0.09

0.32

0.15

0.30

0.27
o.2s

1.22

1.19

1.23

1.19

1.02

1.02

1.00

0.99

1.O2

0.99

1.01

't.03

1.12

1.29

1.O2

1.02

1.05

1.O4

1.10

1.16

1.03

1.02

1.01

1.06

1.06

1.00

1.06

1.04

0.98

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n, d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.
{
ao



Table 4.4 Values of ratios (parameters) for oiUcondensate mapping (based on whole oil GC-FID measurements) (page 3/8)

6

B

4
Pr

5.81

5.01

4.41

5.32

5.29

5.36

4.49

4.53

5.17

3.53

4.43

4.44

4.21

5.15

5.79

5.29

3.59

4.16

4.50

5.91

5.29

3.70

3.22

3.16

4.18

s.40

5.54

4.60

3.79

0.42

0.42

o.42

0.42

o.41

0.40

0.44

0.42

0.39

0.39

o.42

0.43

0.45

o.42

0.43

o.42

0.38

0.50

0.42

0.43

0.40

0.58

0.28

0.30

0.41

0.61

0.63

o.52

0.34

0.09

0.09

0.10

0.09

0.09

0.09

0.10

0.10

0.09

0.10

0.10

0.10

0.1'l

0.09

0.09

0.09

0.10

0.13

0.10

0.09

0.09

0.15

0.08

0.08

0.09

0.12

0.12

0.12

0.10

0.01

0.01

0.01

0.01

0.0'l

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.02

0.01

0.01

0.01

0.02

0.01

0.0'l

0.01

0.01

0.02

0.02

0.03

o.o2

0.01

0.01

0.01

o.o2

5

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.10

0.09

0.11

0.11

0.10

0.11

0.11

0.11

0.07

0.11

0.11

0.11

0.11

0.15

0.13

0.12

0.12

0.09

0.09

0.12

0.18

0.13

0.07

0.10

0.08

0.07

0.08

0.10

0.11

0.08

0.05

0.11

0.11

0.11

0.08

0.11

0.08

0.19

0.11

0.11

0.10

0.07

0.07

0.10

0.19

0.12

0.66

0.61

1.03

0.11

2 3

17 Ph/nCl8 ADoto File GC method Records in the GC Dotobose Formotion

XYOILO32.D

XYOILOs3.D

XYOILO34.D

XYOILOSs.D

XYOILO3ó.D

XYOILO3T.D

XYOILO3B.D

XYOILOsg.D

XYOILO4O.D

XYOILO4l.D
XYOILO42.D

XYOILO43.D

XYOILO44.D

XYOILO45.D

XYOILO46.D

XYOILO4T.D

XYOILO4B.D

XYOILO49.D

XYOILOsO.D

XYOILOsl.D
XYOILO52.D

XYOILO53.D
XYOILOS4.D

XYOILO55.D

XYOILOs6.D
XYOILOsT.D
XYOILOss.D
XYOILOsg.D
XYOILO6O.D

XYOILT.M

XYOILT.M

XYOILT.M

XYOILT.M

X/OILT.M
X/OILT.M
XYOILT.M

XYOILT.M

XYOILT.M

XYOILT.M

XYOILT.M

XYOILT.M

XYOILT.M

XYOILT.M

XYOILT.M

XYOILT.M

XYOILT.M
XYOILT.M

XYOILT.M
XYOILT.M
XYOILT.M

XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M

Murta

Murta

Murta

Murta

Murto
Murto
Murta

Muda
Murta

Westboutne
Murta

Mufta
Muda
Murta

Murta

Murta

Murta
Murta
Murta

Murta
Mufta
Murta
Namur
Namur
Namur
Tirrawarra
Tirrawarra
Patchawarra
Namur

Wilson-2, DST 1, Muda

Kihee-2, DST 1, Murta

Thungo-2, Murta

Dilkera-2 DST 2, Murta

Moxwell-1, Murto
Moxwelþ2, DST l, Murto
Thungo-3, Murta

Thungo-1, DST 1, Muda

MaxwellSouth-1, DST 2, Murta

Thungo-1, DST 4, Westbourne

Thungo-4, Murta

Thungo-1, Murta

Winna-1, Murta

Dilkera-2, DST 2, Murta

Nockatunga-4, Murta

Dilkera-1, DST 7, Muda
Koora-2, DST 4, Murta

Winna-2, DST 1, Murta

Winna-3, DST 1, Murta

Nockatunga-1, Mufta
Maxrruell-2, Muda
Nockatunga-3, Murta

Mooliampah-1, DST 2, Namur

Strzekecki, Namur

Meranji-1, DST 2, Namur

Tirrawarra-S8, DST 3, Tirrawarra
Ti rrawarra-S7, DST 2, Tir raw arra
Gooranie-1, DST 2, Patchawarra
Merrimel ia. Namur{\o



Table 4.4 Values of rarios (parameters) for oil/condensate mapping (based on whole oil GC-FID measurements) (page 4/8)

9
X'

I7

B'

t0 It 12 13 14

H R

t5 tó 17 t8 l9 20

New I New2 New3 4 New5
1.03

1.02

1.03

1.02

1.03

1.03

1.03

1.03

1.02

1.03

1.03

1.03

1.02

1.03

1.02

1.02

1.01

1.03

1.03

1,03

1.03

1.00

1.03

1.02

1.03

1.22

1.22

1.17

1.01

Doto File

XYOILO32.D

XYOILO33.D

XYOILO34.D

XYOILOss.D

XYOILO36.D

XYOILO3T.D

XYOILO3s.D
XYOILO39.D
XYOILO4O.D

XYOILO4l.D
XYOILO42.D

XYOILO43.D

XYOILO44.D

XYOILO4s.D
XYOILO46.D

XYOILO4T.D

XYOILO4s.D
XYOILO49.D

XYOILOsO.D

XYOILOsl.D
XYOILO52.D
XYOILO53.D

XYOILO54.D
XYOILO55.D

XYOILO56.D

XYOILO5T.D

XYOILOSB.D

XYOILOs9.D
XYOILO60.D

0.12

0.07

0.09

0.07

0.07

0.07

0.09

0.09

0.07

0.06

0.10

0.10

0.08

0.07

0.10

0.07

0.06

0.09

0.09

0.10

0.07

0.07

0.09

0.1'l

0.08

0.71

0.75

1.24

0.08

0.53

0.25

0.39

0.31

0.23

0.26

0.38

0.41

0.23

0.18

0.40

0.42

0.34

0.31

0.46

0.31

0.22

0.40

0.36

0.45

0.26

0.19

o.22

0.38

0.19

1.07

0.96

1.29

0.19

0.49

0.25

0.35

0.29

0.22

0.25

0.34

0.36

0.20

0.18

o.37

0.38

0.29

0.29

0.41

0.28

0.14

0.34

o.32

0.40

0.25

0.21

o.22

0.19

0.23

1.21

1.23

1.63

0.'t8

c
0.91

1.36

0.98

1.03

1.16

1.09

0.98

0.92

1.34

1.18

0.98

0.98

0.88

1.05

0.90

1.04

1.25

0.96

0.98

0.91

1.12

1.24

1.38

0.61

0.94

1.02

0.94

0.76

1.96

1.63

2.03

1.65

1.62

1.76

1.72

1.67

1.65

1.83

1.38

1.65

1.61

1.71

1.64

1.59

1.70

1.36

1.70

1.64

1.58

1.69

2.01

1.98

1.21

1.54
'1.56

1.66

1.80

3.02

0.64

0.98

0.68

0.71

0.76

0.73

0.70

0.67

0.90

0.65

0.68

0.69

0.73

o.71

0.62

0.71

1.07

0.71

0.70

0.62

0.74

0.80

1.04

0.41

0.57

o.72

0.76

0.54
1.54

2.67

3.42

2.81

2.90

3.06

2.97

2.84

2.82

3.37

2.77

2.81

2.82

3.04

2.88

2.64

2.88

3.57

2.89

2.88

2.62

2.98

3.07

3.33

1.88

2.40

2.76

2.86

2.27
4.11

3.99

3.98

4.06

4.28

4.05

4.02

4.02

4.16

4.20

4.33

4.10

4.28

4.49

4.15

3.93

3.91

4.30

4.13

4.30

3.93

4.18

3.27

3.26

2.57

2.68

4.11

3.93

3.32

3.40

0.17

1.47

1.59

1.52

1.44

1.46
't.66

1.70

'1.27

1.21

't.64

1.67
't.86

1.50

1.67

1.55

0.67

1.62

1.58

1.66

1.46

1.45

0.84

0.62

0.9s

1.68

1.82

2.74

0.99

0.07

0.03

0.05

0.04

o.o2

0.03

0.05

0.05

0.03

0.03

0.05

0.05

0.04

0.04

0.06

0.07

0.01

0.04

0.04

0.06

0.03

0.02

0.03

o.o2

0.04

o.24

0.24

0.29

0.01

0.17

0.08

0.12

0.10

0.09

0.10

0.12

0.12

0.06

0.11

0.13

0.'t3

0.'10

0.10

0.14

0.10

0.01

0.11

0.11

0.14

0.10

1.00

0.05

0.03

0.05

0.37

0.38

0.38

0.02

0.20

0.18

0.18

0.19

0.17

0.18

0.18

0.19

0.16

0.13

0.19

0.20

0.17

0.19

0.19

0.18

0.13

0.14

0.17

0.19

0.18

0.09

0.24

0.30

0.22

0.94

0.97

1.24

o.27

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.
ooO



Table 4.4 Values of ratios (parameters) for oiVcondensate mapping (based on whole oil GC-FID measurements) (page 5/8)

Doto File GC method Records in the GC Dolobose Formotion
2 3 4

PrlPh PrlnCl7 Ph/nC]8 A

5

A'

6

B

XYOILO6l.D
XYOILO62.D

XYOILO63.D
XYOILO64.D

XYOILO65.D
XYOILO66.D

XYOILO6T.D

XYOILO6s.D
XYOILOó9.D

x/orL070.D
XYOILOTI.D
XYOILOT2.D
XYOILOT4.D
XYOILOTs.D
XYOILOT6.D

XYOILOTT.D

XYOILOTB.D

XYOILOTg.D

XYOILO8O.D

XYOILOsl.D
XYOILOs2.D
XYOILOs3.D
XYOILOs4.D
XYOILOB5.D
XYOILOB6.D

XYOILO8T.D

XYOILOBB.D

XYOILOsg.D
XYOILOgO.D

XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
X/OILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M
XYOILT.M

Nappamerri
Hutton
Hutton
Nappamerri
Toolachee
Tirrawarra
Tirrawarra
Murta
Potchowono
Birkheod
Tirrawarra
Patchawarra
Hutton
Patchawarra
Tirrawarra
Hutton
Permian
Murta
Namur
Toolachee
Tirrawarra
Patchawarra
Murta
Tirrawarra
Westboutne
Namur
Patchawarra
Patchawarra
Birkhead

Merrimelia-17, DST 4, Nappamerri
Wancoocha-2, DST 5, Hutton

Cook-1, DST 3, Hutton
Merrimella, Nappamerri
Della-2, Toolachee
Woolkina, Tirrawarra
Moorari-3, Tirrawarra
Wancoocha-6, Murta
Wippo-ì, DST l, Potchoworro
Jockson South-4, DST 2, Birkheod
Moorari-3, Tirrawarra
Meranji-1, DST 5, Patchawarra
Wilson South-1, DST 3, Hutton

Leleptian-1, DST 3, Patchawarra
Fly Lake-2, Tirrawarra
Merrimelia, Hutton
Daralingie
Alwyn-1, DST 1, Murta
Dullingari, Namur
Aroona-1, DST 3, Toolachee
Tirrawarra, Tirrawarra
Bagundi-1, DST 4, Patchawarra

Mooliampah-1, DST 1, Murta

Bookabou rdie-4, Ti rrawarra

Jackson-3, Westbourne
Nungeroo-1, DST 2, Namur

Nulla-1, DST 3, Patchawarra

Daralingie-1, Patchawarra

4.21

4.87

4.28

2.99

2.O4

5.16

5.42

3.52

0.30

3.69

5.89

4.31

6.09

2.86

6.35

3.88

3.90

3.29

4.18

3.69

5.21

3.08

3.64

2.52

2.90

3.38

2.52

4.00
4.81

0.37

0.54

0.41

0.33

o.'t7

0.59

0.68

0.33

0.22

0.33

o.71

0.38

0.91

0.65

0.77

0.34

0.s0

0.31

0.36

0.21

0.60

o.21

0.31

0.20

o.25

0.34

0.24

0.35

o.47

0.11

0.'t3

0.11

0.10

0.13

0.13

0.13

0.10

1.00

0.08

0.13

0.09

0.16

0.27

0.13

0.10

0.09

0.08

0.10

0.07

0.12

0.07

0.08

0.09

0.07

0.09

0.12

0.'11

0.11

0.01

0.02

0.01

0.01

0.03

0.01

0.01

0.01

0.01

0.01

0.'11

0.01

o.o2

0.07

0.12

0.02

o.o2

0.01

0.01

0.04

0.0'l

0.08

o.o2

0.05

0.01

0.02

0.02

0.03

0.03

0.12

0.19

0.11

0.07

0.16

0.09

0.08

0.12

0.'t5

0.08

0.15

0.10

0.12

0.12

0.18

0.17

0.17

0.09

0.15

0.1 6

0.09

0.12

0.17

0.24

0.10

0.07

0.10

0.21

o.20

1.09

0.09

0.06

0.91

3.64

0.65

0.68

0.08

o.71

0.07

0.92

0.90

0.13

7.01

0.78

0.11
'1.10

0.12

0.09

1.53

0.64

3.55

0.09

2.94

0.10

0.13

2.32

0.97

o.12Wancoocha-2, DST Birkhead
oo



Table 4.4 Values of ratios (parameters) for oiVcondensate mapping (based on whole oil GC-FID measurements) (page 6/8)

7

B'

9I t0 il 12 13

F

t4 l5 tó t7 l8 ì9 20

R U New 'l New 2 New 3 New 4 New 5Doto File
X X c H

XYOILO6l.D
XYOILO62.D

XYOILO63.D
XYOILO64.D
XYOILO6s.D
XYOILO66.D
XYOILO6T.D

XYOILO6s.D
XYOILO69.D

XYOILOTO.D

XYOILOTI.D
XYOILOT2.D

XYOILOT4.D
XYOILOTS.D

XYOILOT6.D

XYOILOTT.D
XYOILOTB.D

XYOILOTg.D
XYOILO8O.D

XYOILOSl.D
XYOILOs2.D
XYOILO83.D
XYOILOs4.D
XYOILOss.D
XYOILOs6.D
XYOILOsT.D
XYOILOss.D
XYOILOSg.D
XYOILOgO.D

1.28

0.07

0.06

0.92

2.O1

0.79

0.81

0.06

0.35

0.06

0.19

0.98

1.25

0.61

0.'16

0.'t1

1.31

0.11

0.08

0.31

0.76

1.25

0.08

2.52

0.10

0.10

0.14

0.83

0.06

1.37

0.15

0.13

1.13

3.46

1.07

1.04

0.19

0.70

0.19

1.51

0.89

0.'t6

2.23

1.26

0.22

1.40

0.31

0.19

1.14

1.03

4.02

0.23

3.26

0.40

0.20

0.90

1.25

0.18

1.75

0.15

0.15

1.16

2.06

1.32

1.25

0.18

0.71

0.18

0.66

1.s0

0.24

2.OO

0.62

0.26

1.74

0.29

0.19

0.80

1.22

1.35

0.24

3.20

0.39

0.19

1.87

1.18

0.16

0.71

3.16

1.82

0.66

0.32

1.09

1.10

2.13

0.94

1.',t4

0.39

0.80

1.54

0.19

0.43

1.24

0.75

0.94

1.BB

0.45

1.12

0.29

1.67

0.46

1.10

0.96

0.37

0.67

4.15

1.65

3.98

2.06

1.13

1.35

1.66

1.66

2.29

2.11

1.29

1.44

1.68

2.07

1.20

2.13

2.21

1.81

1.33

2.35

1.79

1.63

1.24

2.37

1.97

1.55

1.01

1.17

1.79

5.84

0.52

2.44

1.34

0.46

0.30

o.72

0.76

1.50

0.81

0.77

0.39

0.62

1.24

0.18

0.44

0.83

0.54

0.65

1.36

0.39

o.7s

0.30

'1.12

0.38

o.77

0.79

0.30

0.52
3.87

2.22

4.87

4.10

2.03

1.55

2.69

2.78

4.12

3.30

3.04

2.09

2.54

3.87

1.38

2.42

3.02

2.22

2.69

3.88

2.17

2.77

1.74

3.44

1.63

2.98

3.10

1.82

2.29
5.6'l

3.42

ó.co

4.46

3.65

3.99

3.75

3.72

3.78

6.00

4.23

3.86

3.55

4.24

9.99

5.'17

2.86

3.20

3.79

3.68

4.34

3.79

4.65

3.05

1.88

4.O7

7.25

6.37

3.43
4.12

2.43

0.95

0.90

1.77

5.12

1.59

1.60

o.B7

3.69

0.89

2.90

1.41

0.90

s.73

J./O

1.13

2.64

0.88

0.96

3.47

1.59

5.62

0.93

2.58

1.27

0.66

4.05

2.54
0.70

0.30

0.00

0.03

0.22

0.34

0.25

0.26

0.02

0.12

0.03

0.16

o.29

0.00

0.40

0.15

0.03

o.28

0.05

o.o2

0.14

0.24

0.24

0.03

o.44

0.06

0.03

0.36

0.22

0.00

0.42

0.00

0.04

0.36

0.38

0.39

0.40

0.03

0.15

0.08

0.33

0.41

0.00

0.40

0.30

0.07

0.36

0.13

0.04

0.19

0.37

0.32

0.05

0.66

0.12

0.03

0.43

0.29

0.00

0.74

0.17

0.34

0.76

2.01

1.'f1
't.05

0.12

0.70

0.23

0.88

1.15

0.06

0.96

0.69

o.22

1.07

0.23

0.22

0.94

0.9'f

2.12

0.18

1.87

0.30

0.19

1.37

0.80
o.17

1.10

1.00

1.07

1.13

1.30

1.25

1.20

1.01

1.04

1.O4

1.22

1.04

1.00

1. tB

1.20

1.08

1.12

1.02

1.02

1.06

1.21

1.12

1.02

1.28

1.O4

1.01

1.18

1.12

0.98

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.

n. d.
oo
l.J



Table 4.4 Values of ratios (parameters) for oiVcondensate mapping (based on whole oil GC-FID measurements) (page 7/8)

DoÌo File GC method Records in the GC Dqtobose Formotion

Namur
Hutton
Poolowanna
Hutton
Namur
Poolowanna

Hutton

Birlc/Huüon

Poolowanna

Namur

Mckinley

Hutton

Poolowonno
Birkheod
Poolowanna

Birkhead

Poolowanna

Patchawarra

Patchawarra

Birkhead

Patchawarra

Patchawarra

Mooracoochie

Patchawarra
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Table 4.4 Values of ratios (parameters) for oil/condensate mapping (based on whle oil GC-FID measurements) ( page 8/8)
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concentrations to those of n-heptadecane; and are roughly half as abundant as the

main peaks, n-heptane and methycyclohexane. Although not evident in the figure,

this oil even contains propane and ethane.

As expected, the concentrations of the light hydrocarbons decrease significantly with

prolonged evaporation. Within just 1.5 hr, the C¿ and lighter hydrocarbons had

disappeared (see Figure 4.3b); and the content of C5 and C6 alkanes dropped to about

half of their original levels. These changes imply that even short-term (e.g.

overnight) storage of similar crude oils in the open air, or in containers with a large

head-space, ffiây signif,rcantly deplete the front-end components. Thus compositional

parameters based on C5 and C6 hydrocarbon isomers are not very reliable for

geochemical interpretation, particularly when the sample quality or handling history

is not clear.

With increasing evaporation time, the contehts of all the hydrocarbons lighter than n-

Cs decreased markedly. After 3 h¡ of evaporation, the butanes had disappeared from

the GC trace (see Figure 4.3c); and the concentration of n-pentane became'less than

one-tenth of its original level. By 6.5 hr the C5 components had evaporated (see

Figure 4.3d), and n-hexane content had dropped to one-fifth of the original level.

The main peak in the GC profile became n-octane. After 18 hr of evaporation the

concentration of n-heptane became half that of n-octane; after 31 hr, one tenth; and

after 48 hr, most of the components lighter than n-decane had disappeared. Thus,

caution should be exercised when using any parameters that involve hydrocarbon

isomers lighter than n-Cro.

The relative effect of evaporation on compound ratios used in the following

discussion is shown in Figure 4.4 and Table 4.5. The more volatile the hydrocarbons

incorporated in a parameter, the greater the impact of evaporation on its value. It is

obvious that parameters R, U, C, F, A, A', B, and B' (see Table 4.1 for their

definitions) are seriously modified by evaporation; all involve Co and Ct

hydrocarbons. On the contrary, parameters based on components in the C16., range

(viz. PrÆh, TPI, PrlnCn, Ph/nC1s, New 1, New 2, New 3 and, to a lesser degree,

New 5: Table 4.1) are nearly constant with the evaporation. The only light
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Table 4.5 Variation of selected parameters with artificial evaporation time
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hydrocarbon ratios that are not seriously compromised by evaporation are H (heptane

value), I (isoheptane value), X (m + p-xyleneln-octane) and X' (m + p-xyleneln-C).

The main reason for this stability during evaporation may be that the hydrocarbons

involved in any one of these parameters have similar vapour pressures and so they

are affected similarly by evaporation.

The five new parameters were developed based on the artificial evaporation

experiment and careful inspection of all the whole-oil gas chromatograms. Their

geochemical significance will be discussed later in this chapter. Cross-plots of these

ratios against artificial evaporation time for the Nockatunga-3 (Murta) oil (Figure

4.4b & c) demonstrate that most of them display negligible variation under the

conditions of the artificial evaporation experiment. They should be effective

parameters, even in the case of poor quality of oil samples. Apparent random changes

in the evaporation profiles of New 2, New 3 and New 5 (Figure 4.4c) arc caused by

the unusually low concentrations of the aromatic hydrocarbons (viz. naphthalene,

1,2,4-trimethylbenzene and phenanthrene) in this and other Eromanga oils. Their

contents are too low to permit consistent integration of their peak area. This does not

affect their validity in distinguishing between Cooper and Eromanga petroleums,

because the aromatic compounds in question have concentrations ten times higher in

the former crudes.

4.2.5 RepnooucrBtLtry oF THE GC-FID MeasunemEnrs

As described in Section 3.3.5, multiple injections of the same oil (Sturt-6, DST 1,

Patchawara?) were made to assess the analytical reproducibility of the GC-FID

technique. The results are summarised in Table 4.6 and Figure 4.5.

The experimental results showed adequate reproducibility in the whole-oil GC-FID

analysis for the pulpose of this project. Deviations of the six runs are negligible

relative to the difference between different samples (and especially between the

Cooper and Eromanga crudes). As shown in Figure 4.5 and Table 4.6, the standard

error for all the parameters among the six runs ranges from0.l%o to 5.9Vo with Pr/Ph

showing the greatest error. The other largeset errors are 3.6Vo,2.6Vo and 2.2Vo for
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a: 0.0 hr ncz f: 10.5 hr

ncs

b:1.5 hr g: 12.5 hrncz

\
ncs

\

c:3 hr h: 18 hr
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nCz

\

d: 6.5 hr i:31 hr

nCo
nCa

\

j:48 hr
e: 8.5 hr

nCo

\

nQo

Figure 4.3 GC-FID chromatograms of a "whole oil" after artifical evaporation
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CHAPTER FOUR

parameters U, F and C, respectively. Errors for the remaining parameters are less

than l.3%o.

4.2,6 DtsnucutsHlNc Coopnn AND ERzMANaA Cnupes

Gas chromatographic traces of typical Eromanga and Cooper crude oils are shown in

Figure 4.Ia &b. The Eromanga oil is from the Murta Formation in Nockatunga-3,

and the Cooper crude is from the Tinawarra Formation in Tirrawarra-58. By contrast

with the Eromanga oil, it can be seen that the Cooper oil contains higher

concentrations of aromatic hydrocarbons (viz. toluene, xylene, naphthalene, I,2,4-

trimethylbenzene and phenanthrene). Surprisingly, unlike the other low-molecular-

weight aromatic compounds, benzene does not show any obvious concentration

difference between the Cooper and Eromanga crudes. The most unusual

characteristic of the Permian oils is their marked apparent tridecane preference in the

n-alkane profile (see Figure 4.1b). As discussed in Section 4.2.2, this feature (causecl

by the coelution of n-tridecane with 2-methylnaphthalene: Figure 4.2) is absent in the

Murta and other Eromanga-reservoired oils.

The aforementioned diagnostic features for distinguishing Cooper and Eromanga

hydrocarbons are reflected in a variety of the parameters listed in Table 4.1.

Parameters A, B, X, C, I, F, H, R and U (and their assigned significance) are

compositional ratios employed by Thompson (1983, 1987, 1988) to classify

petroleums in terms of their source, thermal maturity and degree of evaporative

fractionation. Parametel's A', B' and X' are variations of the original equivalent

Thompson ratios. Compositional differences between the Cooper- and Eromanga-

reservoired crude oils can be displayed using crossplots of these parameters versus

reservoir formation (grouped in order of increasing stratigraphic age from left to right

on the abscissa axis: see Figures 4.6 &.4.7). A complete set of these crossplots may

be found in Appendix 1 (Figures A.la-s). The newly developed parameters (e.g.

New 1: Figure 4.6) are more effective than many of the conventional ones (e.g.H,

Heptane Value: Figure 4.1) in distinguishing Cooper and Eromanga crude oils.

It witl be shown below that, among all the parameters listed in Table 4.1, New l-4

are the most effective in differentiating the Permo-Triassic oils from those in
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Table 4.6 Reprodqcibility of selected parameters fiom six injections of the same whole-oil sarnple on GC-FID

Test Pr/Ph PrlnC17Ph/nC18 A B

0.104

0.'105

0.141

0.103

0.105

0.154

X

0.'162

0.167

0.164

0.165

0.165

0.168

c

0.780

0.774

0.640

0.770

0.767

o.777

F

0.615

0.611

0.455

0.609

0.610

0.614

U

2.043

1.928

2.031

2.O41

2.056

1.833

Newl New2 New3 New5

Run 1 (0.8 pl) 5.859

Run 2 (0.5 pl) 6.216

Run 3 (0.7 pl) 5.905

Run 4 (0.8 pl) 5.922

Run 5 (0.7 pl) 5.895

Run 6 (0.5 pl) s.810

Result of data analYsis

Mean 5.935

s. E.* 0.059

Median 5.900

Mode #N/A

s. D.* 0.144

s. v.* 0.021

Kurtosis 4.544

Skewness 2.009

Range 0.406

Minimum 5.810

Maximum 6.216

Sum 35.608

Count 6.000

c. L. * 0.151

O.BB9

0.877

0.877

0.874

O.B7B

0.890

0.158

0.151

0.157

0.157

0.157

0.163

0.037

0.031

0.033

0.033

0.038

0.040

2.364

2.372

2.353

2.357

2.355

2.438

0.047

0.048

0.045

0.049

0.047

0.049

0.081

0.082

0.083

0.083

0.081

0.079

0.291

0.282

0.239

0.284

0.257

0.265

0.044

0.040

0.036

0.053

0.061

0.o27

0.881

0.003

0.878

#N/A

0.007

0.000

-1.746

0.734

0.016

0.874

0.890

5.285

6.000

0.007

0.157

0.002

0.157

#N/A

0.004

0.000

2.342

0.076

0.012

0.151

0.163

0.943

6.000

0.004

0.035

0.001

0.035

#N/A

0.003

0.000

-0.903

0.085

0.010

0.031

0.040

0.211

6.000

0.004

0.1 19

0.009

0.10Þ

#N/A

0.023

0.001

-1.017

1.107

0.051

0.103

0.154

0.712

6.000

0.024

0.165

0.001

0.165

#N/A

0.002

0.000

-0.992

0.297

0.006

0.162

0.168

0.991

6.000

0.002

0.751

0:022

0.772

#N/A

0.055

0.003

5.857

-2.412

0.139

0.640

0.780

4.508

6.000

0.057

2.373

0.013

2.361

#N/A

0.033

0.001

5.046

2.213

0.085

2.353

2.438

14.239

6.000

0.034

0.586

0.026

0.611

#N/A

0.064

0.004

5.973

-2.442

0.160

0.455

0.615

3.514

6.000

0.067

1.989

0.036

2.036

#N/A

0.089

0.008

0.783

-1.392

0.223

1.833

2.056

11.933

6.000

0.094

0.047

0.001

0.048

#N/A

0.001

0.000

0.698

-1.183

0.004

0.045

0.049

0.284

6.000

0.002

0.081

0.001

0.082

#N/A

0.001

0.000

0.400

-0.896

0.004

0.079

0.083

0.489

6.000

0.001

0.270

0.008

0.274

#N/A

0.020

0.000

-0.701

-0.667

0.052

0.239

0.291

1.618

6.000

o.021

0.044

0.005

0.042

#N/A

0.012

0.000

-0.515

0.213

0.034

0.027

0.061

0.261

6.000

0.013

\oè

* S. E. Standard Error

S. D. Standard deviation

S. V. Sample Variances

C. L. Conf,idence Level (95Vo)
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CHAPTER FOUR

Eromanga reservoirs (see Figures 4.6 and 4.1 m-p). Only three of Thompson's

(1983, 1987, 1988) ratios, B, X and LI, can match the effectiveness of the new ones

(see Figures 4.le, f & I). Crossplots of the remaining parameters (4, F, C, I, H, R,

Pr/nCts, PTt/nCß, and Pr/Ph) reveal no evident systematic diffelences between the

Cooper and Eromanga crudes (see Figures 4.7 and A.la-d, g-k).

The following sections cliscuss in detail how each of the parameters may be used in

distinguishing Cooper and Eromanga crude oils, with a view to understanding the

petroleum mapping based on cluster analysis. The results of statistical analysis for

all the parameters are listed in Tables 4.74.9.

4.2.6.1 PrlPh

Being easily measured using simple gas chromatography, the relative abundance of

pristane and phytane (Pr/Ph) is commonly applied in various aspects of organic

geochemistry. Powell and McKirdy (1973) found that Pr/Ph ratio ranges from 5 to 11

among high-wax Australian oils/condensates sourced from non-marine source rocks,

whereas in crude oils derived from marine organic matter the ratio ranges from I to

3. Clayton et al. (1987) distinguished 3 types of Paleozoic oil in the Northern Denver

Basin based mainly on their Pr/Ph ratio and stable carbon isotope composition. Pr/Ph

was initially proposed to indicate the redox potential of organic-rich sediments

(Didyk et al., 1978). Schwark and Puttman (1990) reported that the Pr/Ph ratio also

showed some relationship with palaeosalinity.

However, there are factors other than depositional environment that affect the Pr/Ph

ratio. Firstly, the phytyl side chain of chlorophyll in phototrophic organisms is not the

only precursor of pristane and phytane (Chappe et al., 1982; Itlich, 1983; Goosens et

al., 1984; ten Haven et al., 1987; Rowland, 1990). Secondly, the Pr/Ph value

depends on the thermal maturation level of the host sediment or source rock from

which the oil was derived (Brooks et al., 1969; Albrecht et al., 1916; Radke et al.,

1980a; Alexander et al., 1981; Burnham et a1.,1982; Connan, 1984; ten Haven et al.,

1e87)

Previous studies of the petroleum geochemistry of the Cooper and Eromanga Basins
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CHAPTER FOUR

have used the pristane/phytane ratio to characterise the depositional environments of

its source rocks and the source affinity of its oils (McKircly, 1982, 1985; Vincent et

al., 1985; Jenkins, 1989; Michaelsen and McKirdy, 1989; Powell et al., 1989;

Michaelsen and McKirdy, 1996; Boreham and Hill, 1998; Boreham and Summons,

1999).

From the data of this project, it is evident that the PrÆh ratio provides little help in

distinguishing Cooper and Eromanga petroleums (Tables 4.74.9; Figure A.1a). This

may be a leflection of the similarity of the organic facies in the Cooper and

Eromanga Basins. As displayed in Figure A.1a, the Pr/Ph values distribute erratically

between and within the reservoir formations. Six Namur and thirteen other

Eromanga-reservoired oils/condensates show very high values (Pr/Ph > 6), whereas

crude oils reservoired in the Toolachee Formation and some (but not all) of those in

the Patchawarra Formation tend to have somewhat lower values (Pr/Ph < 5).

The Pr/Ph ratios of the Eromanga-reservoired oils (range = 0.26-:7.95, mean = 4.9I)

are only slightly greater than those for the Cooper oils and condensates (range =

0.22-6.35, mean = 4.I3). Values for the whole sample set range from 0.22

(XYOL014, Munkah-2, Patchawarra) to 7.95 (XYOL010, Tantanna-1,

Birkhead/Namur), with a mean of 4.67.

4.2.6.2 Prln-C¡ and Ph/n-Crs

Being as easy as Pr/Ph to obtain by gas chromatography, the two isoprenoidln-alkane

ratios Prln-Cn and Phln-Cre are also commonly used in oil-to-oil correlation.

However, they are readily affected by several geochemical processes. Both of them

decrease with increasing thermal maturity, and this made Alexander et al. (1981)

propose the using of the ratio (Pr+n-Còl(Ph+n-C¡s) because it is less affected by

variations in thermal maturity. Biodegradation by aerobic bacteria is a secondary

alteration process that also influences the two ratios, 'because the n-alkanes are

generally attacked prior to the isoprenoids (Connan, 1984; Seifert and Moldowan,

1979; Zhang et al., 1988).

Like PrÆh,thePr/n-C17 and PUn-Clsratios are not very helpful in distinguishing the
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CHAPTER FOUR

Cooper and Eromanga crude oils. As shown in Figures A.lb & c, there are no regular

patterns for the distributions of Prln-C¡7 and PNn-Cß according to reservoir unit.

The values of Prln-Cn and PWn-Cß are highest in six Namur, several

BirkheadÆIutton, eight Poolowanna and ten Patchawarra crudes. The majority of the

Pr/n-Cn values distribute around 0.4, and the median of the Ph/n-Crs is 0.1 (see

TabIe 4.7).

Again, statistical analysis shows that there is no clear contrast between the Cooper

and Eromanga crude oils in terms of their Pr/n-Cn andPWn-Crs distribution patterns.

In the Cooper crudes Prln-Cn ranges from 0.17 to 1.06 (mean =0.49) (Table 4.9)

whereas in the Eromanga petroleums it ranges from 0.24 to 1.65 (mean = 0.60)

(Table 4.8). Though the difference between the two means is lalger than IlVo of their

average value, it is still very difficult to use thePr/n-Ct7 ratio to distinguish the crude

oils reservoired in the Cooper and Eromanga Basins, because of the overlap in the

two data ranges.

Similarly, the Ph/n-C¡s ratios range from 0.07 to 0.21 (mean = 0.I2) for the analysed

Cooper oils/condensates (TabLe 4.9), and from 0.07 to 0.21 (mean = O.I2) for the

analysed Eromanga crude oils (Table 4.8). It is even more difficult to use this ratio to

distinguish the Cooper and Eromanga oils/condensates, because the data distribute in

nearly the same pattern about the same mean for the two groups of crude oils.

4.2.6.3 Parameter G

Parameter C, which is the ratio of (n-hexane + n-heptane)/(cyclohexane +

methylcyclohexane), was first proposed by Thompson (1983) as an indicator of

paraffinicity and maturity. Later Thompson (1987, 1988) concluded that this ratio

also decreasecl in a crude oil with loss of its light encls in the subsurface by the

process of "evaporative fractionation" or "migration fractionation".

From the trend illustrated in Figure A.ld it is evident that the Eromanga-reservoired

oils generally have larger C values than the oils/condensates from Cooper reservoirs.
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CHAPTER FO

Although the majority of the C values in the Cooper population are =1.0, values

larger than 1.2 occur in many of the Eromanga samples.

Statistical analysis of the data for parameter C shows the same trend. The C values

of the whole set of 115 counted oils/condensates range from 0.19 to 4.15 (mean =

1.08: Table 4.7). Comparison of the 81 Eromanga-reservoired crude oils (range =

0.224.15, mean = 1.26: Table 4.8) with the34 Cooper-reservoired petroleum (range

= 0.19 to 0.I2, mean = 0.66: Table 3.9) reveals that the rnean of parameter C for the

Eromanga-reservoired oils is about twice that for the Cooper-reservoired crudes.

Both migration and maturation could have influenced the distribution of C values in

the Cooper and Eromanga crudes (Figure A.1d). Previous studies (e.g. Tupper and

Burckhardt, 1990, using MPf; have shown that the latter oils are, on average, less

mature than the former. Yet, according to the principles outlined by Thompson

(1987,1988), any migration of petroleum light-ends from the Cooper to the

Eromanga Basin (as proven to be the case in Chapters 5 and 6) should mean that the

"paraffinicity" (and apparent maturity) of those petroleums pooled in the Eromanga

strata are greater than that of the oils remaining in the Cooper Basin. Both processes

would tend to enhance the C value of petroleum derived from the Cooper Basin and

reservoired in the overlying sequences.

Whereas either "migration fractionation" or thermal evoltttion (or both of them

together) could explain the distribution pattern of C values in Figure 4.ld, the former

is believed to be more important in the CooperÆromanga province. It is significant

that the largest values of parameter C are displayed by Eromanga-hosted crudes from

the Wancoocha Field (viz. 3.16 and 3.54 in the Hutton oils at Wancoocha-2 & 3;

4.15 in the Birkhead oil at Wancoocha-2; andZ.l3 in the Murta oil at'Wancoocha-6).

This field is located on the southwestern margin of the Nappamerri Trough (Figure

3.1). Similarly, two fields on the southwestern flank of the Patchawarra Trough,

Taloola and Sturt, (Figure 3.1), also contain oils with high values of parameter C

(vï2. 2.10 in Taloola-2, Hutton oil; and 2.21 in Sturt-6, Birkhead oil). In all these

instances, the Eromanga oil pools are positioned near or beyond the zero edge of the

Cooper Basin, allowing vertical migration of hydrocarbons past the regional
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Nappamerri seal (Heath et al., 1989; Kagya, 1997). A similar migration scenario is

likely at Cook-l (Hutton: C = 1.82) and Kercummurra-l (Cadn-Owie: C = 2.25),

located just beyond the northern and southern edges, respectively of the Cooper

Basin in Queensland. Other oils with high C values include those from the

Menimelia Field (Namur: C = 1.96) on the GMI Ridge (Figure 3.1) and the V/ilson

Field (Hutton: C = 1.68) on the Jackson-Naccowlah Trend, an extension of the GMI

Ridge in Queensland (Vincent et al., 1985). Here major faults or erosional

unconformities provide pathways for migration of Permian hydrocarbons into

Eromanga reservoirs. It is not clear, however, why oil in the Namur Sandstone of the

Dullingari Field has a high C value of 1.88.

Scenarios of long-distance migration from Cooper Basin source rocks into Eromanga

reservoirs along faults or past the zero edge of the Cooper Basin (cf. Heath et al.,

1989) are further elaborated in the following chapters.

4.2.6.4 Parameter H (Heptane Value)

The Heptane Value (H = 10 x n-heptane/(I all compounds eluting between

cyclohexane and methylcyclohexane, excluding cis-1,2-dimethylcyclopentane) is

another conventional light-hydrocarbon indicator of maturity in petroleum. It was

one of two parameters first measured by Thompson (1979) in the Cz-Ct

hydrocarbons recovered from mudstones and shales, and chosen to evaluate

"paraffinicity" (i.e. ratios of normal paraffins to naphthenes or, in the case of the

second parameter, branched paraffins to naphthenes) in terms of stratal temperature.

He later found that the Heptane Value is closely related to vitrinite reflectance, the

most robust maturity indicator (Thompson, 1983). Schaefer (1992) and Schaefer and

Littke (1983) reported similar relationships in Toarcian Shales. They proposed two

equations relating vitrinite reflectance (Rm) to heptane and isoheptane values similar

to those of Thompson: Rm = 1.0 + 1.8 log V and Rm = 0.84 + 1.1 log J, where V =

C7 paraffinlcT naphthenes and J = (2-methylhexane + 3-methylhexane)/(cis-1,3- +

t r an s - 1,3 - + t r an s - 1,2- + c i s - 1,2-dimethylcyclopentane).

Figure 4.7 shows the distribution of Heptane Value (H) across the reservoir

102



CHAPTER FOUR

formations. The pattern is somewhat similar to that of parameter C discussed above

in that the values are larger in the Eromanga-reservoired crude oils (range = 1.07-

5.61; mean = 3.24) than in the Cooper-reservoired petroleums (range = 1.38-3.3;

mean = 2.28).All the 11 oils with H values >4.0 are reservoired in the Eromanga

sequence. These include oils from the same fields with high C values, viz.

Wancoocha, Taloola, Sturt, Merrimelia, Wilson, Cook and Kercummurra which are

adjacent to the pinchout of the Permo-Triasssic infra-basin, or at Meruimelia where

the Eromanga reservoirs are unconformably underlain by the Permian section. Thus,

parameters C and H have very similar geochemical significance.

Though petroleum paraffinicity is affected by various factors (such as kerogen type,

maturity, migration and biodegradation) fi'actionation cluring the migration of

Cooper-sourced hydrocarbons into the Eromanga reservoirs appears to be the main

reason for the higher paraffinicity seen in certain Eromanga oils. Organic facies are

very similar throughout the non-marine sequences of the Cooper and Eromanga

Basins, and hence the hydrocarbons derived from them should have similar

palaffinicity at the same maturity level. Although mixed charging of some Eromanga

reservoirs has occurred (see Chapters 5 & 6), the average maturity of Cooper-

reservoired crudes is greater than that of the Eromanga-reservoired oils (Boreham

and Hill, 1998; Boreham ancl Summons, 1999). There is little or no evidence of

biodegradation in either the Cooper or Eromanga Basin, probably because reservoir

temperatures are too high (D.M. McKirdy, pers. comm., 2000).

Basin margin pinchout of regional seals and faults along anticlinal trends can provide

the migration paths for Cooper-derived petroleums into younger horizons (Heath et

al., 1989; Passmore, 1989). However, not all the Eromanga-reseryoired oils are

sourced entirely from the Cooper Basin. Hydrocarbons derived from Cooper soul'ces

can also mix in the Eromanga reservoirs with the local Eromanga-derived petroleum

(Jenkins, 1989; Boreham and Hill, 1998; Boreham and Summons, 1999; Michaelsen

and McKirdy, 1999,2000). The distribution patterns of parameters H and C in the

Cooper and Eromanga oils do not conflict with the above scenario.
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4.2.6.5 Parameter I (lsoheptane Value)

Isoheptane Value (parameter I in Table 4.1) was first used as an indicator of

petroleum paraffinicity and maturity by Thompson (1983, 1987). It is very similar to

the parameter J of Schaefer and Littke (1988) and Schaefer (1992). In fact, the

difference between the I and J values of common crude oils is negligible, because the

concentration of cis-I,2-dimethylcyclopentane is very low in comparison with all the

other 5 components inco¡porated in the parameters. Mango (1981, 1990a,b, 1997)

reported an invariance of some ratios involving isoheptanes, but ten Haven (1996)

proposed that caution should be exercised when applying Mango's ratios.

The distribution of I values among the reservoir strata in the Cooper and Eromanga

Basins is depicted in Figure 4.1f. The figure shows that the average Isoheptane

Values are very similar for the crude oils from both basins and no discrimination is

possible. The majority of the values fall in the range I-2, but larger values (up to

5.84) do occur, most notably in Jurassic reservoirs in the'Wancoocha and Taloola

Fields. These fields are close to the margin of the Cooper Basin where high

paraffinicity petroleums have already been noted. I values for the Eromanga-

reservoired oils vary between 0.83 and 5.84 (mean = 1.90: Table 4.8), whereas for

the Cooper-reservoired petroleum a n¿urower range is evident (I= 0.99-2.43), with a

mean of 1.68 (Table 4.9).

4.2.6.6 Parameter F

Parameter F (= n-heptane/methylcyclohexane: Table 4.1) is another paraffinicity and

maturity indicator proposed by Thompson (1987). Relative to the other parameters, it

is easier to measure because both n-heptane and methylcyclohexane are very

abundant and well resolved in whole-oil GC traces (see Figures 3.4 and 4.1). This

parameter behaves in a similar manner to those of parameters C, H and I with respect

to reservoir distribution (Figure A.1g). It is obvious that.all values of F >1 occur in

Eromanga-reservoired oils, whereas petroleum in the Cooper reservoirs has

uniformly low F values (<1). The Eromanga oil samples with the highest F values

are encountered in the fields that are most likely to have received Cooper-derived
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hydrocarbons. These include'Wancoocha, Taloola and Sturt (Table 4.4) where the oil

charging Jurassic reservoirs appears to have undergone compositional fractionation

during migration.

4.2.6.7 Parameter U

Parameter U (cyclohexane/methylcyclopentane: Table 4.1) is one of several ratios

suggested by Thompson (1987) to indicate the normality or branching of alkanes in a

crude oil. In this case it measures the content of an unbranched (unsubstituted)

naphthene relative to that of the corresponding branched (substituted) isomer. Its

value increases in the residual light hydrocarbons left behind in a reservoir after

evaporative fractionation has occurred (Thompson,1987).In other words, migrated

hydrocarbons have smaller U values than those remaining in the original

accumulation; whereas unfractionated petroleum (reservoired in situ) has a U value

intermediate between the migrated and residual crudes. Thus, if evaporative

fractionation happens with the leakage of hydrocarbons from the Cooper Basin

sequence into shallower Eromanga reservoirs, the U values of the migrated

petroleum should be smaller than those of the residual Cooper-reservoired crude oils.

This is proven to be the case by the U value distribution illustrated in Figure A.lh.

It is quite evident that U values of the Cooper-reservoired hydrocarbons (U = 0.93-

6.90; mean = 2.84: Table 4.9) arc larger than those of the Eromanga oils (U = 0.17-

2.68; mean = 1.17: Table 4.8). A closer inspection reveals other more subtle

differences among crude oils from different formations. V/ithin the Cooper Basin,

the U values of the Toolachee and Patchawarra-hosted hydrocarbons (>3) are larger

than those in other reservoirs. Only a few Tirrawarra crude oils have U values larger

than 2; and all but one of the Nappamerri oils share similar U values with the

Poolowanna oils. Within the Eromanga Basin, the U values of oils reservoired in the

Murta and Poolowanna Formations (U = 2) are larger than those encountered in the

other Eromanga strata (U < 1).

The above U value distribution can be explained by the following scenario of

petroleum generation and migration within Cooper and Eromanga Basins:
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1. The majority of the hydrocarbons reservoired in the Tirrawarra Formation seem

to have been generated from the deepest, most mature part of the Cooper

sequence and remain in situ.

2. Hydrocarbons reservoired in the Toolachee and Patchawarra Formations seem to

represent residual petroleum accumulations left behind after considerable partial

migration of their light ends. This reflects the imperfect seals immediately

overlying these two formations. Some of the Nappamerri-reservoired

hydrocarbons may have migrated from these underlying reservoirs. This would

explain why the Nappamerri petroleums have the lowest U values among the

Cooper Basin crude oils.

3. 'Where the seals within and above the Nappamerri Group are not effective

enough, the Toolachee- and Patchawarra-derived hydrocarbons seem to have

migrated through the Triassic sequence into the Eromanga Basin, resulting in

even smaller U values in the Hutton, Birkhead and Namur oils.

4. The somewhat higher U values of the Poolowanna and Murta oils (compared to

other Eromanga accumulations) might be attributed to local hydrocarbon

generation.

4.2.6.8 Parameter R

Compositional ratio R (z-heptanel2-methylhexane: Table 4.1) is a paraffin branching

parameter proposed by Thompson (1987). However, it is not as effective as

parameter U in distinguishing the Cooper and Eromanga hydrocarbons as can be

clearly seen from Figure A.li.

Though the largest value (9.99) belongs to a Cooper-reservoired petroleum

(Leleptian-1, Patchawarra), the second largest (7.25) occurs in an Eromanga oil

(Nungeroo-1, Namur) (Table 4.4). Statistical analysis shows the Cooper and

Eromanga data sets to overlap and share a similar mean (3.9: Tables 4.8 and 4.9).
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Table 4.7 Dataanalysis for pat'ameters used in oil mapping

Result PrlPh PrlnClT Ph/nC18 B X c F H

Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kufiosis
Skewness
Range
Minimum
Maximum
Sum
Count

4.67
0.16
4.65

#N/A
1.66
2.77
0.24

-0.43
7.73
0.22
7.95

537.60
115.00

0.31

0.56
0.03
0.42

#N/A
0.32
0.10
0.40
1.09
1.47
0.17
1.65

64.81
115.00

0.06

0.12
0.00
0.11

#N/A
0.04
0.00
1.33
1.'16

0.20
o.o7
0.27

13.02
1 10.00

0.01

A

0.02
0.00
0.02

#l.rl/A
0.02
0.00
7.60
2.64
0.11
0.01

0.12
2.83

114.00
0.00

0.55
0.10
0.13

#N/A
1.03
1.06

19.18
4.04
6.96
0.05
7.01

62.70
115.00

0.19

0.71

0.11

0.31

#N/A
1.14
1.31

37.00
5.32
9.73
0.13
9.86

81.20
1 15.00

0.21

1.08
0.06
0.98

#N/A
0.60
0.36
8.20
2.25
3.97
0.19
4.15

124.65
1 15.00

0.11

1.84
0.06
1.68

#N/A
0.68
0.46

13.08
3.01
5.00
0.83
5.84

209.20
1 14.00

0.13

0.84
0.05
0.72

#N/A
0.52
0.27

12.10
2.86
3.69
0.18
3.87

97.16
1 15.00

0.10

2.95
0.08
2.BB

#N/A
0.81
0.65
0.98
0.58
4.54
1.07
5.61

339.24
1 15.00

0.15Confidence Level(95.0%)

U A B' X' New New 2 New3 4

Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kudosis
Skewness
Range
Minimum
Maximum
Sum
Count

1t95.0%)

3.88
0.09
3.88

#N/A
0.98
0.97

13.97
2.34
9.10
0.89
9.99

442.46
114.00

0.18

1.67
0.11
1.49

#N/A
1.18
1.38
4.86
1.98
6.73
0.17
6.90

190.08
114.00

0.22

0.12
0.00
0.11

#N/A
0.05
0.00

11.59
2.14
o.41
0.04
0.45

14.20
114.00

0.01

0.30
0.04
0.09

#N/A
0.48
0;23
7.97
2.70
2.49
0.03
2.52

34.13
1 15.00

0.09

0.52
0.05
0.24

#N/A
0.58
0.34
4.33
2.03
3.10
0.10
3.20

59.84
1 15.00

0.11

0.08
0.01
0.03
0.00
0.11
0.01
1.73
1.61
0.46
0.00
0.46
9.71

1 15.00
o.o2

0.13
0.01
0.08
0.00
0.15
o.o2
0.62
1.23
0.66
0.00
0.66

14.96
114.00

0.03

0.43
0.04
0.22

#NiA
0.46
0.21
3.83
2.01
2.18
0.02
2.20

49.81
115.00

0.08

1.07
0.01
1.03

#N/A
0.07
0.01
1.46
1.54
o.32
0.98
1.30

122.53
1 15.00

0.01Confidence Leve
o{



Table 4.8 Data analysis for parameters of oils/conclensates from the Eromanga Basin

PrlPh 17 Ph/nC18 HBA X FResult

Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count
Confidence Level

4.91
0.17
4.81

#N/A
1.57
2.45
0.19

-0.21

7.70
0.26
7.95

397.31
81.00

0.35

0.60
0.04
o.42

#N/A
0.34
0.12
0.09
1.12
1.41

0.24
1.65

48.30
81.00

0.08

0.12
0.00
0.10

#N/A
0.04
0.00

-0.40
0.93
0.14
0.07
0.21
9.29

79.00
0.01

0.02
0.00
0.02

#N/A
0.01
0.00
8.44
2.65
0.07
0.01

0.08
1.68

80.00
0.00

0.16
0.02
0.11

#N/A
o.14
0.02
6.47
2.49
0.72
0.05
o.77

13.27
81.00

0.03

0.30
0.02
0.26

#N/A
0.19
0.04

19.70
3.90
1.33
0.13
1.46

24.40
81.00

0.04

1.26
0.07
1.09

#N/A
0.61

0.38
8.03
2.39
3.93
0.22
4.15

102.06
81.00

o.14

1.90
0.09
1.69

#NiA
o.77
0.60
9.93
2.73
5.00
0.83
5.84

152.10
80.00

0.17

0.98
0.06
0.80

#N/A
0.55
0.31

10.52
2.77
3.69
0.18
3.87

79.64
81.00

o.12

3.24
0.08
3.05

#N/A
0.74
0.55
1.69
0.68
4.54
1.07
5.61

262.54
81.00

0.16
OY"

R U A B' X' New 1 New 2 New 3 New4Result

Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count
Confidence Level

3.87
0.08
3.92

#N/A
0.68
0.46
7.13
1.43
4.77
2.48
7.25

309.28
80.00

0.15

1.17
0.06
1.00

#N/A
0.53
0.28

-0.37
0.52
2.51

0.17
2.68

93.38
80.00

0.12

0.12
0.00
0.11

#N/A
0.04
0.00

-0.75
0.10
0.16
0.04
0.20
9.21

80.00
0.01

0.08
0.00
0.08

#N/A
0.03
0.00
8.06
1.84
0.19
0.03
0.22
6.35

81.00
0.01

o.22
0.01
0.20

#N/A
0.09
0.01

2.18
1.33
0.48
0.10
0.58

17.79
81.00

o.02

0.03
0.00
0.03
0.00
0.02
0.00
-0.42

0.33
0.08
0.00
0.08
2.10

81.00
0.00

0.05
0.01

0.04
0.00
0.05
0.00

-0.40
0.70
0.20
0.00
0.20
4.24

80.00
0.01

o.20
0.01

0.19
#N/A
0.08
0.01

2.91

1.17
0.50
0.02
0.52

16.36

81.00
0.02

1.03
0.00
1.03

#N/A
0.02
0.00
5.03
1.38
0.16
0.98
1.08

83.27
81.00

0.01

-O
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Table 4.9 Data anaiysis for parameters of oils/condensates from the Cooper Basin

4.13
0.31

4.26
#N/A

1.78
3.17

-0.33
-0.67
6.13
0.22
6.35

140.29
34.00

0.62

3.92
0.26
3.73

#N/A
1.49
2.22
8.00
2.01

9.10
0.89
9.99

133.18
34.00

0.52

0.49
0.04
0.45

#N/A
0.26
0.07
-1.02
0.40
O.BB

0.17
1.06

16.51
34.00

0.09

0.12
0.01

0.12
#N/A

0.04
0.00
6.28
1.83
0.20
0.07
0.27
J./!)

31.00
0.01

0.15
0.01
0.14

#N/A
0.07
0.00

10.41

2.61
0.38
0.07
0.45
5.00

34.00
0.02

0.03
0.01

0.03
#N/A

0.03
0.00
2.01

1.66

0.11
0.01

0.12
1 .15

34.00
0.01

0.82
0.11

0.75
#N/A

0.62
0.39
1.49
1.19
2.42
0.10
2.52

27.78
34.00

0.22

1.45

0.27
0.90

#N/A
t.5b
2.42
5.15
2.21
6.90
0.11

7.01

49.43
34.00

0.54

1.24
0.11

1.22
#N/A

0.64
0.41
1.69
0.84
3.00
0.20
3.20

42.06
34.00

0.22

1.67

0.30
1.16

#N/A
1.75
3.08

14.41

3.44
9.64
0.22
9.86

56.80
34.00

0.61

0.22
0.02
0.24

#N/A
0.11

0.01
0.07
0.14
0.43
0.03
0.46
7.61

34.00
o.o4

0.66
0.05
0.71

#N/A
0.26
0.07

-1.01
-0.06

0.93
0.19
1.12

22.58
34.00

0.09

0.32
0.02
0.36

#N/A
0.13
0.02
0.77

-0.32

0.63
0.04
0.66

10.72
34.00

0.05

1.68

0.06
1.66

#N/A
0.34
0.12
t.Ðo
0.45
1.74

0.99
2.73

57.11
34.00

0.12

0.98
0.09
0.95

#N/A
0.52
0.27
0.46
0.65
2.00
0.19
2.20

33.45
34.00

0.18

F

0.52
0.03
0.52

#N/A
0.17
0.03

-0.97
-0.03
0.63
0.18
0.81

17.s2
34.00

0.06

1.'15

0.01
'1.16

#N/A
0.08
0.01

-0.94
0.09
0.27
1.03
1.30

39.26
34.00

0.03

H

2.28
0.08
2.22

#N/A
0.49
0.24

-0.83
-0.06
1.91

1.38

3.30
79.66
35.00

0.17

h Pr/nC17 Ph/nC18 XBA c

Mean

Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count
Confidence Level(95.0%)

Result R U A' B' X' Newl New2 New3 New4

Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count

2.84
0.24
2.49

#N/A
1.42
2.03
0.90
1.16
5.97
0.93
6.90

96.70
34.00

0.50O\o
Confidence Level(95.0%



4.2.6.9 Parameters A and A'

Parameter A (benzeneln-hexane: Table 4.1) was designed to indicate petroleum

aromaticity, in the form of the relative abundance of aromatic compounds to normal

alkanes of similar molecular weight (Thompson, 1983). Aromaticity increases in the

remaining petroleum when evaporative fractionation takes place (Thompson, 1987),

and decreases proportionately in the migrated hydrocarbons. This and similar

compositional ratios also decrease with water washing (LaFargue and Barker, 1988;

Heath et al., 1989; LaFargue and Le Thiez, 1996; Boreham and Hill, 1998; Boreham

and Summons, 1999). According to LaFargue and his coworkers, light aromatic

molecules, such as benzene and toluene, are removed first by water washing,

followed by normal alkanes and then naphthenes. The ratio A' (benzenelcis-1,3-

dimethylcyclopentane; Table 4.1) is a newly created parameter that is more sensitive

to water washing, because naphthenes are less soluble than normal alkanes in the

gasoline range.

Hydrogeologically, the carrier beds in the Cooper Basin are very different from the

Eromanga sandstones, where the latter represent important aquifers of the Great

Artesian Basin (Habermehl, 1986). Where anticlinal traps in the Eromanga Basin are

not occupied by hydrocarbons, they are commonly water-saturated (Heath et al.,

1989). In contrast, water supply to the Cooper Basin carrier beds is negligible.

Hydrocarbons migrated from the Cooper Basin into the Eromanga strata experienced

significant water washing on their journey through the water-saturated sequences of

the Eromanga Basin. Chemical compositions of hydrocarbons that are locally derived

and accumulated in Eromanga reservoirs should also be seriously affected by water

washing.

Taking into account the hydrogeological setting of the Cooper and Eromanga Basins,

there should be significant differences in aromaticity 
.between 

the Cooper- and

Eromanga-reservoired petroleums. Ratios A and A' of the Eromanga-reservoired

hydrocarbons should be lower than that of the crude oils trapped in the Cooper Basin

reservoirs. However, this is not the case. Distributions of A and A' values across the

reservoir strata are surprisingly different from what was expected. There is no
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consistent enhancement of A and A' values in the Cooper-reservoired

oils/condensates (Figures A.lj & k).

The values of parameter A in oils and condensates from the Cooper and Eromanga

Basins are mostly <0.02; larger values were irregularly encountered in both basins

(Table 4.14.9; Figure A.tj). Values in the Eromanga-reservoired oils (range =

0.01-0.08, mean = 0.02) differ little from those in the Cooper-reservoired

hydrocarbons (range = 0.01-0.12,mean = 0.03).

The A' values are an order of magnitude higher (mostly <0.2) but show a similar

distribution pattern to parameter A (Figure A.lk). Statistical data analysis indicates

that there is no clear difference between Cooper- and Eromanga-reservoired

petroleums (Tables 4.7 4.9).

The observed inconsistency in the distributions of A and A' can not be explained by

water washing or evaporative fractionation, as these two processes would both cause

systematic enhancement of the relative abundances of benzene in the Cooper oils and

condensates. Instead, source difference could be an alternative interpretation, but this

requires further study. Of particularly interest is the fact that petroleum from the

Mooracoochie Volcanics shows the largest A and A'values (Figures A.lj & k).

4.2.6.10 Parameters B and B'

Unlike parameters A and A', ratios B and B' (which represent the relative abundance

of toluene to its adjacent normal alkanes in the whole-oil GC trace) show positive

relationships with water washing and"/or evaporative fractionation (Table 4.1). These

parameters, together with other aromatic ratios discussed in this chapter, are very

effective in distinguishing the Cooper oils and condensates from the Eromanga-

reservoired crudes.

The ratio B (toluene/n-heptane) is a parameter previously used to recognise

evaporative fractionation (Thompson, 1987, 1988; Carpentier et al., 1996).

Compared to the parent oil, the value of B increases in the residual heavy oil and

decreases in the migrated "light" oil, when evaporative fractionation (Thompson,
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1981) or migration fractionation (Curiale and Bromley, 1996) occurs. Eromanga-

reservoired oils have smaller B values (range = 0.05-0.77; mean = 0.16) than the

Cooper crudes (range = 0.11-7.01; mean = 1.14) (Tables 4.74.9; Figure 4.11). This

could be attributed to migration fractionation. Ho'wever, Heath et al. (1989),

Boreham and Hill (1998), and Boreham and Summons (1999) interpreted the higher

B values in the Cooper Basin oils, compared to those in the Eromanga oils, as

indicative of greater water washing of the latter. It is difficult to demonstrate which

process (evaporative fractionation or water washing) is more important in influencing

the B value distribution for the oils/condensates of the Cooper and Eromanga Basins.

This is because they would be expected to change the B value in the same direction

upon migration of the Cooper-sourced petroleum into the overlying Eromanga

sequence. Fortunately, both evaporative fractionation and water washing are related

to a single petroleum geologically significant process - secondary migration.

Migration of the Cooper Basin-derived petroleum via the Eromanga aquifers causes

not only evaporative fractionation, but also water washing. Eromanga Basin oils have

smaller B values, because they have migrated further, and hence have undergone

greater migration fractionation and water washing. Cooper Basin oils are the least

affected by water washing (Heath et al., 1989; Hunt et al., 1989), or migration

fractionation, because of shorter migration distances from their Permian source

rocks.

As shown in Figure 4.11, parameter B is clearly effective in distinguishing

petroleums from the Cooper and Eromanga Basins, with the latter crudes having very

small B values (mostly < 0.2). In contrast, while nine Patchawalra-reservoired

samples from the Sturt area (XYOL108, 109, 111, 112, lI4-118) have B values

<0.5, half of the Cooper-reservoired crudes have B values >1.0. The largest two

values of 7.01 and 5.76 were recorded for the Patchawarra condensates from

Leleptian-l and Yanda-2, respectively. A similar picture is evident in the

stratigraphic distribution of B'values (Figure A.1m).

The unexpectedly small B and B'values for the nine Patchawarra condensates could

be interpreted as a function of water washing, as they all come from basin-margin

traps that could be affected by the Eromanga aquifers (notably the Hutton
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Sandstone). Sturt is one of the typical areas in which Cooper-derived petroleum has

been discovered in the Eromanga reservoirs (Heath et al., 1989; Kagya, 1997;

Michaelsen and McKirdy, 2000). As shown in the seismic section of the Nealyon-

Taloola Nose (see figure 15 in Heath et al., 1989), the Hutton Sandstone of the

Eromanga Basin directly overlies truncated Permian section, cut by faults close to the

Cooper Basin margin. This makes it possible for the underground water in the Great

Artesian Basin aquifers to access the Permian traps, leaching the petroleums

reservoired there. The observed distributions of ratios B', X, X' and the other new

aromatic parameters (New 1-5: Table 4.1) discussed below support this

interpretation.

As demonstrated in the next chapter (Sections 5.2.2.1-5.2.2.5), the remarkably low B

and B' values of the Patchawarra oils in the Sturt area can also be explained by a

novel secondary migration scenario, viz. the migration of Eromanga-derived

hydrocarbons into Cooper reservoirs. This interpretation is more feasible because it

not only satisfies the water washing indicators (low B and B' values), but also

explains the high values of retene/phenanthrene and other Eromanga-specific source

parameters in these Permian-reservoired oils.

4.2.6.11 Parameters X and X'

Parameter X, defined as m + p-xyleneln-octane (Table 4.1), is another measure of

petroleum aromaticity (Thompson, 1987). It increases in the remaining heavy oil,

and decreases in the migrated "light" hydrocarbons, as a result of evaporative

fractionation. It also decreasess in water- washed oils. The values of parameter X

have a distribution pattern similar to that of ratio B (Figure A.ln) and display a clear

contrast between the Eromanga- and Cooper-reservoired petroleums.

The average X value of the Cooper-reservoired oils and condensates (mean = 1.67;

range = O.22-9.86: Table 4.9) is greater than the largest value measured in the

Eromanga oils (mean = 0.30; range 0.13-I.46: Table 4.8), clearly demonstrating the

effectiveness of the X ratio in distinguishing Cooper and Eromanga crudes. The X

values of all but three of the analysed Eromanga samples are <0.5. The values of all
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but eight of the oil/condensate samples from the Cooper Basin are >0.8, with the

largest (X = 2.23-9.86) reported from Patchawarra, Toolachee and Tirrawarra

samples. This lends further support to the suggestion that the Eromanga-reservoired

petroleums have been severely water-washed and"/or evaporation-fractionated due to

migration processes, whereas crude oils preserved in the Cooper strata are the least

affected by water washing and evaporative fractionation.

As shown in Figure 4.1o, the values of parameter X' (m + p-xylene/n-nonane: Table

4.1) have a distribution pattern similar to those of parameter X. The Patchawarra oils

in the Sturt area with very low X values also have extraordinarily small X' values,

supporting the above interpretation. However, it must be pointed out that the contrast

between the Cooper and Eromanga-reservoired hydrocarbons is more obvious when

using the X'values.

4.2.6.12 Gompar¡son of Effectiveness of A, B, X and A', B', X'

Parameters A', B' and X' are modified versions of the three aromaticity functions A,

B and X originalty defined by Thompson (1983, 1987). They were designed to

reduce the influence of evaporation during sample storage and handling, and hence

increase their effectiveness as useful tools in petroleum exploration. Taking into

account that some light hydrocarbon loss is inevitable during storage and handling,

an ideal parameter should include components that have the same partition ratio

between their gaseous and liquid phases. The ratios A', B' and X' are less affected by

evaporation than A, B and X because cis-1,3-dimethylcyclopentane, n-octane and n-

nonane are less volatile than their counterparts, n-hexane, n-heptane and n-octane,

respectively. Hence, A', B' and X' should, theoreticallY, be more effective in

distinguishing Cooper and Eromanga hydrocarbons.

Inspection of their respective histogram plots (Figures A.lj-o, Appendix 1) reveals

that the relative improvement in effectiveness of distinguishing Cooper and

Eromanga-reservoired petroleum is as follows: X' > B' >> A'. In fact, for A' the

improvement is not very evident at all.
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4.2.6.13 lnterpretation of anomalous Behaviour of A and A'

Taking into account the hydrogeology of the Cooper and Eromanga Basins and the

fact that benzene is the most water-soluble aromatic compound in petroleum,

parameters A and A' should be the most effective, among the aromaticity parameters,

in distinguishing their oils and condensates. Nevertheless, neither water washing nor

migration fractionation can satisfactorily explain the irregular distributions of A and

A' values among the reservoir strata, despite these two processes being expected to

play a major role in affecting the concentrations of aromatic compounds in the oils

and condensates of the CooperlEromanga province.

The irregular distribution of A and (to a lesser degree A') values amongst the

reservoir strata necessitates the involvement of some random processes that may alter

the benzene content of crude oils. The likelihood of a third hydrocarbon source

(besides the Cooper and Eromanga kitchens) is remote, because any petroleum

reservoired in the Eromanga Basin is likely to have been severely altered by water

washing, particularly if long-distance secondary migration was involved.

Evaporative loss of the light-ends during sampling, storage and handling could be a

more plausible explanation. This is supported, at least to some extent, by the

difference between the distributions of A and A' values along the reservoir strata (see

Figures d and q in Appendix 1).

Considering molecular weights and chemical structures, the volatility of benzene is

closer to that of l,cis-3-dimethylcyclopentane than to that of n-hexane. In other

words, the vapour-liquid equilibrium constant of benzene is closer to that of cis-1,3-

dimethylcyclopentane than to that of n-hexane. Ratio A should, therefore, be more

sensitive to evaporative loss of light hydrocarbons during storage and/or handling of

crude oil samples, which is a random event. Hence, A values should primarily reflect

the storage/trandling history of the samples, and, to a lesser extent, their secondary

migration. On the contrary, compositional ratio A' is less (relative to A, only)

affected by random losses during sample handling, and so its distribution still shows

(though not obviously) some relationship with migration fractionation in the

subsurface. Further laboratory simulation experiments and field observations are
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CHAPTER FOUR

necessary to prove this interpretation.

To test if the content of benzene is severely affected by random procedures, such as

storage and handling of the petroleum samples prior to analysis, the relative

concentrations of various other aromatic compounds were investigated using GC-MS

measurements. The results are summarised in Appendix 2 (Table 4.2, Figures A.2a-

k).

Benzene is the smallest, and therefore the most volatile and water-soluble, of the

aromatic hydrocarbons in petroleum. By comparison, toluene is less volatile and

much less water soluble (LaFargue and Barker, 1988; LaFalgue and Le Thiez,1996).

If the relative content of benzene is not affected by evaporative loss during sample

handling, the ratio benzene/toluene in the Eromanga-reservoired oils should be

smaller than that in the Cooper crudes. However, this is inconsistent with the

observed distribution of this ratio among the reservoir strata (see Figure 4.2a,

Appendix 2). The relative content of benzene is not always larger in the Cooper-

reservoired cmde oils; very low benzene/toluene ratios also occur in some Cooper

samples. This supports the above argument that the non-systematic distribution of

benzene in the crude oils examined is most likely due to some artificial factor (e. g.

storage and handling), hence preventing the proper application the Thompson's

parameter A to this suite of samples. The concentration of benzene relative to other

larger aromatic compounds, such as naphthalene and phenanthrene (see Figures A.2d

& e in Appendix 2), displays a more distinct pattern: values are consistently low in

Eromanga-reservoired oils, mainly due to water washing. However, some very low

values are encountered in the Cooper oils, indicating their random loss of light

aromatic hydrocarbons due to severe evaporation during storage and/or handling of

the samples. The use of components insensitive to random evaporative loss is

therefore warranted to obtain a clearer picture on the severity of water washing, as

shown by the ratio naphthalene/phenanthrene (Figure A2 Ð. Other aromatic ratios

compiled in Appendix 2 are indicators of source input and will be discussed in

Chapter 5.

In the following sections, the effectiveness of four newly created parameters will be
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discussed. It will be demonstrated that they are closely correlated, and are very

effective in distinguishing Cooper-sourced and reservoired petroleums from those

now found within the Eromanga Basin.

4.2.6.14 New parameter 1

New parameter I is the ratio of o-xylene to n-nonane (Table 4.1). It decreases with

water washing of the crude oil. Its variation across the reservoir units of the sampled

oils/condensates is shown as in Figure 4.6, which is representative of all the other

new parameters compiled in Figures A.lp-s (Appendix 1). It is clearly evident that

the Eromanga-reservoired oils have smaller values of New 1 (0.00-0.08; mean =

0.03) than do the Cooper crudes (0.03-0.46; mean = 0.22). Again, the smallest

Cooper values were encountered in the Patchawarra reservoir of the Sturt Field (see

Sections 4.2.6.10-11), where faults and truncations of the Permian units facilitate

water washing, or alternatively where the geological structures allow Jurassic

(Poolowanna-derived) hydrocarbons to migrate into the Patchawarra reservoirs.

Further discussion of this scenario may be found in Chapter 5 (Sections 5.2.2.1-5).

4.2.6.15 New parameter 2

New parameter 2, the concentration of l,2,4-trimethylbenzene relative to n-decane, is

another potential parameter for water washing (Table 4.1). Its variation according to

reservoir formation (Figure A.tq) is almost identical to that of ratio New 1. The

Cooper-reservoired hydrocarbons exhibit significantly larger New 2 values (0.04-

0.66; mean = 0.32) than do the Eromanga oils (0.00-0.20; mean = 0.05) (see also

Tables 4.8 & 4.9). Again, samples from the Patchawarra reservoirs in the Sturt area

have exceptionally low New 2 ratios.

4.2.6.16 New parameter 3

New parameter 3 (Table 4.1) measures the relative concentration of naphthalene and

an unknown naphthene (see Figure 3.4 and Table 3.5 for peak number and its

retention time). The chemical structure of the unknown compound is not clear

because the mass spectrum extracted from the scan-mode GC-MSD is not adequate
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for complete elucidation. However, this does not detract from the effective use of the

ratio in distinguishing Cooper and Eromanga petroleums.

As shown in Figure A.1r and Tables 4.8 & 4.9, the New 3 ratio varies with reservoir

formation in a very similar manner to parameters New I and New 2. The average

value for the Cooper-reservoired hydrocarbons is 0.98, which is four times larger

than that of the Eromanga-hosted oils (0.20).

4.2,6.17 New parameter 4 (TP¡)

From its definition in Table 4.1, TPI (tridecane preference index) should be a

parameter reflecting the abundance of n-tridecane relative to the nearby normal

alkanes. However, the apparent tridecane preference in the normal alkane profiles of

the whole-oil gas chromatograms is caused by its coelution with 2-

methylnaphthalene. This has been discussed in Section 4.2.2. To make it consistent

with a former report (Yu and McKirdy, 1998), the term TPI will be used in the

following discussion, though it is not literally correct.

It is evident from Figure A.ls (Appendix 1) that the Cooper-hosted oils and

condensates have larger TPI values than the hydrocarbons preserved in the Eromanga

reservoirs. The majority of the latter oils have TPI values <1.05, while most of the

former crudes have much higher values, with the largest being from the Toolachee

(1.30), Patchawarra (1.29), and Tirawana (1.28) reservoirs.

The difference between the Cooper and Eromanga hydrocarbons in terms of their TPI

values is further demonstrated by statistical analysis (Tables 4.8 &.4.9). The range in

TPI for the Eromanga oils is 0.98-1.08 (mean - 1.03), compared to 1.03-1.30 (mean

= 1.l5) for the Cooper samples. The mean Cooper TPI value is even greater than the

largest TPI value measured in the Eromanga oils, implying lower 2-

methylnaphthalene concentrations in the latter oils. This possibly reflects source

differences (particularly in the indigenous Murta oils: Michaelsen and McKirdy,

1989; Powell et al., 1989), or water washing during the secondary migration of light

oils from hydrocarbon kitchens in the Cooper Basin.
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4.3 RELATIONSHIPS BETWEEN THE PARAMETERS

To clarify the geochemical significance of the aforementioned parameters, a

statistical correlation study was carried out. This was helpful in selecting appropriate

parameters for grouping (or mapping) the different types of oil and condensate found

in the Coopel and Eromanga Basins. The resulting correlation coefficients (R2) are

listed in Table 4.10.

4.3.1 Pnnnmerens A auo A'

As shown in Table 4.10, parameters A and A'(aromaticity: supposed indicators of

evaporative fractionation and water washing) are not closely correlated to any of the

other listed parameters, regardless of their geochemical significance, nor even to each

other (R2 = 0,43).The best correlation was between A' and I (R2 = 0.53). This implies

that neither A nor A' has recognisable geological significance. It seems that they

cannot be used as indicators for evaporation/migration fractionation or water

washing, presumably because they can be readily affected by random evaporative

loss of benzene during storage and handling of crude oil samples, as discussed in

Section 4.2.6.13. Parameters A and A', therefore, are not suitable for use in

classifying the Cooper and Eromanga petroleums because they bear no obvious

relationships with soutce, maturity or any secondary alteration processes.

4.3,2 Pnnamerens Pn/Pu, Pn/u-C|7 a¡,to Pu/ru-C|8

The three most conventional and easy-to-obtain parameters, PrlPh, Prln-Cn and

Phln-Cp, are not suitable for grouping oils in the Cooper and Eromanga Basins

either. Although they are closely correlated with each other, their correlation

coefficients with respect to the other parameters are very low 1R2 <0.3: Table 4.10).

The three parameters incorporating pristane and phytane have long been used as

indicators of source, maturity and biodegradation in crude oils. Nevertheless, they are

of little use in distinguishing Cooper from Eromanga hydrocarbons. Similarity of the

depositional environments of source rocks in the Cooper and Eromanga sequences

give rise to similar biomarker distributions (including PrÆh values) for their crude
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Table 4.10 Corelation coefficients ß2) of all the ratios used for oil mapping in the Cooper and Eromanga Basins

PrlPh PrlOl¿ Ph/Crs I F H R U NewlNew2New3New4ABXA'B'X'C
PrlPh

PrlCtz

Ph/qs

A

B

X

A'

B'

X'

c

I

F

H

R

U

New 1

New 2

New 3

New 4

1.00

0.81

0.65

0.11

-0.31

-0.24

-0.13

-0.34

-0.34

o.23

-0.04

o.o7

0.18

-0.12

-0.34

-0.35

-0.32

-0.39

-0.17

1.00

O.BB

0.21

-0.19

-0.21

-0.05

-0.30

-0.31

0.29

0.04

0.12

0.18

-0.07

-0.22

-0.32

-0.37

-0.37

-0.13

1.00

0.25

0.12

-0.11

0.05

-0.14

-0.07

0.18

0.06

0.06

0.07

0.17

0.05

-0.09

-0.19

-0.19

0.04

1.00

0.39

0.28

0.43

0.17

0.13

0.11

0.05

-0.14

-0.28

0.01

0.37

0.18

0.11

0.23

0.24

1.00

0.68

0.05

0.72

0.75

-0.16

-0.25

-0.35

-0.51

0.43

0.81

0.77

0.62

0.77

0.62

1.00

0.11

0.69

0.58

-0.10

-0.22

-0.35

-0.50

0.06

0.62

0.60

0.61

0.73

0.58

1.00

0.15

0.13

-0.18

0.53

0.04

-0.14

-0.44

0.22

0.13

0.10

0.07

0.11

1.00

0.90

-0.24

-0.18

-0.36

-0.53

-0.04

0.67

0.88

0.82

0.90

0.76

1.00

-0.27

-0.21

-0.41

-0.57

0.12

0.70

0.96

0.91

0.89

0.82

1.00

-0.03

0.13

0.14

-0.02

-0.24

-0.30

-0.30

-0.25

-0.25

1.00

0.82

0.66

-0.15

-0.18

-0.25

-0.26

-0.22

-0.23

1.00

0.92

0.04

-0.47

-0.45

-0.48

-0.38

-0.43

1.00

0.11

-0.58

-0.61

-0.61

-0.53

-0.54

1.00

0.33

0.17

0.08

0.14

0.08

1.00

0.73

0.63

0.77

0.64

1.00

0.95

0.91

0.86

1.00

0.86

0.86

1.00

0.83 1.00
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oils and source rock bitumens. Mixed sourcing and negligible biodegradation could

be other reasons that disqualify PrÆh, Prln-Ce andPNn-C¡s from distinguishing the

Cooper and Eromanga oils and condensates.

4.3.3 Pannrwertn U nuo Ranos I¡,tconpoRATINc Orurn Aao¡wanc

CotwpouEurs

The remaining 14 parameters listed in Table 4.1 are variably effective in

distinguishing Cooper and Eromanga crude oils. Of these New 1, New 2, New 3,

New 4 (TPI), B, B', X, X' and U are the most effective (see relevant figures in

Appendix 1). With the exception of U, all these ratios involve aromatic components.

They are all closely correlated to each other, with correlation coefltcients varying

between 0.86 and 0.96 (Table 4.10). Such high correlation coefficients indicate that

these parameters are controlled by similar factors (secondary alteration). Water

washing seems to be the most likely interpretation, as the aromatic compounds

involved in these parameters are all susceptible to water washing.

'Water washing has been widely interpreted as one of the most common secondary

alteration process for hydrocarbons migrating within the Great Artesian Basin (Heath

et al., 1989; Boreham and Hill, 1998; Boreham and Summons, 1999). That the values

of the aromatic-based parameters are low in the Eromanga oils is consistent with the

prevailing hydrological activity in the Eromanga carier beds and reservoirs. The

chemical composition of hydrocarbons generated from the Cooper source rocks

would be seriously altered en route wherever they breach the Triassic regional seal

and migrate into the Eromanga sequence. Hydrocarbons derived from local

Eromanga petroleum kitchens would also be severely water washed, though to a

lesser extent.

Evaporative fractionation could be another plausible cause for the selective loss of

certain aromatic compounds, although probably less influential than water washing.

Thompson (1987, 1988) used the ratios B and X as evaporative fractionation

parameters. Heath et al. (1989) and Boleham and Summons (L999) ascribed the low

concentrations of toluene and xylene in the Eromanga-reservoired petroleums to
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water washing within the Eromanga aquifers. Source differences are the least likely

factor that could account for the observed variation in these compositional ratios,

although Alexander et al. (1988) identified some Eromanga-specific aromatic

biomarkers,

It must be pointed out that although parameter U has no aromatic component, it is

discussed under this heading because its correlation coefficient shows a closer

affinity to the aromatic water- washing parameters than to the evaporation/migration

fractionation parameters.

4.3.4 Pnnarwerens l, F AND H

Parameters I, F and H (all measures of paraffinicity: Table 4.1) are also closely

related, though not as effective as the aromatic-based ratios in distinguishing Cooper

and Eromanga oilsicondensates (see Table 4.10 and relevant figures in Appendix 1).

The correlation coefficients (R2) are as follows: between F and H, O.92; between I

and F, 0.82; and between I and H, 0.66. As pointed out by Thompson (1987; 1988),

these three parameters are controlled primarily by maturity but also reflect alteration

of hydrocarbons caused by evaporative fractionation during secondary migration.

Their values increase in the migrated light hydrocarbons and decrease in the residual

heavy hydrocarbons. Distributions of I, F and H values with the reservoir strata (as

discussed above) do indicate some secondary migration of the Cooper-derived

hydrocarbons into the Eromanga reservoirs.

Furthermore, it must be emphasised that parameters H, I and F are far more

susceptible to evaporation fractionation than to water washing. In contrast, the

aromatic parameters are more readily influenced by water washing. In other words,

parameters H, I and F should be mainly used as migration-related fractionation

parameters, and the aromatic-related ratios as water washing indicators.

The remaining two parameters, C and R, are poorly correlated to each other and to all

the other parameters discussed above. They are of little use in distinguishing Cooper

and Eromanga hydrocarbons.
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Based on the above discussion, an attempt was made at petroleum mapping (i. e.

grouping) in the Cooper and Eromanga Basins using hierarchical cluster analysis and

relying heavily on the three maturity and/or migration fractionation parameters (H, I

and F) and nine water washing indicators.

4.4 CLUSTER ANALYSIS

Cluster analysis is a means of grouping samples on a hierarchical basis by matching

mutually similar samples in pair-groups. The pairing is usually made on the basis of

"minimum distance" or maximum similarity of two samples according to the

parameters used to describe them. After the samples within the set become paired,

the pairs are then treated as a single sample, with the parameters of the members

arithmetically averaged to define the parameters of the pair-group. This averaging

eventually results in distortion of the input data.

Cluster analysis has been used to group petroleum accumulations into families since

the late 1970's. Powell and Snowdon (1979) grouped oils and condensates from the

Scotian Basin, offshore Eastern Canada, into four categolies using cluster and factor

analyses. They used the same method when classifying the oils and condensates in

the Beaufort-Mackenzie Basin (Snowdon and Powell,l9l9). In order to identify the

active petroleum systems in the Cooper and Eromanga Basins, Boreham and Hill

(199S) and Boreham and Summons (1999) clustered the oils/condensates from these

basins using various source parameters, enabling the characterisation of several

source-reservoir couplets.

In the present study, more attention has been paid to the role of secondary migration

in the Cooper and Eromanga Basins. Parameters were selected on the basis of their

effectiveness in indicating secondary migration. Bearing in mind the hydrogeological

contrast between the Cooper and Eromanga Basins, the aforementioned fourteen

ratios that reflect water washing and/or maturity and migration fractionation were

employed in cluster analysis of the oils and condensates from this large petroleum

province. The results are presented in Table 4.1 I and Figure 4'9.
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4.5 MAPPING THE COOPER AND EROMANGA PETROLEUM

FAMILIES

Grouping the oils and condensates into families and mapping them in a study area is

a useful exercise from several aspects. It may enable one to determine how many

sources have been effective in a basin, and may also help depict petroleum secondary

migration scenarios. It may even provide some information about mixed sources

and/or multiple charging of reservoirs. This type of information is helpful for both

exploration and development.

4.5.1 DEUONOEBAM AND HNNANCHrcAL CWSTTANG DISTANCE

Figure 4.9 is the dendrogram from the hierarchical clustel analysis, For convenience,

the distance (or similarity) between samples (or groups of samples) is shown in a

numerical way (see Table 4.11). Small distance value means large similarity. That is

to say, when two samples have a small clustering distance, they are closely

correlated, i.e. derived from a similar source and/or having a similar thermal history.

For example, the distance between two Murta oils, XYOIJ-æ4 (Thungo-3) and

XYOü 042 (Thungo-4) is only 0.1. In contrast, the distance between a Cooper-

reservoired oil (XYOIL001, Tiruawara-13, Tirrawarra Formation) and an Eromanga

oil (XYOL006, Taloola-1, Namur Formation) is as large as 36 (see Table 4.Il).

4,5,2 Gnounuc oF rHE OILI AND CaNDENSATES

As shown in Figure 4.9,the whole set of 114 oil/condensate samples from all over

the Cooper and Eromanga Basins can conceivably be classified into two families,

Family I and Family tr. Family tr is further divided into two sub-families, namely

Family IIA and IIB. The distance between Family I and tr is 36.0, and between

Family IIA and Family IIB is 16.7.0 (see Table 4.II). All the sub-families could be

further sub-divided according to the degree of detail required, but this is not

considered to be geochemically appropriate here.

The resolution (or separation) between two petroleum families is measured by the

distance jump, that is the difference between the distances of two adjacent
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hierarchical levels. The larger the distance jump, the further the two petroleum

families are from each other in composition, or the less similar the two petroleum

families are. The distance between Families I and tr is 36.0 with a distance jump

within the two hierarchical levels of 15.4, which represents the largest distance jump

in this cluster analysis. The distance between the two sub-families IIA and IIB is 17.6

with the distance jump being only 1.1.

From the distance jump, one can tell that there is large difference between the

properties of hydrocarbons within Families I and tr. The difference between the two

sub-families (tIA and IIB) is relatively smaller. This is consistent with the geological

frameworks of the hydrocarbon reservoirs in the Cooper and Eromanga Basins.

4.5.3 Fnrwnv I a'vo FnmttY ll Otts

All the oils and condensates within Family l are from reservoirs in the Cooper Basin

(refer to Figure 4.9 and Table 3.1). They are the least influenced by watet'washing

and evaporation/migration fractionation, because they have experienced the shortest

secondary migration distances (Heath et al., 1989; Boreham and Hill, 1998; Boreham

and Summons, 1999). However, the 89 samples in Family II are from the Eromanga

reservoirs, with the exception of nine crude oils that come from the Patchawama

Formation of the Cooper Basin (see below). Hydrocarbons reservoired in the

Eromanga Basin have undergone severe secondary alteration, such as watel washing

and/or fractionation during their secondary migration. As the carrier beds through

which they migrated are also aquifers of the Great Artesian Basin, the physical and

chemical properties of these oils were significantly modified (Habermehl, 1986 and

Heath et al., 1989).

The nine "exceptional" Cooper-reservoired oils/condensates of Family II are the

same samples which have "exceptionally" low B, B', X, X', TPI, New 1, New 2 and

New 3 values and high abundant Eromanga-specific biomarkers (refer to Section

5.2.2). Their special geochemical characteristics are attributed to the geological

architecture of the Sturt area, where the Permian sequences are pinched out or

truncated, and unconformably overlain by the Early Jurassic Poolowanna Formation.

This "plumbing system" facilitated the west-southwest lateral migration of
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Figure 4.9 Dendrogram showing the major groupings of the Cooper and Eromanga
oils and condensates.
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Table 4.lL Hierarchical clustering history of the Cooper and Eromanga oils/condensates

Number of
Cluster

Distance Leader Joiner Distance Leader Joiner

0.111
0.132
0.151
0.203
0.203
0.205
0.208
0.241
0.249
o.257
0.266
0.269
0.335
o.342
0.393
0.398
0.405
0.413
0.441
0.449
0.645
0.468
0.509
0.511
0.515
0.569
o.572
0.576
0.592
0,606
0.629
0.666
0.724
o.725
0.731
0.753
0.762
0.768
0.771
0.781
0.784
0.813
0.846
0.884
0.887
0.909
0.917
0.928
0.986
1.063
1.114
1.119
1.154
1.188
1 .193
1.212

xYolL04ô
xYotL034
xYolL035
xYolL037
xYotL034
xYotL006
xYolL035
xYotL097
xYotL034
xYotL036
xYolL013
xYolL015
xYolL034
xYolL091
xYolL107
xYolL057
xYolL115
xYolL001
xYolL103
xYotL067
xYolL112
xTolL006
xYotL095
xYotL012
xYotL034
xYolL103
xYolL033
xYolL024
xYolL034
xYolL041
xYolL057
xYotL006
xYolL019
xYolL00e
xYotL034
xYolL016
xYotL027
xYolL012
xYotL048
xYotL105
xYotL029
xYolL025
xYolL057
xYotL0l3
xYolL006
xYotL105
xYotL093
xYotL034
xYolL041
xYolL027
xYolL034
xYotL001
xYolL02s
xYotL059
xYotL009
xYotL012

xYolL051
xYolL038
xYolL045
xYotL052
xYolL039
xYolL007
xYolL0s0
xYolL100
xYotL049
xYotL037
xYolL020
xYolL019
xYolL043
xYolL092
xYolL108
xYolL058
xYolL118
xYolL004
xYotll14
xYotL082
xYotLl16
xYotL008
xYotL10l
xYotL031
xYolL047
xYolL115
xYolL040
xYolL080
xYolL035
xYolL070
xYotL067
XYOILOl l
xYolL084
xYolL095
xYolL044
xYolL068
xYolL030
xYolL102

Number of
Gluster

56
55
54
53
52
51
50
49
48
47
46
45
44
43
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
1B
17
16
15
14
13
12
11

10

1.340
1.348
1.353
1.368
1.371
1.146
1.483
1.505
1.512
1.517
1.651
1.814
2.O47
2.056
2.096
2.134
2.151
2.196
2.209
2.265
2.277
2.431
2.481
2.739
2.821
3.237
3,293
3.304
3.429
3.470
3.536
3.655
3.892
3.920
4.056
4.122
4.454
4.582
5.791
6.073
6.098
6.163
ô.296
7.571
7.954
8.319
8.557
9.471
9.517
1O¡06
12.011
12.368
14.312
16.485
17.581
36.025

xYotL018
xYolL016
xYolL029
xYolL028
xYotL099
xYotL027
xYotL016
xYolL019
xYotL103
xYolL094
xYotL059
xYolL032
xYotL013
xYolL071
xYolL006
xYotL023
xYolL014
xYolL005
xYolL016
xYolL003
xYotL064
xYolL029
xYolL00s
xYolL018
xYotL013
xYotL023
xYolL013
xYolL028
xYolL014
xYotL015
xYotL005
xYolL006
xYolL018
xYolL016
xYolL014
xYolL012
xYolL003
xYolL083
xYolL006
xYolL012
xYotL013
xYolL022
xYolL001
xYotL015
xYolL001
xYolL012
xYotL012
xYolL022
xYotL015
xYolL006
xYolL012
xYolL012
xYotL006
xYolL006
xYolL00l
xYolL006
xYolL001

xYotL060
xYolL034
xYolL062
xYolL112
xYotL093
xYotL024
xYolL077
xYotL105
xYolL110
xYolL061
xYolL041
xYotL033
xYotL076
xYotL009
xYotL111
xYolL081
xYolL059
xYolL025
xYotL089
xYotL072
XYOILOs2
xYotL021
xYolL027
xYolL019
xYolL099
xYotL103
xYotL090
xYotL071
xYotL065
xYolL064
xYotL091
xYotL023
xYolL094
xYolL069
xYolL028
xYolL005
xYolL088
xYolL087
xYolL029
xYotL018
xYolL083
xYolL003
xYolL085
xYolL014
xYotLosS
xYotlo13
xYolL075
xYolL022
xYotL016
xYolL113
xYotL104
xYolL074
xYolL028
xYotL015
xYolL012
xYotL006

XYOI
113
112
111
110
109
108
107
106
105
104
103
102
101
100
99
98
97
96
95
94
93
92
91
90
B9
88
87
86
85
84
83
82
81
80
79
78
77
76
75
74
73
72
71
70
69
6B
67
66
65
64
63
62
61

60
59
58

xYolL098
xYolL107
xYolL086
XYOILO6S
xYolL066
xYolL054
xYotL010
xYolL117
xYotL096
xYolL046
xYolL079
xYolL056
xYotL036
xYotL057
xYotL106
xYolL078
xYolL048
xYolL097

I
I
7
6
5
4
3
2
1
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Poolowanna-derived hydrocarbons into the underlying Patchawarra reservoirs (as

previously discussed).

4.5.4 Fe¡ørcv IIA a¡'to Fe¡ørcv IIB Otts

The two oil sub-families IIA and IIB are separated by little distance in their clustering

history, indicating their overall similarity. The only observation worth making is that

most of the mixed oils discussed in Chapter 5 fall into the second sub-family,

implying that crude oils belonging to sub-family IIA bear most of the properties of

typical Eromanga-derived hydrocarbons.

4.6 SUMMARY

A large suite of oils and condensates from all over the Cooper and Eromanga Basins

(including both the South Australian and Queenslands sectors) were analysed using

cryogenic gas chromatography. After careful inspection of the resulting GC-FID

traces, 19 parameters were selected (seven of them newly created for this study) to

characterise the Cooper and Eromanga hydrocarbons in terms of their source affinity,

maturity and secondary alteration .

Fourteen of the chosen parameters, many involving aromatic hydrocarbons, proved to

particularly helpful in distinguishing Cooper oils and condensates from those

reservoired in the Eromanga Basin. The conventional ratios Pr/Ph, Prln-Cn and Ph/n-

C1s were of little or no use.

To determine the relationship between the 19 parameters, statistical correlation of the

measured data was employed. This showed that the aromatic-based parameters and

one other (U = cyclohexane/methylcyclopentane) are closely correlated. They are

the most effective parameters for characterising the Cooper and Eromanga

petroleums. They indicate that water washing is the most.prevalent type of secondary

alteration undergone by the Eromanga-reservoired oils. The results also show that

Thompson's three maturity/evaporative fractionation parameters (viz. H, I and F) are

closely correlated. They are also effective, though to lesser degree, in distinguishing

the Cooper and Eromanga crude oils, thereby indicating that another kind of
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secondary alteration - evaporative fractionation - has strongly influenced the

chemical compositions of certain Eromanga-reservoired crude oils. Light

hydrocarbon ratios involving benzene were found to be highly susceptible to random

evaporative loss during the storage and handling prior to analysis.

Based on their effectiveness and correlatability, fourteen parameters were adopted in

grouping the oils and condensates by means of hierarchical cluster analysis. The

samples can be classified into two groups, Family I and tr. Family II crude oils may

be further divided into two sub-families, Family IIA and m. Ail the crude oils of

Famity I come from reservoirs within the Cooper sequence. They have undergone the

least secondary migration and hence also the least water washing. However, they may

be enriched in aromatic hydrocarbons as a result of evaporative loss of their light

fractions. Most oils of Family II are from Eromanga reservoirs. Their chemical

composition suggests that they have experienced severe water washing during

secondary migration within the aquifers of the Great Artesian Basin and after

accumulation in the Eromanga traps, regardless of their origin from Cooper or

Eromanga kitchens. Although nine crude oils assigned to Family II are from

Patchawarra reservoirs, the geological setting of the Sturt area makes possible both

an intra-Poolowanna origin anüor their in situ water washing. Most the mixed crude

oils identified in Chapter 5 fall into sub-family tIA.
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CHAPTER FIVE

CHAPTER FIVE

MIXED SOURCING MODEL BASED ON

WHOLE.OIL GC-MS MEASUREMENITS

5.1 INTRODUCTION

Petroleum system logic is an important tool for exploration in frontier settings

(Smith, 1994). The concept becomes complicated wherever more than one type of

mature source rocks occurs. Which is the major source rock? What is the mixing

ratio of hydrocarbons in a multiply charged reservoir? These are questions that must

be answered before a comprehensive petroleum system logic can be achieved. Their

answers, in turn, may strongly influence the strategy of future exploration and even

production.

Quantitative assessment of the relative contributions of hydrocarbons by Permian and

Mesozoic source rocks to reservoirs in the Eromanga Basin has been a problem since

the first discovery of Jurassic oil at Poolowanna-l. Kantsler et al. (1983), Vincent et

al. (1985), Powell et al. (1989), Michaelsen and McKirdy (1989) published

geochemical data showing that Jurassic and Cretaceous sediments were the source of

the Eromanga-reservoired petroleum. On the contrary, Heath et al. (1989) argued

that most of the oils found in Eromanga reservoirs were derived from Permian source

rocks, and migrated vertically into the Mesozoic sequence, where their physical and

chemical characteristics were severely altered.

Jenkins (19S9) was one of the pioneers in trying to estimate the contribution of intra-

Eromanga sources to the petroleum reservoired there.. He suggested that the

occuffence of 25,28,30-trisnorhopane, 25,28,3}-trisnormoretane and 19-

norisopimarane in a crude oil signified an Eromanga source input. Using this

criterion, the maximum Eromanga contribution to an individual oil accumulation was

found tobe 40Vo, though less than 2OVo was the volumetric average across the basin.
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Even this volumetrically minor Eromanga contribution has been questioned (Tupper

and Burckhardt, 1990) since l9-norisopimarane is not strictly confined to the

Eromanga sequence but also occurs in Permian source rocks.

Using an alternative approach based on the carbon isotopic composition of individual

n-alkanes, Boreham and Hill (1998) and Boreham and Summons (1999) estimated

that the Eromanga input to mix-sourced oils reservoired in the Eromanga Basin was

greater than 25Vo. A maximum contribution of 65Vo was assigned to Eromanga

sources on the basis of isotopic mass balance. However, this estimation method is

limited by the analytical uncertainty of O.5%o in the data obtained from the current

commercial GC-ir-MS systems (Bjorgy and Hall, 1990; Bjorgy et al., 7991,l994a,b;

Boreham and Hill, 1998; Boreham and Summons, 1999). Hence, the isotope method

for source contribution assessment is only useful when the contribution of the

Eromanga source rocks is greater than 25Vo. Another recent innovation with the

potential for quantitation was the use of mixing curves based on the aromatic source

and maturity parameters, 1-methyl/9-methylphenanthrene and 2-methyUl-

methylphenanthrene (Michaelsen and McKirdy, 1999,2000). However, all these

methods are at best semi-quantitative, although the last one appears to have a

resolution of. +lj%o.

Alexander et al. (1996) provided yet another approach to the recognition of mixed

Cooper and Eromanga-derived oils in Eromanga reservoirs. They used two sets of

aromatic maturity parameters, one based on gasoline-range components and the other

on heavy-end aromatic hydrocarbons. By cross-plotting these parameters, they

determined that the Sturt-7 (Poolowanna) oil appears to be a mixture of low-maturity

heavier crude and high-maturity gasoline-range hydrocarbons. The Birkhead oil from

Big Lake-37, however, contained lower-maturity gasoline-range hydrocarbons and

heavier components of higher maturity.

Of the three aforementioned methods (viz. age-specific biomarkers, GC-ir-MS of

individual n-alkanes, and maturity measurement of light versus heavy aromatic

hydrocarbons) for the assessment of the mixing ratio of petroleum sourced from both

the Cooper and Eromanga petroleum kitchens, the first is the least reliable. The
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Eromanga contribution could readily be over-emphasised when a Cooper-derived

condensate, which contains extremely low concentrations of high-molecular-weight

biomarkers, is mixed with an Eromanga-sourced oil in which triterpenoid (Jenkins,

1989) and/or araucariacean (Alexander et al., 1988) biomarkers are abundant.

Carbon isotope compositions of individual n-alkanes in crude oils provide, no doubt,

one of the most promising approaches to the problem of mixed charging of

hydrocarbon reservoirs in the Eromanga Basin (Boreham and Summons, 1999).

However, caution must be exercised when interpreting the isotope data, as it is easy

to make a wrong estimate when only the average isotope composition of the n-

alkanes is considered. Even the average slope of the n-alkane isotope profile -
employed by Boreham and Hill (1998) and Boreham and Summons (1999) to assess

the degree of mixing of Cooper and Eromanga-derived hydrocarbons - requires

further refinement.

Several facts must be borne in mind when attempting to calculate the mixing ratio of

Cooper and Eromanga-derived hydrocarbons in an individual oil accumulation:

tr Organic matter from the Cooper and Eromanga Basins appears to be isotopically

indistinguishable. The range in isotopic composition of organic matter (kerogen) in the

Eromanga Basin (average = -24.7%o, sd = 1.4%o, n = 18) is similar to that in the Cooper

Basin (average = -24.O%q sd= 1.5%o, n = 13) (Boreham and Hill, 1998). This is not

surprising since the source rocks and oil accumulations in both basins have fairly similar

gross chemical and biomarker compositions (see Section 1.1).

tr The range of n-alkane carbon isotope values in different crude oils is similar to that

within one sample (Boreham and Hill, 1998; Boreham and Summons, 1999). Among all

the crudes analysed by Boreham and Summons (1999), the carbon isotopic composition

of n-Cleranges from-22.09%oto-28.05%o;thatof n-C2sfrom-21.86Vooto-27.59%o.By

comparison, carbon isotope compositions of ¡¿-alkanes in an oil from the Birkhead

Formation at Big Lake-38 range from -24.57%o to -28.07Vooi and in that from the

Patchawarra Formation at Gidgealpa-17 , -23.31%o to -27 .76%o.

o The oils and condensates from this province exhibit a large chemical variation. 'Whole-

oil GC-FID measurements of 120 samples in the present study (see Chapter 4) indicates
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that it is quite common for a Cooper-derived condensate to comprise mostly gasoline-

and kerosine-range hydrocarbons, whereas the Eromanga oils often contain mainly waxy

hydrocarbons.

Taking into account the above observations, it is conceivable that any quantitative

description which relies solely on the relative concentrations of conventional steranes

and triterpanes (Vincent et al., 1985), or only on the araucariacean biomarker

signature (Alexander et al., 1988) will be doubtful. Similarly, the validity of relying

merely on the bulk carbon isotope composition, or on the average carbon isotopic

composition of individual n -alkanes, or even on slopes of the n -alkane carbon isotope

profiles, is debatable. For example, Alexander et al. (1996) recognised that some oils

reservoired in the Eromanga Basin are composite accumulations produced by mixing

of the light Permian condensates with local waxy Eromanga oils of different

maturities. In this case, assessment based on biomarkers would not reflect the

contribution of the Permian-sourced condensate, considering its much lower content

of heavy-end hydrocarbons (and hence biomarkers). Interpretations biased towards

the contribution of Eromanga-derived petroleum also arise when only the n-alkane

isotopic gradient is considered (Boreham and Hill, 1998; Boreham and Summons,

1999). The following theoretical calculation will clarify these points.

For a hypothetical Eromanga-reservoired oil, which is a mixture of Permian

condensate and Jurassic waxy oil, the following statements apply:

l. The Permian condensate, in which the n-alkane isotopic gradient is relatively

steep (Boreham and Summons, 1999), contains abundant gasoline-range

hydrocarbons and extremely low concentrations of biomarkers (e. g. steranes,

triterpanes) and lacks araucariacean resin-derived aromatics. Here, the lighrend

hydrocarbons account for up to 99.99Vo of the total hydrocarbons with an average

gasoline-range n-alkane isotopic composition of -27%0, coffipâr€d to --23%o for

the minor heavy-end n-alkanes.

2. The Jurassic heavy oil, with a flat n-alkane isotopic profile, contains

predominantly Czo* hydrocarbons (99.99Vo), whose n-alkane isotopic

compositionis -26%o for both the light- and heavy-ends. Its retene/phenanthrene
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ratio is 2, andthe25,28,30-trisnorhopane/C36-hopane ratio is 5.

3. When the mixing ratio of the above two crudes is 50:50, the resulting oil contains

50Vo of the gasoline-range hydrocarbons (coming primarily from the Permian

condensate) and 50Vo of the heavy-end components (primarily from the Jurassic

waxy oil). Carbon isotope values for the lighrends are near -2'7%o, and for the

heavy ends close to -26%o, resulting in a nearly flat n-alkane isotope profile

(seemingly characteristic of a Jurassic oil). Note that the biomarker ratios in the

mixed oil are identical to those in the Jurassic waxy oil. Thus, bias towards (and

over-emphasis of) the Jurassic contribution always occurs when the interpretation

of mixing ratios is based only on the biomarker data or ¡¿-alkane isotope gradient.

In this case, the biomarker interpretation leads to the exaggerated assumption of a

I007o contribution from the Jurassic oil, whereas the carbon isotopic slope

calculation suggests a contribution of only 257o from the Permian condensate.

In an attempt to improve upon the previous efforts to quantify hydrocarbon mixing

ratios and, hence, to determine more accurately the relative contributions of Cooper

versus Eromanga sources to the known petroleum reserves in the region, a new

method has been designed. This method is based on the concept of compositional

mass balance and detailed consideration of the observed chemical and isotopic

variations between and within individual samples. It is expressed here first in a

generalised form. Then a simplified two-end-member expression is used to illustrate

this approach and its application to the CooperÆromanga petroleum province.

In this chapter, compositional differences in the Cooper and Eromanga

oils/condensates are displayed by using various molecular source and maturity

parameters. Data processing tools, such as correlation, principal components

analysis, factor analysis and computer digital imitation, are employed to link the

geochemical data with the conceptional mathematical mixing model. Finally, the

model was used to estimate the mixing ratios for several selected oil accumulations.

However, it must be pointed out that this model also has limitations. In its multiple-

end-member form it is limited by diffrculties of visualisation, the lack of sufficient

pristine samples, and the costs of tedious computation and laboratory analysis.
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The simplified two-end-member approach, on the other hand, is limited by the

difficulty of finding the representative end-members, because source rocks expel

hydrocarbons in not only one but many maturity stages, and source rock organic

facies vary considerably. Finding the representative end-member also involves time-

consuming computer system optimisation.

5.2 SAMPLES, PARAMETERS AND ANALYTICAL RESULTS

5.2.1 Sn¡wprcs

From the total collection of 123 CooperÆromanga oils and condensates (Table 3.1),

72 samples were selected for this part of the study. All were considered to have

sustained minimal evaporative loss of their light ends during storage. The samples,

with their geological details, are listed in Table 5.1.

5.2.2 Panauerens

The whole oiVcondensate samples were analysed by GC-MS in selected ion detection

mode (as detailed in Chapter 3). Diagnostic ions for most of the conventional

aromatic and saturated hydrocarbon biomarkers were monitored. Most of the

saturate biomarkers are, unfortunately, not abundant enough to be satisfactorily

detected, especially in the light oils and the condensates. In contrast, signals of the

aromatic biomarkers in the mass chromatograms are easy to quantify, because they

commonly have stable molecular ions from the ion source. Therefore, only the

aromatic data were processed in this study. Representative mass chromatograms are

shown in Figures 5.1-5.3. Peak identifications of all eight isomers of the C:-

substituted benzenes were made on the basis of their retention times and mass

spectra. The mass spectra were obtained from the full scan GC-MS of a Permian oil

(XYOL001, Tirrawarra-l3, DST 4, Tirrawarra Formation) and injections of pure

standards (viz. I,3,S-trimethylbenzene, n-propylbenzene and isopropylbenzene).
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Table 5.1 Values of aromatic maturity ancl source parameters (see Table 5.2 for definition)

Somples Well DST Formotion MPI XYLI ProB MEBI

xyoil00l
ryoil004
xyoil013
xyoil014
ryoil015
ryoilO1B
xyoil019
xyoil020
xyoil021
>(yoilÙ2z

ryoil023
xyoil024
ryoil025
ryoil026
YyoillzT
xyoil028
ryoil029
xyoil030
xyoil035
xyoil037
ryoil039
xyoil041
xyoil042
xyoilo4T
xyoil054
xyoil057
xyoil058
xyoil059
ryoil061
xyoil062
xyoil063
xyoil064
ryoil065
xyoil066
xyoil067
ryoil068
xyo¡1069
xyoil070
xyoil071
xyoil972
xyo¡1073
xyoil074
xyoil075
xyoil076
xyoil077
ryoil079
ryoil081
)Voil082
xyoll083
xyoil084
xyoil0B5
xyoil086
xyoll087
xyoil0B9
xyoil090
xyoil093
xyoil094
xyo¡1095
xyoil107
xyoil108
xyo¡|109
xyo¡l1 10
xyoll111
xyoil113
xyoil114
xyoill 15

ryoil116
ryoil118
Xyoil120
Xyoil121
Xyoil122

Xyoil123

DST 7
DST 2
DST 3
DST 2
DST 2
DST 4
DST 5
DST 3

DST 1

DST 2

oit
oit
oit
Cond
Cond
oit
oil
oil
Cond
Cond
Cond
oit
o¡t
oir
o¡r
oit
oir
oir
o¡l
oit
oit
oir
oit
oil
oir
o¡l
oil
Cond
Cond
oit
oit
o¡t
Cond
oit
oit
oir
Cond
oit
oir
Cond
oit
oit
Cond
oit
oit
o¡t
Cond
oil
oil
oil
Cond
oil
o¡t
Cond
oit
oit
oit
oir
oil
oil
oit
oit
oit
oil
oil
oit
oil
oit
oil
oil
Cond

o¡l

1.354
1.256
0.573
1.075
0.890
0.864
0.967
0.603
0.967
0.865
0.982
0.572
0.982
0.512
0.516
0.542
0.921
0.442
0.562
0.518
0.632
0.688
0.608
0.558
0.488
1.601
1.368
1.223
1.080
0.519
0.719
1 .161
1 .143
1.216
1.1 14
0.432
1.046
0.770
1.079
0.945
1.055
0.906
1.040
1.036
0.750
0.467
0.930
1.378
0.904
0.544
1.560
1.061
0.536
0.935
0.517
0.752
0.616
0.399
0.610
0.59'l
0.633'
0.385
1.008
0.877
0.666
0.666
0.915
0.638
0.738
0.481
0,551

0.521

0.760
0.763
0.801
0.826
o.842
0.812
0.818
0.792
0.768
0.761
0.801
0.802
0.837
0.758
0.802
0.778
0.859
0.920
0.862
0.868
0.860
0.903
0.861
0.862
0.795
0.777
0.780
0.789
0.784
0.789
0.816
0.826
0.798
0.789
o.775
0.830
o.784
0.844
0.764
o.762
0.769
0.810
o.762
0.770
0.841
0.81s
0.784
0.786
o.842
0.791
0.81 1

0.855
0.768
0.786
0.791
0.765
0.736
0.733
0.734
0.731
0.742
0.81 1

0.745
0.730
o.748
0.738
o.744
0.746
0.808
o.754
0.799

o.743

0.325
0.317
0.300
0.274
0.271
0.303
0.300
0.291
o.347
0.242
0.290
0.260
0.245
0.339
0.305
0.258
0.278
0.323
o.278
0.266
0.283
o.232
0.282
0.278
0.322
0.319
0.324
0.337
0.309
o.247
0.2s5
0.247
0.317
0.320
0.316
0.328
0.333
0.248
0.280
0.384
0.235
0.249
0.343
0.269
0.283
0.291
0.332
0.321
o.225
0.359
0.354
0.271
0.260
0.338
0.268
0.326
0.262
0.261
0.363
0.360
0.360
0.251
0.346
0.332
0.351
0.350
0.336
0.348
0.331
0.316
0.295

0.273

0.829
0.831
o.782
0.814
0.823
0.814
0.838
0.784
0.803
0.810
0.837
0.806
0.812
0.762
0.789
0.777
0.837
0.796
0.836
0.842
0.834
0.863
0.835
0.835
0.776
0.839
0.840
0.845
0.838
0.793
0.834
0.854
0.838
0.847
0.839
0.821
0.841
0.776
0.786
0.839
0.791
0.801
0.795
0.830
0.836
0.808
0.819
0.842
0.811
0.765
0.849
0.834
0.767
o.827
0.773
0.790
0.758
o.734
0.751
0.751
0.751
0.790
0.776
o.771
0.760
0.760
0.760
0.765
0.791
0.732
0.826

0.748

Tirrawarra-13
Tirrawarra-70
Mooliampah-1
Munkah-2
Yanda-2
Wilson-6
Big Lake-37
Mooliampah-1
Epsilon-3
Lepena-1
Epsilon-3
SpenceÊ4
Wilson-6
Moolion-1
Tickalara-2
Wancoocha-3
Jackson-28
Tickalaø-z
Dilkera-2
MÐ(!vell-2
Thungo-1
Thungo-1
Thungo-4
Dilkera-1
Mooliampah-1
Tirrawarra-58
T¡tawarua-57
Gooranie-1
Merrimelia-17
Wancoocha-2
Cook-1
Menimelia
Della-2
Woolkina
Moorari-3
Wancoocha-6
Wippo-1
Jackson South-4
Moorari-3
Meranji-'l
Jackson-2
Wilson South-1
Leleptian-1
Fly Lake-2
Menimelia
Alwyn-1
Aroona-1
Tirrawarra
Bagundi-1
Mooliampah-1
Bookabourdie-4
Jackson-3
Nungeroo-1
Daralingie-1
Wancoocha-2
Taloola-2
Taloola-2
Taloola-2
Sturt-4
Sturt-4
Sturt-5
Sturt-6
Sturt-6
Sturt-7
Sturt-7
Sturt-7
Sturt-7
Sturt East-2
Wancoocha-2
Garanjanie-1
Dirkala-1

Dirkala-1

Tirrawarra
Tirrawarra
Adori
Patchawana
Patchawarra
Namur
Birkhead
Namur
Toolachee
Patchawarra
Nappameni
Birkhead
Hutton
Hutton
Namur
Hutton
Westbourne
Namur
Murta
Murta
Murta
Westbourne
Murta
Murta
Namur
Tirrawarra
Tirrawarra
Patchawana
Nappamerri
Hutton
Hulton
Nappamerri
Toolachee
Tirrawarra
Tirrawarra
Murla
Palchawarra
Birkhead
Tirrawarra
Patchawarra
Hulton
Hutton
Patchawarra
Tirrawarra
Hutton
Murta
Toolachee
Tirrawarra
Palchawarra
Murta
Tirrawarra
Westbourne
Namur
Patchawarra
Birkhead
Poolowanna
Hutlon
Namur
Poolowanna
Palchawana
Patchawarra
Birkhead
Patchawarra
Mooracoochie
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Namur
Birkhead

Namur

DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST

4
1

7
1

2
2
1

3
5
e

3
2
1

1

5
o
2
1

2
1

1

4

DST 3
DST 3

DST 1

DST 3

DST 4
DST 1

DST 5

DST 2

DST 4
DST 1

DST 2
DST 3
DST .I

DST 2
DST 1

DST 1

DST 3
DST 2
DST 3
DST 5
DST 4
DST 1

DST 3
DSÏ 1

DST 1

DST 6
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Table 5.L continued (214)

Somples Well DST Formotion TMBI-I TMBI-2 R/P

ryoil001
ryoil004
xyoil013
xyoil014
ryoil015
xyoil018
ryoilo19
ryoil020
ryoil021
,cyoil022

ryoil023
ryoil024
ryoil025
ryoil026
ryoilOZ7
ryoil028
ryoil029
xyoil030
xyoil035
xyoil037
ryoil039
ryoil041
ryoil042
xyoil047

ryoil054
ryoi1057
ryoil058
ryoil059
ryoil061
ryoil062
ryoil063
xyoil064
xyoil065
ryoil066
xyoil067
ryoil068
xyoil069
ryoil070
xyo¡1071
Kyoilg72
xyoil073
xyoil074

ryoil075
ryoil076
xyoil077
ryoil079
xyoil081
xyoil082
xyoil083
xyoil084
xyoil085
ryoil086
ryoil087
ryoil089
xyoil090
ryoil093
xyoil094
ryoil095
xyoil107
)ryoi1108
xyo¡l'109

ryoil110
ryoil111
xyoill 13

ryoil114
xyoill 15
xyoill 16
xyoill 18
Xyoil120
Xyoil121
Xyoil122

Xyoil123

DST 4
DST 1

DST 7
DST 1

DST 2
DST 2
DST 1

DST 3
DST 5
DST 3
DST 3
DST 2
DST 1

DST 1

DST 5
DST 3
DST 2
DST 1

DST 2
DST 1

DST 1

DST 4

DST 1

DST 2

DST 5

DST 3
DST 3

o¡t
oit
oil
Cond
Cond
oir
oit
oit
Cond
Cond
Cond
oit
oit
oit
oit
oir
oil
oil
o¡t
oit
oit
oit
oit
oit
o¡t
oit
oit
Cond
Cond
oil
oit
oit
Cond
oit
oit
oit
Cond
oil
oit
Cond
o¡t
oit
Cond
oit
o¡r
oir
Cond
o¡t
oil
oit
Cond
oit
o¡l
Cond
oit
o¡t
oit
oit
o¡l
oil
oil
oit
o¡l
oil
oil
oil
oil
oil
oil
oil
Cond

o¡l

0.705
0.705
o.672
0.720
0.687
0.609
0.635
0.616
0.769
0.751
0.784
0.660
0.635
0.515
0.634
0.560
o.754
0.666
0.768
0.776
0.768
0.801
0.768
0.769
0.618
0.708
0,712
0.750
0.758
0.563
0.625
0.737
0.787
o.725
0.705
0.682
0.778
0.701
0.666
0.787
0.569
0.573
0.718
0.665
0.694
0.686
0.771
0.708
0.678
0.634
0.833
0.729
0.546
0.747
0.581
0.664
0.469
o.484
0.565
0.564
0.580
0.619
0.639
0.559
0.588
0.594
0.640
0.601
0.728
0.551
0.703

0.463

o.787
0.788
o.764
0.783
0.773
0.736
0.760
0.723
0.793
0.788
0.788
0.742
0.741
0.686
0.732
0.698
0.798
0.748
0.802
0.806
0.804
0.811
0.805
0.802
0.72s
0.798
0,799
0.805
0.800
0.696
0.739
0.796
0.795
0.807
0.802
0.763
0.819
0.757
0.783
0.828
o.752
0.700
0.779
0.782
0.751
0.767
0.800
0.800
0.767
0.727
0.845
0.784
0.707
0.794
0.707
0.741
0.645
0.674
0.692
0.691
0.698
0.683
0.721
0.675
0.702
0.703
0.724
0.705
0.795
0.704
0.706

0.671

0.016
0.017
1 .181
0.004
0.003
0.114
0.081
1.484
0.009
0.002
0.058
0.763
o.754
0.395
0.400
2.576
0.796
0.796
2.196
2.018
2.196
2.554
2.151
2.155
1.750
0.031
0.017
0.044
0.02s
2.133
0.185
0.094
0.001
0.019
o.027
1.329
0.010
1.816
0.028
0.309
1.580
0.924
0.004
0.023
0.147
1.689
0.007
0.020
0.00s
1.9s3
0.002
0.470
1 .910
0.006
0.901
0.654
1.182
2.530
0.627
0.632
0.686
2.529
0.242
0.588
O.BB9
0.821
0.312
0.841
0.336
1.832
o.572

1.362

Tirrawarra-13
Tirrawarra-70
Mooliampah-1
Munkah-2
Yanda-Z
Wilson-6
Big Lake-37
Mooliampah-1
Epsilon-3
Lepena-'l
Epsilon-3
Spencer-4
Wilson-6
Moolion-1
Tickalara-2
Wancoocha-3
Jackson-28
Tickalara-2
Dilkera-2
Maxwell-2
Thungo-1
Thungo-1
Thungo-4
Dilkera-1
Mooliampah-1
T¡rrawarra-58
Tirrawarra-57
Gooranie-1
Menimelia-17
Wancoocha-2
Cook-1
Merimelia
Della-2
Woolkina
Moorari-3
Wancoocha-6
Wippo-1
Jackson South-4
Moorar¡-3
Meranii-1
Jackson-2
W¡lson South-1
Leleptian-'l
Fly Lake-2
Merrimelia
Alwyn-1
Aroona-1
Tirrawarra
Bagundi-1
Mooliampah-1
Bookabourdie-4
Jackson-3
Nungeroo-1
Daralingie-1
Wancoocha-2
Taloola-2
Taloola-2
Taloola-2
Sturt-4
Sturt-4
Sturt-5
Sturt-6
Sturt-6
Sturt-7
Sturt-7
Sturt-7
Sturt-7
Sturt East-2
Wancoocha-2
Garanjanie-1
Dirkala-1

Dirkala-1

Tirrawarra
Tirrawarra
Adori
Patchawarra
Patchawarra
Namur
Birkhead
Namur
Toolachee
Patchawarra
Nappamerri
Birkhead
Hutton
Hutton
Namur
Hutton
Weslbourne
Namur
Murta
Murta
Murta
Westbourne
Murta
Murta
Namur
Tirrawarra
Tirrawarra
Patchawana
Nappameri
Hutton
Hutton
Nappamerri
Toolachee
Tirrawarra
Tirrawarra
Murta
Patchawana
Birkhead
Tirrawarra
Patchawarra
Hutton
Hutton
Patchawarra
Tirrawarra
Hutton
Murta
Toolachee
Tirrawarra
Patchawarra
Murta
Tirrawarra
Westboume
Namur
Palchawarra
B¡rkhead
Poolowanna
Hutton
Namur
Poolowanna
Patchawarra
Patchawana
Birkhead
Patchawarra
Mooracoochie
Patchawarra
Patchawana
Patchawarra
Patchawarra
Patchawarra
Namur
Birkhead

Namur

DST
DST
DST
DST
DST
DST
DST
DST

7
2
3
2
2
4
5
3

DST .I

DST 3

DST 4
DST 1

DST 2

DST 4
DST 1

DST 2
DST 3
DST 1

DST 2
DST 1

DST 1

DST 3
DST 2
DST 3
DST 5
DST 4
DST 1

DST 3
DST 1

DST 1

DST 6
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Table 5.1 continued (3/4)

Somples Well DST Formotion
1251136-
TMN

1,7 lx-
DMP

R/9-MP ] i9-MP

xyoil001
xyoil004
xyoil0l3
xyoil014
xyoit015

4yoilO18
xyoilo19
xyoil020
xyoil021
>cyoilj22
xyoil023
ryoil024
ryoil025
ryoil026
xyoil12T
xyoil028
xyoil029
xyoil030
xyoil035
xyoil037
ryoil039
ryoil041
xyoil042
ryo¡1047
xyoil054
ryoi¡057
ryoil058
xyo¡1059
xyoil061
xyoil062
xyo¡1063
xyoil064
xyoil065
xyoil066
xyoil067
xyoil068

ryoil069
ryoil070
xyoil071

ryoil972
ryoil073
xyoil974
xyoil075
ryoil076
KyoiloTT

ryoil079
ryoil081
ryoil082
xyoil083

.xyo¡1084

ryoil085
ryoil086
ryoil087
ryoil089
xyoil090
xyoil093
xyoil094
xyo¡1095
xyoil'107

ryoil108
xyoil109
xyoill 10
xyoil111
xyoill 13

ryoil114
ryoil1 15
xyo¡I116
xyoill 18

DST 4
DST 1

DST 7
DST 1

DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST
DST

oir
oit
oir
Cond
Cond
oit
o¡t
oir
Cond
Cond
Cond
oit
oir
o¡l
oil
oit
oil
oit
oit
oil
oit
oit
oit
oil
o¡t
oit
oir
Cond
Cond
oir
oit
oil
Cond
o¡t
o¡t
oil
Cond
oit
o¡r
Cond
oit
o¡t
Cond
oit
oit
oit
Cond
oit
oil
oil
Cond
oit
oit
Cond
oir
oir
oit
oit
oit
oil
oil
oil
oit
oit
oit
oit
oir
oil
oil
oit
Cond

oit

0.428
0.468
2.100
0.750
0.876
1.342
0.882
1.858
't.077
0.775
1.354
1.558
0.970
2.276
2.132
2.189
0.900
1.382
1.130
1.186
1.171
0.984
1.039
1.113
1.641
0.526
0.349
1.114
1.029
2.279
1.621
1.000
0.643
0.405
0.462
3.002
0.740
1.1 19
0.447
0.931
1.002
1.69s
1.183
0.587
1.442
1.167
0.979
0.361
0.688
1.704
0.s19
0.868
1.459
1.023
1.667
1.428
1.463
2.895
1.845
1.830
1.731
1.823
1.286
2.105
1.662
1.61 1

1.297
1.607
1.429
2.933
1.975

2.360

0.326
0.337
1.570
0.210
0.285
0.718
0.972
1.784
0.223
0,299
o.284
1.672
0.475
0.771
1.343
1.853
0.560
1.219
1.281
1.359
1.030
1 .190
1.049
1.238
't.600

0.383
0.377
0.439
o.274
2.109
0.947
0.322
0.208
0.36s
0.388
0.885
0.246
1.219
0.388
0.403
0.510
0.960
0.240
0.422
0.792
0.791
0.247
0.383
0.305
1.380
0.217
0.430
0.917
0.285
1.174
0.560
0.515
1.049
0.626
0.613
0.675
1.738
0.460
0.260
0.730
o.727
0.466
0.804
0.543
0.755
1 .319

0.746

0.032
0.030
2.768
0.009
0.006
0.193
0.102
3.174
0.023
0.005
0.095
1.487
0.858
0.764
0.998
4.959
1.144
1.968
3.903
3.785
3.772
4.069
3.99s
3.803
3.928
0.034
0.032
0.089
0.044
4.431
0.360
0.101
0.004
0.034
0.043
2.734
0.019
3.976
0.044
0.600
1.626
1.397
0.010
0.034
0.277
3.190
0.015
0.037
0.010
3.637
0.006
0.584
3.338
0.013
1.796
0.986
1.821
5.785
'1.290

1.273
1.352
5.398
0.344
o.737
1.731
1.577
0.407
1.488
0.81 1

3.309
1.235

2.974

o.747
0.726
2.409
0.650
0.621
1.052
1.204
2.668
0.628
0.618
0.663
1.838
1.003
0.806
2.363
1.867
1.363
2.1s3
1.430
1.360
1.779
2.741
1.891
1.463
2.160
0.747
o.747
0.7t6
0.616
2.273
1.O77
0.630
0.649
0.721
0.716
1 .185
0.6s9
2.514
0.727
0.911
1.108
1.350
0.596
0.718
1 .216
1.O27
0.638
0.742
0.631
1 .316
0.671
0.946
1.595
0.673
1.459
0.830
0.901
1.483
0.811
0.774
1.067
2.862
0.689
0.635
1.170
1.261
0.688
1.238
0.776
0.752
1.553

1.469

Tirrawarra-13
Tirrawarra-70
Mooliampah-1
Munkah-2
Yanda-2
Wilson-6
Big Lake-37
Mooliampah-1
Epsilon-3
Lepena-1
Epsilon-3
Spencer-4
Wilson-6
Moolion-1
Tickalara-2
Wancoocha-3
Jackson-28
Tickalara-2
Dilkera-2
Ma-rwell-2
Thungo-1
Thungo-1
Thungo-4
Dilkera-1
Mooliampah-1
Tirrawarra-58
Tirrawarra-57
Gooranie-1
Menimelia-17
Wancoocha-2
Cook-1
Menimelia
Della-2
Woolkina
Moorari-3
Wancoocha-6
Wippo-1
Jackson South-4
Moorari-3
Meranji-1
Jackson-2
Wilson South-1
Leleptian-1
Fly Lake-2
Merrimelia
Alwyn-1
Aroona-1
Tirrawarra
Bagundi-1
Mooliampah-1
Bookabourdie-4
Jackson-3
Nungeroo-1
Daralingie-1
Wancoocha-2
Taloola-2
Taloola-2
Taloola-2
Sturt-4
Sturt-4
Sturt-5
Sturt-6
Sturt-6
Sturt-7
Sturl-7
Sturt-7
Sturt-7
Slurt East-2
Wancoocha-2
Garanjanie-1
Dirkala-1

Dirkala-1

Tirrawarra
Tirrawarra
Adori
Patchawarra
Patchawarra
Namur
Birkhead
Namur
Toolachee
Patchawarra
Nappamerri
Birkhead
Hutton
Hutton
Namur
Hutton
Westbourne
Namur
Murta
Murta
Murta
Westbourne
Murta
Murta
Namur
Tirrawarra
Tirrawarra
Patchawaria
Nappamerri
Hutton
Hutton
Nappameni
Toolachee
Tirrawarra
Tirrawarra
Murta
Patchawarra
Birkhead
Tirrawarra
Palchawarra
Hutton
Hutton
Patchawarra
Tirrawarra
Hutton
Murta
Toolachee
Tirrawarra
Patchawarra
Murta
Tirrawarra
Westbourne
Namur
Patchawana
Birkhead
Poolowanna
Hutton
Namur
Poolowanna
Patchawarra
Patchawarra
Birkhead
Patchawana
Mooracoochie
Palchawarra
Patchawarra
Patchawana
Patchawarra
Patchawarra
Namur
Birkhead

Namur

2
2
1

o
5
3
ó
2
1

1

5
3
2
1

2
1

1

4

7
2
3
2
2
4
5
ö

DST
DST
DST
DST
DST
DST
DST
DST

DST 1

DST 2

DST 5

DST 3
DST 3

DST 1

DST 3

DST 4
DST 1

DST 2

Xyoil120
Xyoil121

DST 4
DST 1

DST 2
DST 3
DST 1

DST 2
DST 1

DST .I

DST 3
DST 2
DST 3
DST 5
DST 4
DST .I

DST 3
OST 1

DST 1

DST 6

Xyoit122

Xyoil123

t40



Table 5.1 continued (4/4)

Somples Well DST Formotion MA/MP DNR-I DNR-ó TNR-I

ryoil001
xyoil004
ryoil013
xyoilo14
xyo¡1015
xycil018
ryoil019
xyoil020
xyoil021
xyoil022
xyo¡1023
xyoil024
ryoil025
ryoil026
xyoil027
xyoil028
xyoil029
xyoil030
xyoil035
xyoil037
xyoil039
xyoil041
xyoil042
xyoil047
xyoil054
xyoil057
xyoil05B

ryoil059
xyoil061
xyoil062
xyoil063
xyoil064
xyoil065
xyoil066
xyoil067
xyoil068
xyoil069
xyoil070
ryoil071
xyoil072
ryoil073
xyoil074
xyoil075
xyoil076
xyoil077
ryoil079
ryoil081
xyoil082
ryoil083
xyoil084
ryoil085
Xyoil086
ryoil087
xyoil089
ryoil090
ryoil093
xyoil094
xyoil095
xyoil107
xyoil108
xyo¡1109
xyoill 10

ryoih11
ryoil113
xyo¡|114

ryoil115
xyoil116
Xyoill 18
Xyoil120
Xyoil121
Xyoil122

Xyoil123

Tirrawarra-13
Tirrawarra-70
Mooliampah-1
Munkah-2
Yanda-2
Wilson-6
Big Lake-37
Mooliampah-1
Epsilon-3
Lepena-1
Epsilon-3
Spencer-4
Wilson-6
Moolion-1
Tickalara-2
Wancoocha-3
Jackson-28
Tickalara-2
Dilkera-2
Maxwell-2
Thungo-1
Thungo-1
Thungo-4
Dilkera-1
Mooliampah-1
Tirrawarra-58
Tirrawarra-57
Gooranie-1
Merrimelia-17
Wancoocha-2
Cook-1
Merrimelia
Della-2
Woolkina
Moorar¡-3
Wancoocha-6
Wippo-1
Jackson South-4
Moorari-3
Meranji-1
Jackson-2
W¡lson South-1
Leleptian-1
Fly Lake-2
Merrimelia
Alwyn-1
Aroona-1
Tirrawarra
Bagundi-1
Mooliampah-1
Bookabourdie-4
Jackson-3
Nungeroo-1
Daralingie-1
Wancoocha-2
Taloola-2
Taloola-2
Taloola-2
Slurt-4
Sturt-4
Sturt-5
Sturt-6
Sturt-6
Sturl-7
Sturt-7
Sturt-7
Sturt-7
Sturt East-2
Wancoocha-2
Garanjanie-1
D¡rkala-1

Dirkala-1

Tirrawarra
Tirrawarra
Adori
Patchawarra
Palchawarra
Namur
Birkhead
Namur
Toolachee
Patchawarra
Nappamerri
Birkhead
Hutton
Hutton
Namur
Hutton
Westbourne
Namur
Murta
Murla
Murta
Westbourne
Murta
Murta
Namur
Tirrawarra
Tirrawarra
Palchawarra
Nappameni
Hutton
Hutton
Nappameni
Toolachee
Tirrawarra
Tirrawarra
Murta
Patchawarra
Birkhead
Tirrawarra
Patchawarra
Hutton
Hutton
Patchawana
Tirrawarra
Hutton
Murla
Toolachee
Tirrawarra
Patchawarra
Mufia
Tirrawarra
Westbourne
Namur
Patchawarra
Birkhead
Poolowanna
Hutton
Namur
Poolowanna
Patchawarra
Palchawana
Birkhead
Patchawarra
Mooracoochie
Patchawarra
Patchawarra
Palchawarra
Patchawarra
Patchawarra
Namur
Birkhead

Namur

DST 4
DST 1

DST 7
DST 1

DST 2
DST 2
DST 1

DST 3
DST 5
DST 3
DST 3
DST 2
DST 1

DST 1

DST 5
DST 3
DST 2
DST 1

DST 2
DST 1

DST 1

DST 4

DST 7
DST 2
DST 3
DST 2
DST 2
DST 4
DST 5
DST 3

DST 1

DST 2

oit
oit
oit
Cond
Cond
oir
oit
oit
Cond
Cond
Cond
oit
oit
oit
oit
oit
oil
oir
oir
oit
o¡t
oit
oit
oit
oil
oit
oit
Cond
Cond
o¡t
oit
oil
Cond
oil
oil
oit
Cond
oil
oit
Cond
oit
oil
Cond
oir
oir
oit
Cond
oil
oll
oit
Cond
oil
oil
Cond
oit
oir
oil
o¡l
oit
oir
o¡t
oit
oil
oil
oil
oil
oil
oil
oil
oil
Cond

oit

0.031
0.041
0.011
0.061
0.036
0.039
0.012
0.006
0.100
0.03s
0.035
0.016
0.036
0.259
0.0t3
0.036
0.000
0.01 1

0.024
o.024
0.020
0.010
0.036
0.022
0.004
0.046
0.029
o.211
0.035
0.070
0.017
0.038
0.120
0.029
0.018
0.061
0.043
0.026
0.010
0.068
0.036
0.083
0.114
0.02s
0.021
0.072
0.088
0.028
o.047
0.028
0.022
0.005
0.021
0.079
0.083
0.210
0.291
0.081
0.315
o.476
o.275
0.039
0.089
0.133
0.169
0.016
0.073
o.211
0.246
0.224
0.060

0.029

17.021
't4.225
2.926
9.230
8.367
5.544
6.142
2.601
7.1 65
8.814
6.383
3.826
9.475
2.406
2.792
2.530
6.521
3.483
5.810
7.215
7.006
6.458
6.433
5.875
2.365
17.240
18.266
7.1 95
7.748
2.779
5.187
6.806
10.504
13.973
11.991
2.340
8.623
5.750
10.804
8.021
4.972
3.816
6.688
8.318
4.288
5.945
7.346
17.361
9.640
2.349
16.466
7.644
3.845
7.286
3.172
4.513
3.159
3.148
3.412
3.380
3.667
2.81s
5.655
3.912
3.557
3.833
5.127
3.765
5.708
2.656
3.183

3.121

5.189
4.760
2.083
,5.4¿O

3.190
2.966
3.6s7
2.019
2.960
3.649
3.107
2.450
4.730
1.691
2.114
1.518
3.129
2.213
2.7'19
3.155
2.807
2.788
2.824
2.A84
1.726
s.341
5.412
2.969
3.424
1.799
2.676
3.078
3.930
4.876
4.552
1.449
3.752
3.420
4.287
3.446
3.236
2.598
2.579
3.621
2.537
3.158
3.188
5.388
3.960
1.651
5.384
3.289
2.338
3.234
1.970
2.215
1.908
1.849
1.650
1.645
1.793
1.842
2,604
2.10s
1.878
1.954
2.383
1.976
2.287
'1.677
't.934

1.893

1.940
1.757
0.371
0.886
0.812
0.698
0.903
0.410
0.707
0.810
0.576
0.494
0.922
0.397
0.397
0.348
0.860
0.535
0.591
0.s37
0.548
0.723
0.665
0.607
0.389
1.996
1.971
0.828
0.800
0.328
0.595
0.887
0.930
1.685
1.573
0.270
0.898
0.699
1.708
0.809
o.842
0.502
0.732
1.167
0.582
0.611
0.758
1.894
1.031
0.394
1.497
0.900
0.538
0.786
0.362
0.604
0.517
0.219
0.429
o.422
o.472
o.257
0.730
0.448
0.489
0.513
0.700
0.51'l
0.561
0.246
0.391

0.338

DST 5

DST
DST

J

3

DST 1

DST 3

DST 4
DST 1

DST 2

DST 4
DST 1

DST 2
DST 3
DST 1

DST 2
DST 1

DSÏ 1

DST 3
DST 2
DST 3
DST 5
DST 4
DST 1

DST 3
DST 1

DST 1

DST 6
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No. Parameter S

Table 5.2 Definition and specificity of the aromatic parameters

Definition

E(m+p)-xylenes/ E all xylene isomers

propylbenzeneÆ (propylbenzene+isopropylbe nzene)

X (1-methyl-3-ethyl-benzene+1-methyl-4-ethyl-benzene)/E all methyl-ethyl-
benzenes
1,3,S-trim ethylbenzene/X(1,3,5+1,2,3)-trim ethylbenzenes

1,2, -trimethylbezene l);(1,2,4+1,2,3)-trim ethylbenzenes

retene/phenanthrene

1,2, S-tri m ethyl n aphth ale n e/1, 3, 6-tri m ethyl n ap hthal en e

1,7-dim ethylphenanth r enelE (1,3+3, 1 0+2,10+3,9+2, 9)-
dim ethylphenanth renes
retene/9-methylphenanth rene

1 -m ethylph enanthren e/9-methylph enanthrene

2-m ethylanth racene/9-m ethylphenanth rene

2 (2,7 +2,6)-dimethylnaphthalene/1,5-dimethylnaphthalene

E (2,7 +2,6)-d i m ethyl n ap h th al e n e s /2. (1, 4+2,3) -di m eth yl n a p hth al e n es

2,3,6-trimethylnaphthalene/X (1,4,6+1,3,5)-trimethylnaphthalenes

1.5 x > (2-MP + 3-MP)i> (0.69P+1-MP+9-MP)"

mlz Reference

This study

This study

This study

Alexander et al., 1996

Alexander et al., 1996

This study

Alexander et al., 19BB

Alexander et al., 19BB

Alexander et al., 1988

Alexander et al., 19BB

This study

Radke et al., 1982

Alexander et al., 1985

Alexander et al., 1985

Radke and Welte, 1983

1

2

3

4

5

6

7

I
o

10

11

12

13

14

15

M

M

M

M

M

S

S

S

S

S

S?

M

M

M

M

106

120

120

120

120

178,

170

206

192,

192

192

156

156

170

178,

219

219

192

XYLI

ProB

MEBI

TMBI-1

TMBI-2

R/P

125/136-TMN

1,7/x-DMP

F/9-MP

1/9-MP

MA/MP

DNR-1

DNR-6

TNR-1

MPI

o x When peal area of l-MP is higher than that of 9-MP in Eromanga-sourced oils peak area

. MP=methylphenanthrene, S = Specificity, M=Maturity, S - Source

of l-MP is norrnalised to that of 9-MP

5
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CHAPTER FIVE

Target peaks were integrated and various maturity and source parameters were

calculated. The results are compiled in Table 5.1. Definitions of all the parameters

discussed here are given in Table 5.2. Of the 15 aromatic parameters used, ten are

from the literature (Radke et al., 1982; Radke and Welte, 1983; Alexander et al.,

1985, 1988, 1996) and five are new. Among them, nine are maturity parameters (5

from the gasoline-range; 4 from the Crz+ range) and six are source parameters (all

from the C12,. range).

The following sections briefly introduce or review these parameters, and discuss their

values in the CooperlEromanga oils and condensates.

5.2.2.1 Retene / Phenanthrene and Retene / 9-Methylphenanthrene

The ratio of retene to phenanthrene (RÆ) is proposed here as a source parameter

capable of distinguishing oils of Permian and Jurassic/Cretaceous origin in the

Cooper and Eromanga Basins. Retene/9-methylphenanthrene (R/9-MP) is a similar

parameter first employed by Alexander et al. (1988). Values of these two ratios are

listed in Table 5.1, and their respective distributions between the reservoir horizons

(with stratigraphic age increasing from left to right) are shown in Figures 5.4 & 5.5.

Retene (like l-methylphenanthrene, 1,2,5-trimethylnaphthalene and 1,7-

dimethylphenanthrene) is a well-known age-specific biomarker derived from natural

products (resins) of the Araucariaceae, conifers of the Kauri pine group (native to

the southern hemisphere, e. g. monkey-puzzle tree) that first appeared during the

Early Jurassic (Alexander et al., 1988). High concentrations of these compounds

(relative to those of other ubiquitous aromatic hydrocarbons of similar structure, such

as phenanthrene) have been widely used to identify oils derived from Jurassic-

Cretaceous source rocks in the Eromanga Basin (Alexander et al., 1988; Michaelsen

and McKirdy, 1989, 1996; Boreham and Hill, 1998; Boreham and Summons, 1999).

Several other ratios of this type (i.e. source-specific) are included in Table 5.2.

However, considering the larger number of oils involved in this study, the

conventional loglog plots designed by Alexander et al. (1988) have not been

adopted. Instead the option of cross-plotting the various ratios against the reservoir
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CHAPTER FIVE

strata was preferred (see Figures 5.4-5.1)

Except for five oils from the Sturt area (RÆ = 0.6-0.9; R/9-MP = 0.7-I.7) and one

from 'Wancoocha-2 (R/9-MP - 0.8), all of which are from the Patchawarra

Formation, the other Cooper-reservoired crudes are characterised by very low values

of these two ratios (= 0.1). The only oil from the Mooracoochie Volcanics (part of

the Cambrian basement at Sturt-7) also displays an unexpectedly high retene level

(R/P = 0.6; R/9-MP = 0.7). By way of contrast, the Eromanga-reservoired oils in

general have high to very high relative concentrations of retene (RÆ = 0.4-2.6;FJ9-

MP = 1.0-5.8). Notable exceptions are the oils in Middle-Late Jurassic reservoirs at

Merrimelia (Hutton) and Big Lake (Birkhead) in South Australia and at Cook

(Hutton), Jackson (Westbourne) and Wilson (Namur) in Queensland. These oils

have retene concentrations intermediate between those of typical Cooper and

Eromanga crudes. Interestingly though, these same reservoirs in other areas

('Wancoocha-2 & 3, Thungo-l, Taloola-2 and Sturr6) are the host for the oils with

the highest R/P and R/9-MP ratios. On the other hand, the Murta oils display

consistently high RÆ and R/9-MP values.

The fact that some Eromanga-reservoired oils contain only very little retene suggests

a Cooper source or mixed-sourcing (from both the Cooper and Eromanga Basins).

The lower the RÆ value is, the greater the contribution from the Cooper source

rock(s). 'Where RÆ values are >2.5, the Eromanga petroleum kitchens make the

main, or probably exclusive, contributions to the local reservoirs; where the RÆ

values aÍe <0.25, the predominant inputs to the Eromanga hydrocarbon

accumulations come from the Cooper Basin. Quantitative interpretation of the mixed

charge will be discussed later in this chapter, using a novel mixing model developed

as part of this project (Yu et al., 2000a,b).

lVhat is more interesting is the fact that some oils reservoired in the Patchawarra

Formation (Cooper Basin) and Mooracoochie Volcanics (Warburton Basin) at the

Sturt-Sturt East Fields have relatively large RÆ and R/9-MP values. It is very likely

that these hydrocarbons come from mature Eromanga source rocks (specifically the

upper Poolowanna Formation: Kagya et al., 1996; Kagya, 1997) buried deeply in the

r47



8t
I

R
Y

P

99
iil

$!
uP

b<
¡o

qo
<

¡r
o

oo
oa

oq
)o

õo
oo

oo
o

4t 0e ã (Þ (r
¡ À s¡
- 5. È
t o Þ o }*
) € F

Ú { F
l

(D U
2

(D : o H ä 5 H Þ o (t
)

F
¡ E (D É I d (D 4 (A r o r x x X Þ
t

F
t

(D v) ) o { Þ o p 0a l' (D o !

'T
l

o 3 D
) o

M
ur

ta

M
ur

ta

M
ur

ta

M
ur

ta

N
am

ur

N
am

ur

N
am

ur

N
am

ur

N
am

ur

W
es

tb
ou

rn
e

A
do

ri

B
irk

he
ad

B
irk

he
ad

B
irk

he
ad

H
ut

to
n

H
ut

to
n

H
ut

to
n

H
ut

to
n

P
oo

lo
w

an
na

N
ap

pa
m

er
ri

N
ap

pa
m

er
ri

T
oo

la
ch

ee

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

ïr
ra

w
ar

ra

ïr
ra

w
ar

ra

ïr
ra

w
ar

ra

ïr
ra

w
ar

ra

ïr
ra

w
ar

ra

E
 'æ

E
¡

03
7

03
9

o4
2

o4
7

06
8

07
9

08
4

01
8

o2
0

o2
7

03
0

05
4

09
5

12
1

12
3

08
7

o2
9

04
1

08
6

01
3

11
0

01
9

o2
4

12
2

07
0

09
0

o2
5

02
6

o2
8

06
2

06
3

07
3

07
4

07
7

09
4

09
3

10
7

02
3

06
1

06
4

o2
1

06
5

08
1

01
4

01
5

o2
2

08
9

10
8

10
9

11
1

11
4

11
5

11
6

11
8

12
0

05
9

06
9

07
2

07
5

08
3

00
1

00
4

05
7

05
8

06
6

06
7

07
1

07
6

08
2

08
5

M
oo

ra
co

oc
hi

e



6þ
r

R
Y

g-
M

P

P o () o

T
I o 3 s¡ 4 o ã

4 0a ã (! ut (,
I Þ
'

F
t Þ ñ o I o Þ
*) e \o I € + F
l

(D U
)

(D ? o F
t o' 'J Þ
t o F V
)

Ê
) i1 'c
l

(D t o' (D n (n X o rr x x X sJ H C
D

çr
2 o { Þ Þ
t o H oq F C
D o p

Þ o o o

o, b o o

('r b o o
s,

,
O o o

b o o
]\) o o o

M
ur

ta

M
ur

ta

M
ur

ta

M
ur

ta

N
am

ur

N
am

ur

N
am

ur

N
am

ur

N
am

ur

W
es

tb
ou

rn
e

A
do

ri

B
irk

he
ad

B
irk

he
ad

B
irk

he
ad

H
ut

to
n

H
ut

to
n

H
ut

to
n

H
ut

to
n

P
oo

lo
w

an
na

N
ap

pa
m

er
ri

N
ap

pa
m

er
ri

T
oo

la
ch

ee

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

P
at

ch
aw

ar
ra

T
irr

aw
ar

ra

T
irr

aw
ar

ra

ïr
ra

w
ar

ra

ïr
ra

w
ar

ra

ïr
ra

w
ar

ra
T

lM
oo

ra
co

oc
hi

e

o3
7

03
9

o4
2

o4
7

06
8

07
9

08
4

01
8

o2
0

o2
7

03
0

05
4

I J

12
1

12
3

08
7

02
9

04
1

08
6

01
3

11
0

01
9

o2
4

12
2

07
0

09
0

02
5

02
6

o2
8

06
2

06
3

07
3

07
4

07
7

09
4

09
3

10
7

02
3

06
1

06
4

02
1

06
5

08
1

01
4

01
5

o2
2

08
9

10
8

10
9

11
1

11
4

11
5

11
6

11
8

12
0

05
9

06
9

07
2

07
5

08
3

00
1

00
4

05
7

05
8

06
6

06
7

07
1

07
6

o8
2

08
s

! -P þ -E 'z !l It E l
-.

¡ E



Table 5.3 Descriptive statistics of the aromatic maturity and source parameters

MPI XYLI ProB MEBI TMBI-I TMBI-2 R/P TfuN DMP
R/9.MP I/9.MP DNR.I DNR.ó TNR.I

MP

Mean

Std Error

Median

Mode

Std Deviation

Variance

Kurtosis

Skewness

Range

Minimum

Maximum

Sum
Count

0.82

0.03

0.76

#N/A

0.29

0.09

-0.33

0.60

1.22

0.39

1.60

59.02
72

0.79

0.00

0.79

#N/A

0.04

0.00

0.16

0.66

0.19

0.73

0.92

57.21

72

0.30

0.00

0.30

#N/A

0.04

0.00

-1.07

-0.02

0.16

0.23

0.38

21.63
72

0.80

0.00

0.81

0.76

0.03

0.00

-1.06
-0.36

0.13

0.73

0.86

57.95
72

0.67

0.01

0.68

#N/A

0.09

0.01

-0.57

-0.39

0.37

0.46

0.83

48.17
72

0.76

0.01

0.76

#N/A

0.05

0.00

-1.01

-0.34'

0.20

0.64

0.85

54.36
72

0.79

0.10

0.58

#N/A

0.83

0.70

-0.72

0.80

2.57

0.00

2.58

56.81

72

1.32

o.o7

1.18

#N/A

0.62

0.39

o.23

0.65

2.65

0.35

3.00

94.87
72

0.75

0.06

0.62

#N/A

0.48

0.23

-0.05

0.90

1.90

0.21

2.11

54.24
72

1.48

0.19

0.92

#N/A

1.63

2.65

-0.37

0.92

5.78

0.00

5.79

106.90
72

1.18

0.07

0.97

#N/A

0.61

0.37

0.60

1.22

2.27

0.60

2.86

84.73
72

0.08

0.01

0.04

#N/A

0.09

0.01

5.35

2.21

0.48

0.00

0.48

5.43
72

6.43

0.48

5.73

#N/A

4.05

16.42

1.63

1.42

17.32

0.95

18.27

463.06
72

2.86

0.13

2.75

#N/A

1.09

1.18

0.20

0.73

4.94

0.47

5.41

205.63
72

0.75

0.05

0.61

#N/A

0.44

0.20

1.69

1.53

1.78

0.22

2.00

54.30
72
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CHAPTER FIVE

Patchawarra Trough further to the northeast. This is consistent with the geological

structure of this area, where the Permian sequence is truncated and both it and the

Cambrian sequence are unconformably overlain by the Poolowanna Formation,

facilitating the west-southwest lateral migration of the Poolowanna-derived

hydrocarbons into the underlying Patchawarra Formation and Mooracoochie

Volcanics. This migration scenario is depicted in Figure 4.8.

This interpretation is also consistent with the discussion in Chapter 4 on the

pronounced water-washing effects noted in the distributions of light aromatic

hydrocarbons in the oils from the Patchawarra Formation and Mooracoochie

Volcanics in the Sturt area. 'Water from the Great Artesian Basin aquifers carries the

hydrocarbons generated from the Eromanga source rocks to the Patchawarra and

Mooracoochie reservoirs, and leaches them, simultaneously, giving rise to

petroleums deficient in light aromatic hydrocarbons and rich in araucariacean

biomarkers.

5.2.2.2 Other Araucariacean Resin Signatures

The other parameters involving araucariaceaen aromatic biomarkers (viz. 1/9-MP,

1,7/x-DMP, and l25lI36-TMN) show similar distribution patterns in which there is a

less obvious contrast between Permian/Triassic and Jurassic/Cretaceous reservoir

strata (Table 5.1 and Figure 5.6). The average values for the Eromanga oils are at

least twice that of the Cooper accumulations. However, there are large variations (up

to a factor of three) among the Eromanga petroleums, and high values are again

observed in the Patchawarra/Ivlooracoochie crudes of the Sturt area. The same

geological interpretation mentioned above (Section 5.2.2.1) applies here. Definitions

of these parameters and a brief summary of their data distribution are presented

below.

1,7/x-DMP

The ratio 1,7/x-DMP, represents the concentration of l,7-dimethylphenanthrene

relative to the sum of the chromatographically unresolvable 1,3 + 3,10 + 2,10 + 3,9-

dimethylphenanthrenes. A value smaller than 0.8 was suggested to indicate a pre-
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CHAPTER FIVE

Jurassic source affinity (Alexander et al., 1988). Here, based on the data distribution

and the aforementioned geological interpretation, the value of 0.5 is applied.

Descriptive statistics shows that the 1,7/x-MP in the analysed samples ranges from

0.2I to 2.11, with a mean of 0.75 and a median of 0.62. All but two Eromanga-

reservoired oils and condensates have 1,7/x-DMP values >0.5, whereas all the

Cooper crudes, excepting the six Patchawarra-reservoired accumulations mentioned

earlier, have values <0.5 (Figure 5.3). The two exceptions of Eromanga-reservoired

oils with evidently pronounced contributions from the Cooper Basin (1,7/x-DMP <

0.5) occur in the Hutton and Westbourne reservoirs at 'Wilson-6 and Jackson-3,

respectively.

1/g-MP

The ratio of l-methylphenanthrene to 9-methylphenanthrene (1/9-MP) also indicates

the relative abundance of the araucariaceaen input (Alexander et al., 1988). For most

of the Eromanga-reservoired oils, the 1/9-MP values are >1.0 (notice that this is also

the value Alexander and co-workers suggested for distinguishing the Cooper and

Eromanga hydrocarbons), implying predominant contributions from the Eromanga

Basin source rocks. The three smallest values (<1.0) among the Eromanga crudes are

O.75 (Garanjanie-1, Namur), 0.81 (Moolion-l, Hutton) and 0.95 (Jackson-3,

'Westbourne) suggesting significant Permian charges to each of these reservoirs.

Among the Cooper-hosted hydrocarbons, all but four Patchawarra crude oils share

1/9-MP values below the 1.0 level. The 1/9-MP values of the exceptional

Patchawarra crudes are even greater than that of the Poolowanna petroleum at Sturt-

4, and nearly equivalent to those of the Hutton accumulations.

125/136-TMN

The last araucariaceae-specific source parameter introduced by Alexander et al.

(1988) and used here is the ratio of 1,2,5-trimethylmaphthalene over I,3,6-

trimethylnaphthalene (1251136-TMN). In this data set the average l25lI36-TMN

ratio for the Eromanga oils is equivalent to the cut-off value(= l.45)usedby
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CHAPTER FIVE

Alexander and his co-workers to separate their Cooper and Eromanga crudes. The

average for the Cooper crudes is around 0.7. Among the highest l25lI36-TMN

values obtained from the Eromanga oils is that of the Namur crude at Garanjanie-l

(2.93). This conflicts with its low 1/9-MP value (see above). The smallest 1251136-

TMN values are in the Birkhead oil from Big Lake-37 (0.88) and the two
'Westbourne oils from Jackson-3 & 28 (0.87 and 0.90) confirming their suspected

Permian origin.

Among the Cooper-hosted oils and condensates, uniformly low l25lI36-TMN values

are encountered in the Tirrawarra Formation (0.35-0.47). Yet again, the

hydrocarbons accumulated in the Patchawarra Formation and Mooracoochie

Volcanics at Sturt and Sturt East have appreciably higher values (>1.45).

5.2.2.3 2-Methyl a nth racene / 9-Methyl phenanth rene

The triaromatic hydrocarbon 2-methylanthracene is another compound that exhibits

an unusual distribution within the CooperÆromanga oils and condensates. Its peak

area in the mlz 178 + I92 + 206 + 234 cluomatogram (Figure 5.1) of each oil and

condensate was integrated, along with those of phenanthrene and the four isomeric

methylphenanthrenes, and the ratio of 2-methylanthracene over 9-

methylphenanthrene (MA/IvIP) was calculated. These MA^4P values are listed in

Table 5.1 and their distribution with respect to reservoir strata is shown in Figure 5.7.

Though its geochemical significance is not yet clear, this parameter does highlight

the previously noted peculiarity of the hydrocarbons in the Patchawarra Formation

and Mooracoochie Volcanics in the Sturt-Taloola area. This may indicate another,

additional source input to the Cooper petroleum system in this particular area.

Descriptive statistics show that the MA/lvIP ratio ranges from zero to 0.48, about a

mean of 0.08 (Table 5.3). As shown in Figure 5.7, some eleven oils and condensates

possess extremely large (compared to the mean) MA/MP ratios. All but three of the

ten largest MA/I\4P values were encountered in oils from the Poolowanna Formation,

Patchawarra Formation and Mooracoochie Volcanics in f,relds located at or near the

zerc edge of the Cooper Basin, viz. Sturt, Sturt East and Taloola in the Patchawarra
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CHAPTER FIVE

Trough, and Wancoocha in the Nappamerri Trough (Figure 3.1). Other crudes with

high MA/MP values (>0.2) are those from Gooranie (Patchawarra) and Moolion

(Hutton) in the central Patchawarra Trough, and Garanjanie (Namur) located ca 8 km

east of 'Wancoocha in the Nappamerri Trough (see Chapter 6).

It seems that in addition to the typical Cooper source and the Eromanga source that

contains araucariacean biomarkers, there exists a third source type in which the

concentration of 2-methylanthracene is high. The latter could be a source rock facies

within the lower Poolowanna Formation. Hydrocarbons produced from this

hypothetical Poolowanna source could have been expelled into local intra-

formational sandstones (e. g. XYOIL093,094 &. 107), or migrated laterally into the

adjacent Patchawarra sandstone and Mooracoochie Vocanics (e. g. XYOIL{59, 108,

109, 114, 118 e. 1^20). In favourable geological settings (such as the presence of

faults or thin seals) part of this hydrocarbon charge could have migrated upwards

along the "highway" into the Eromanga Basin and accumulated there (XYOIL026 in

Hutton Formation and XYOILI2I inNamur Sandstone).

Migration "highway" means a hydrocarbon migration pathway through which

deeper-derived petroleum migrates vertically into younger strata and is reservoired

there without encountering the locally generated hydrocarbons. This concept will be

explained in more detail in Chapters 6 &.7. Oil/condensate samples XYOIL026 &

l2l appear to belong to this category. Samples XYOL018, 019, 063 & 077 may

also be of this type. They accumulated in Eromanga traps, but contain low levels of

araucariacean biomarkers and have low to high MPI maturity values.

However, it must be pointed out that this interpretation is somewhat speculative and

needs further work to conf,rrm it. Investigation of 2-methylanthracene abundance in

the putative Poolowanna source rock could provide the most direct evidence.

5.2.2.4 Methylphenanthrene lndex

Introduced by Radke and V/elte (1983), the methylphenanthrene index (MPÐ is one

of the most widely used maturity parameters. It certainly has been an important part

of many geochemical studies of the Cooper and Eromanga Basins (Alexander et al.,
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CHAPTER FIVE

1988; Boreham et al., 1988; Jenkins, 1989; Michaelsen and McKirdy, 1989; Powell

et al., 1989; Tupper and Burckhardt, 1990; Michaelsen and McKirdy, 1996). The

original formula (1) is most suitable for data obtained from GC measurements on

aromatic hydrocarbon fractions of EOM from Type III source rocks and their

associated crude oils (Radke and'Welte, 1983). Two modifications are necessary to

make it suitable for GC-MS data on the Cooper and Eromanga oils and condensates.

Firstly, the phenanthrene ion abundance was multiplied by a factor of 0.69 to adjust

the MPI in formula 1 to an equivalent FID response (Formula 2). Secondly, the

response of 1-MP was normalised to that of 9-MP when 1-MP is more abundant than

9-MP (as is very common in Eromanga samples).

^rDr 
_1.5(2MP+3MP)

P +lMP +9MP
(1)

MpI = 1.5(2MP+3MP) --- ,\
O.69P +lMP +9MP

When the maturity of Type III kerogen changes within the oil generation window

(vitrinite reflectance, Ro = 0.65-l.35Vo), there exists a linear relationship between Ro

and MPI (i. e. R. = 0.6 MPI + 0.4). Here Ro is the measured vitrinite reflectance and

R" refers to the calculated vitrinite reflectance based on the MPI. Using Australian

coals and sediments of various types and ages Boreham et al. (1988) produced an

alternative calibration (R. = 0.7MPI + 0.22). However, Alexander et al. (1988)

pointed out that the original Radke and 'Welte calibration is more suitable for the

Cooper and Eromanga Basins. Although the term R" is perhaps more familiar to

petroleum geologists, the MPI data are used directly here to facilitate comparison of

the maturities of gasoline-range and C121 hydrocarbons. Both are expressed as ratios

of aromatic compounds, viz. XYLI, ProB, MEBI, TMBI-I and TMBI-2 f.or the light

ends, and MPI, DNR-I, DNR-6 and TNR-I for the heavy ends (see Table 5.2 f.or

definitions).

The MPI data on the oils/condensates analysed in this study are listed in Table 5.1,

and plotted against reservoir formation in Figure 5.8. Just as expected, the average

MPI maturity of the crude oils reservoired in the Cooper Basin is higher than that of

r57



CHAPTER FIVE

those from the Eromanga Basin. However, there are exceptions to this general rule in

both the basins.

Descriptive statistics show that the mean MPI value of the 72 studied crude oils is

0.82. The minimum value is 0.39, which belongs to a Birkhead oil from Sturt-6

(XYOL110). The most mature petroleum, with an MPI of 1.60, occurs in the

Tirrawarra Formation at Tirrawarra-S8 (XYOL057). The average MPI maturity of

the Cooper hydrocarbons (excepting the six Patchawarra oils from the Sturt area) is

about 1.0, whereas the majority of the Eromanga crudes (excluding those interpreted

as containing a large contribution from Permian source rocks) have an MPI of about

0:5. These MPI maturity data are generally consistent with previous reports (e. g.

Tupper and Burckhardt, 1990).

Within the Cooper Basin, a quarter of the analysed crude oils have MPI values =

1.20, but the maturity of the exceptional Patchawarra hydrocarbons in the Sturt area

(viz. XYOIL108, 109, 114,175 & I 18) are within the range for the Eromanga crudes,

and are particularly similar to those of the Poolowanna oils. The "anomalously" low

maturity of the Patchawarra petroleum in the Sturt area supports the aforementioned

conclusion - deduced from its content of araucariacean biomarkers and 2-

methylanthracene (see Sections 5.2'2.1-3) - that much of it is derived from the

Poolowanna Formation.

The majority of the Eromanga-reservoired oils are of low maturity (MPI - 0.60), but

a quarter of them have exceptionally high MPI values (0.86-1.06). These high-

maturity Eromanga crude oils (viz. XYOLO18, 019, 025,029,073,074 & 086) are

even more mature than some pooled in the Nappamerri and Toolachee Formations of

the Cooper Basin. They occur in the'Wilson, Wilson South, Jackson and Big Lake

Fields, all of which are located above or adjacent to major fault systems (Figure 2.2).

Such faults facilitate the vertical migration of Cooper-derived hydrocarbons into

Eromanga traps (Heath et al., 1989; Alexander et al., 1996 Boreham and Hill, 1998;

Boreham and Summons, 1999).
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CHAPTER FIVE

5.2.2.5 Other l-leavy-end Aromatic Maturity Parameters

The ratios DNR-1 (Radke et al., 1982), DNR-6 (Alexander et al., 1985) and TNR-I

(Alexander et al., 1985) are commonly used aromatic maturity parameters based on

the isomer distributions of dimethylnaphthalenes (DMNs) and trimethylnaphthalenes

(TMNs: Figure 5.2). Their definitions are given in Table 5.2. The values of these

ratios for the 72 oils and condensates are listed in Table 5.1 and plotted in Figure 5.9.

Statistical summaries of the data are given in Table 5.3. Conelations between DNR-

1, DNR-6, TNR-I and MPI are displayed in Table 5.4.

Inspection of Figures 5.8 & 5.9 reveals a close similarity between the distribution

patterns of the four aromatic maturity parameters (DNR-1, DNR-6, TNR-1 and MPI)

with respect to reservoir formation. This is confirmed by their high correlation

coefficients (R2 - 0.81-0.96: Table 5.4). F,ach shows a higher average for the older

Cooper crudes than for the younger Eromanga oils. The hydrocarbons accumulated

in the Patchawarra Formation at Sturt and Sturt East again stand out as "anomalous"

relative to the other Cooper Basin petroleums. Within the Eromanga Basin, all the

crudes with greater MPI values (except XYOIL074) have similarly enhanced DNR-1,

DNR-6 and/or TNR-I values. In addition, there are four other Eromanga crudes with

elevated maturities based on either DNR-1 (XYOIL039 & 042, both Murta oils from

Thungo-l & 4) or DNR-6 (XYOIL070 &.019, Birkhead and Murta oils from Jackson

South-4 and Alwyn-1, respectively).

5.2.2.6 Light-end Aromatic Maturity Parameters

Inspired by the light- versus heavy-end maturity approach of Alexander et al. (1996),

an attempt was made here to find some new maturity parameters based on aromatic

hydrocarbons within the gasoline range. The aim of this part of the research was to

better document the maturity of the Cs-Cro components in a crude oil, in the hope of

recognising any maturity contrast between its light- and heavy-end hydrocarbons.

Where such a contrast exists, there is the potential to exploit it as a quantitative

measure of the proportions in which the multiple oil charges mixed in the reservoirs.

In addition to the two trimethylbenzene parameters proposed by Alexander et al.

t6l



CHAPTER FIVE

(1996), three other ratios incorporating isomeric alkylbenzenes have been evaluated

(Tables 5.1 & 5.2). The variation of all five ratios with reservoir formation in the 72

oils and condensates \ryas inspected. However, as discussed later, only three of them

(MEBI, TMBI-I & TMBI-2) proved to be effective as maturity parameters. Cross-

plotting the light-end maturities against those of the heavy-end components revealed

some information about the mixing of Cooper and Eromanga petroleums. A

generalised model was deduced from statistical analysis of the data set and a

simplified two-end-member transformation is applied here to assess the mixing

ratios. The five light-end aromatic maturity parameters and their variation with

reservoir strata are introduced below, followed by a detailed explanation of the

"mixing model" and its application.

MEBI

The methylethylbenzene index (MEBI = I(1-methyl-3-ethylbenzene + l-methyl-4-

ethylbenzene) /X(1-methyl-3-ethylbenzene + 1-methyl-4-ethylbenzene+ 1-methyl-2-

ethylbenzene) is a new maturity parameter. It is based on the fact that l-methyl-3-

ethylbenzene and 1-methyl-4-ethylbenzene are thermodynamically more stable than

1-methyl-2-ethylbenzene, and the reality of the co-elution of 1-methyl-3-

etþlbenzene and 1-methyl-4-ethylbenzene in GC-MS analysis (Figure 5.3). As such,

the MEBI value should increase with increasing thermal maturity of petroleum. The

variation of MEBI with reservoir formation is displayed in Figure 5.10, from which

the following observations can be deduced:

1. The MEBI values of the 72 analysed oils and condensates range from 0.73 to 0.86

(mean = 0.8). On average, the Cooper-reservoired hydrocarbons have larger

MEBI values than that from the Eromanga Basin, consistent with the fact that the

Cooper hydrocarbon kitchens are deeper and hence more mature. It should be

noted, however, that the "exceptional" PatchawarTa and Mooracoochie oils

(XYOLIO8, 109, 113, ll4, ll5, 116 & 118) in the Sturt area, which have larger

R/P, R/9-MP and MA 4P ratios (see Sections 4.2.2.1,2.2 and 2.5) and smaller

MPI values (see Section 4.2.2.6), also retain low MEBI values ( <0.76);

consistent with a less mature Poolowanna source.
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2. Extremely low MEBI values (< 0.14) of some Eromanga crudes (e.g. XYOIL095

and 12I) are consistent with their extremely high R/P ratios, implying

predominant or "pure" Eromanga sourcing. The majority of the Eromanga

petroleums, with MEBI values larger than 0.74 are interpreted to be either of

mixed source (from both the Cooper and Eromanga Basins), or mainly of Cooper

origin(s). The larger the MEBI value, the greater the Permian source input.

3. Some Eromanga-reservoired hydrocarbons (XYOL018, 019, 025, 029, 041, 063,

071 & 086) have MEBI values (0.81-0.86) similar to those of the Permian ones,

indicating that their dominant light-end hydrocarbons come mainly from the

. Cooper sources. This is also consistent with their lower RÆ and higher MPI

values, as explained above.

TMBI-| and TMBI-2

The trimethylbenzene index (TMBI-1 = 1,3,5-trimethylbenzene / t(l,3,5-

trimethylbenzene + 1,2,3-fümethylbenzene) is one of several gasoline-range maturity

parameters created by Alexander et al. (1996) but, in this instance, labelled by them

TB-2. Its variation with reservoir strata is displayed in Figure 5.11a. It is evident

that this stratigraphic distribution pattern is very similar to that of MEBI for both

Cooper and Eromanga reservoirs. On average, hydrocarbons from the Cooper Basin

have larger TMBI-I values than do those from the Eromanga Basin. Exceptions,

again, occur where the lowest values among the crude oils in pre-Jurassic-reservoirs

occur in the Patchawarra Formation and Mooracoochie Volcanics of the Sturt area,

supporting a non-Cooper source for both their light- and heavy-end hydrocarbons.

Another trimethylbenzene index (TMBI-2 = t,2,4-trimethylbenzene I 2(1,2,4'

trimethylbenzeîe + 1,2,3-trimethylbemzene; equivalent to parameter TB-l of

Alexander et al., 1996) was measured in the same suite of oils. Its stratigraphic

variation (Figure 5.1 1b) is nearly identical to those of MEBI and TMBI-1.
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CHAPTER FIVE

XYLI and ProB

Two other ratios considered likely to respond to differences in the maturity of the

light-end hydrocarbons are the xylene index (XYLI = 2(m + p)-xylenes / I all xylene

isomers) and the propylbenzene index (ProB = n-propylbenzene lZ(n-propylbenzene

+ isopropylbenzene). Unfortunately, their respective variation patterns in the oils and

condensates analysed for this study (Figures A.2h &. c) do not mirror those evidenced

by the aforementioned three parameters. This lack of correlation (see also Table 5.4)

is probably due to the greater sensitivity of XYLI and ProB to secondary alteration

processes like evaporation and water washing. The variation of these two parameters

with reservoir formation will not be discussed further here.

5,2.3 ConnetnnoNs BETWEEN Pnaarøeraas

To highlight the relationships between the 16 aromatic parameters employed herein,

a correlation study has been carried out using the data compiled in Table 5.1. The

results of the correlation analysis are compiled in Table 5.4, from which it can be

seen that these parameters may be classified into three groups.

The first group is composed of the three light aromatic maturity parameters (MEBI,

TMBI-I and TMBI-2). Conelation coefficients (R2) for MEBI and both TMBI-I and

TMBI-2 are 0.82 and 0.84, respectively, whereas that for TMBI-I and TMBI-2 is

0.93. The correlation between these light-end maturity parameters and those based

on the medium/heavy aromatics (DNR-I, DNR-6, TNR-I and MPI) is less strong (R2

= 0.424.71), indicating perhaps a significant number of mixed-source oils in the

sample set. Considering its high correlation coefficients, TMBI-I will be treated, in

the following discussion, as representative of the three maturity parameters for the

light-end hydrocarbons.

The second group includes those maturity parameters based on larger aromatic

molecules (MPI, DNR-I, DNR-6 and TNR-I). All have high correlation coefficients

(0,81-0.96). The strongest correlation is between DNR-I and DNR-6, and the

weakest between MPI and DNR-6. MPI will be used here to represent the maturity
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Table 5.4 Cogelation coefficients 1n2¡ of the aromatic maturity and source parameters (see Table 5.2) for def,rnition)

MPI XYLI PTOB MEBI TMBI-I TMBI.2

1.00

-0.10

0.17

0.56

0.48

0.60

-0.70

-0.78

-0.72

-0.74

-0.6'1

0.84

0.81

0.87

1.00

-0.45

0.58

0.52

0.47

0.24

-0.22

0.28

0.21

0.39

o.02

0.09

-0.02

1.00

-0.16

0.09

0.05

-0.38

0.02

-0.32

-0.33

-0.38

0.14

0.04

0.10

1.00

0.82

0.84

-o.32

-0.67

-0.25

-0.36

-0.17

0.60

0.64

0.54

1.00

0.93

-0.29

-0.65

-0.31

-0.31

-0.18

0.55

0.57

0.42

1.00

-0.34

-0.74

-0.40

-0.37

-0.28

0.68

0.71

0.60

1.00

0.51

0.75

0.98

0.72

-0.51

-0.50

-0.55

1.00

0.55

0.56

0.40

-0.79

-0.82

-0.82

1,71x

1.00

0.79

0.84

-0.55

-0.51

-0.55

1.00

0.76

-0.52

-0.51

-0.57

1.00

-0.46

-0.41

-0.46

1.00

0.96

0.94

1.00

0.90

R/P 12s1136
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of ths heavy-end hydrocarbons

The third group includes all the source-related parameters. The largest correlation

coefficients are between parameters RÆ and R/9-MP (0.89), and between 1/9-MP

and 1,7/x-DMP (0.88). To simplify the following discussion, the Araucariaceaen

signature RÆ will be used as the representative source parameter.

5.2.4 Co¡npaatsoN oF Mnrunræs oF LTGHT AND HEAvy ENDI

To depict the relationship between the maturity of the heavy-end hydrocarbons in

these oils and condensates and that of their gasoline-range hydrocarbons, MPI was

plotted against MEBI, TMBI-1 and TMBI-2 using the data listed in Table 5.1.

The data distribution patterns are very similar in the resulting cross-plots (Figure

5.12-5.14), because the three light-end maturity parameters are very highly correlated

(see Section 5.2.3). However, none of the cross-plots shows a well-defined

relationship between light-end and heavy-end maturity. This is potentially of great

significance in evaluating the mixing of hydrocarbons in both the Cooper and

Eromanga Basins, as illustrated below.

Taking Figure 5.I2 as an example, the data points do not fall on a straight line. In

other words, for most samples MEBI and MPI do not have good linear relationship.

Nevertheless, the majority of the oils and condensates do fall within a broad band

(highlighted by shading in the figure). Where this occurs, mixing of oils with

different maturities and different chemical compositions (i. e. different relative

proportions of lighrend and heavy-end components) may be inferred. The MEBI

represents the "apparent maturity" of the lighfends of the mixed petroleum, whereas

the MPI represents the "apparent maturity" of its heavy-end components. As

explained in detail in Section 5.4, the values of both parameters are the weighted

averages of the all the contributing petroleums, which need to be identified and

assessed separately.

Only a few oils plot outside the shaded band (notably XYOIL035,O37,039,041,

042,041,068, 079 & I22035,042,039,I22, and 079: Figure 5.12), most of which
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are from reservoirs in the Murta Formation (Table 5.1). Samples plotting in the

lower-left end of the shaded band (e. g. XYOL095, Taloola-2, Namur ) represent

"typical" Eromanga-derived oils, whereas those at the upper-right end (e. g.

XYOIL085, Bookabourdie-4, Tinawarra) represent typical Cooper and/or

Warburton-derived petroleums. Higher maturities for both their light- and heavy-end

components distinguish these condensates from the Eromanga-derived oils. In the

middle of the band are the crudes of mixed origins. Finally, samples plotting outside

the band can be interpreted as mixtures of Cooper and Eromanga-derived crudes,

within each of which the contrast between the abundance of light-end and heavy-end

hydrocarbons is large. In the aforementioned Murta oils, the locally derived input is

dominated by less mature heavy-end hydrocarbons, whereas the Cooper contribution

comprises mainly more mature, "extremely" 'water-washed and

evaporation/migration-fractionationed, light-end hydrocarbons.

Similar data distribution patterns are observed on the TMBI-I versus MPI (Figure

5.13) and TMBI-2 versus MPI (Figure 5.14) plots. The former will be employed as

the representative plot in the following discussion of the oil mixing model.

5.3 PRINCIPAL COMPONENTS ANALYSIS

Principal components analysis is widely used in the statistical evaluation of

geological data. The principal components are the eigenvectors of a variance-

covariance (or correlation) matrix erected from a multi-variable database. The

eigenvalues measure just how "principal" the components are. Such an analysis

provides some insight into the database by helping to find the most significant

factor(s) that control the distribution of the data. Unfortunately, it is often very

difficult to give the "principal components" their definitive geological meaning. In

this study, geochemical interpretations of the first two principal components have

been made with the help of digital imitation of a two-end-member mixing model.

Principal components analysis of all the aromatic hydrocarbon data listed in Table

5.1 shows that the first eigenvector typically assumes aJ57o loading, and the second

eigenvector a lg%o loading. In other words, the first and second principal
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components are responsible for J5Vo and I97o, respectively, of the data variance. By

neglecting all the other components (which together account for only 6Vo of the total

variance), the first principal component may be assigned 807o responsibility for

controlling the distribution of the data, leaving 20Vo of that control to the second

principal component.

However, feeding a computer with a data matrix and making it work out the principal

components is nothing more than playing a computer game. Only when the result

can be interpreted does this exercise have any use or significance. What is the most

powerful factor that controls the distribution of the oil compositional data listed in

Table 5.1? What is the second?

To identify the most important geological or geochemical factors that influence the

chemical composition of the oils interpreted to be mixed crudes from multiple

sources, principal components analysis was run on simple data systems, such as those

in Figures 5.12-5.14. Analysis of the MEBI versus MPI data set shows that the

eigenvalue of the larger eigenvector is 1.56, and that of the other is 0.44. That is to

say, the two principal components control TSTo and 22Vo, respectively, of the data

distribution on the MEBI versus MPI crossplot. For TMBI-I versus MPI the

equivalent values are 74Vo and 26Vo; and for TMBI-2 versus MPI they are 807o and

207o.

Adopting the eigenvalues of 80Vo and 20Vo, the relationship between the two

eigenvectors can be expressed diagrammatically as shown in Figure 5.15. Here new

Cartesian coordinates (composed of the first two eigenvectors) are projected on to the

cross-plot of MEBI versus N'{PI. The elongated ellipse is defined by the first two

eigenvectors of the variance-covariance matrix. The major axis of the ellipse

represents the importance (80Vo) and direction of the first principal component; and

the minor axis (perpendicular to the major axis and a quarter of its length) represents

the second most important principal component (exerting 20Vo of the control on the

data distribution),

A simplified two-oil mixing model and its digital imitation (see Section 5.4) show
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that the major axis represents the influence of the mixing ratio of the two oils (x = Po

- P',where Po = the portion of older, more mature oil, and Pv= the portion of

younger, less mature oil). The minor axis is determined by the concentration

difference between the light-end and heavy-end hydrocarbons in each of the two oils

(y = (P', - PYr) - Pon - Por): discussed in detail in the next section).

Figure 5.16 displays the direct result of principal components analysis on a standard

normal form of the MEBI versus MPI plot, and illustrates why the Cartesian

coordinates are projected in the manner shown in Figure 5.15. Further details can be

found in Davis (1986).

5.4 MATHEMATICAL MODEL OF OIL MIXING

As indicated at the beginning of this chapter, a bias towards the heavy-end-dominant

Jurassic or Cretaceous input will always occur when the interpretation of mixing of

Cooper- and Eromanga-derived hydrocarbons is based only on biomarker ratios or

the isotope gradient of individual n-alkanes. A new model for assessing the

contribution of a single hydrocarbon source to the mixed petroleum has been

designed based on mass balance considerations which take into account chemical and

isotopic compositional variations wi.thin the individual oils that have mixed (intra-

charge difference) as well as between them (inter-charge difference). The generalised

form of this model can be applied to most of the conventional organic geochemical

parameters (source, maturity, and isotopic composition) only if the components

involved in the parameters have variable concentrations. A simplified two-oil form

of the mixing model will be introduced to illustrate its application in the

CooperÆromanga petroleum province.

5.4,1 Tue GeueaaLIsED Fon¡vt

According to mass balance, for an oil of multiple origins (n sources, each composed

of lz components, the "apparent" value of a certain property obeys the following

formula (Figure 5.17):
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M

x =f*

x. y.
=lMJ-t) x

v

i =1,2,3,...n;
j =1,2,3,...m

m)n

where x¿ is the partial mole number of the jth component (and/or group of

components) in the ith oil source; :r.,. is the partial mole number of the jth component

(and/or group of components) in the mixed oil reservoir; y¡ is the partial mole

number of oil from the ith source in the mixed oil reservoir; M¡¡ is the value of a

certain property (viz. isotope composition, MPI, PrÆh, or any other maturity/source

ratio) of theTth component (and/or group of components) in the ith oil source; andM¡

is the weighted average value of the property of the jth component (and/or group of

components) in the mixed oil reservoir.

5.4.2 St¡øpuneo Two-ott Mtxue Mopet

With the help of computers, the calculations involved in solving the above equation

are not a problem. However, once the potential sources (or mixing oils) number

more than three, the visualisation and geological interpretation of the results from

these calculations may become very complicated. Therefore a simplified two-end-

member transformation is adopted here, imitated on the computer, and then applied

to several case studies of the CooperÆromanga petroleum province. The reason for

doing this is not just because of the above difficulty. In fact, this approach is also

very practical, since all possible multi-charging problems can be solved, step by step,

using the two-oil mixing model.

Suppose that the hydrocarbons in an oil reservoir come from two different sources of

contrasting maturity. The high-maturity (older) source rock contributes Po part of

the hydrocarbons to the oil reservoir, and the low-maturity (younger) one contributes

P' p*tt (where Po + PY = 1). Hydrocarbons expelled from each source rock contain
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both light and heavy ends of variable concentrations. The hydrocarbons contributed

by the high-maturity source contain Porpú of light ends and Po¡1 part of heavy

ends, whereas the low-maturity source contributes PYTpart of light hydrocarbons and

PYn pú of heavy hydrocarbons. If t and If ¡7 represent the maturities of the light

and heavy ends, respectively, in the high-maturity oil; and MYl and MYn their

maturities in the low-maturity oil. 11 Mr and M¡l are the measured maturities of the

light and the heavy ends of the mixture, respectively, the above multiple-member

equation becomes:

P,

" +P'
M

M

M

H
XM

X

o +Mix
P: P"

(P' + P'

+Mix

P: P,
PfP" +PlP'

P: P,

P: P,

M o
L L P: P"

(r' + r')
P: P,

(P" + P'
P:P" _ PiP'

(P"+P') '(p'+P')+

IC

o
H

M X
P: P"

PIP'+PlP'
P: P"

+M X
H

M,=MÏx +M
PfP'+PlP' PiP" +PlP'

5.4.3 Drc rat l¡vtrnno¡,t

To illustrate the geochemical significance of the mixing model, digital imitation was

accomplished on a personal computer, using the following assumptions:

o Maturities of both the light-end and the heavy-end fractions of the young oil are I

(i.e. MYt= I; MYn= l).

o Maturities of both the light-end and the heavy-end fractions of the old oil are 100

(i.e. I,f r= 100; I,f ¡7 = lO0).

The results of the digital imitation are depicted in Figure 5.18, a Cartesian cross-plot

of Mrand Mn.

Po +P'
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The following hypothetical reservoir charge scenarios demonstrate the dual influence

of l) the mixing ratio of the young and old oils; and 2) the relative abundance of light

and heavy hydrocarbons within the individual young and old oils, on the position of

the resulting mixed oil in Figure 5.18.

1. When both the young and old oils contain equal amounts of light and heavy

hydrocarbons (i.e. PY¿: PYn= 1:1 and Po7: Po¡1- 1:1), the maturity data of the mixed oil

distribute along the straight line A. At point E, where the maturities of both the light

and the heavy ends are 1, the mixing ratio between the young and old oils is 100:0. At

point C, where the maturities of the light and heavy hydrocarbons are 100, the mixing

ratio between the young and old oils is 0:100. At the mid-point of the straight line,

where the maturities of the light and the heavy hydrocarbons are both 50, the young and

old oils make the same contribution to the mixture (mixing ratio = 50:50).

2. Where the young oil comprises I part lighrend hydrocarbons and 2 parts heavy-end

hydrocarbons, and the old oil is made up of 2 parts light components and 1 part heavy

components, MTand Mn in the mixed oil increase along the curve EBC (1221) as the

proportion of old oil rises. At the apex of the arc EBC, the mixing ratio is 50:50.

3. When the young oil contains 1 part light-end hydrocarbons and 5 parts heavy-end

hydrocarbons, and the old oil consists of 5 parts light components and I part heavy

components, the light and heavy-end maturities of the mixed oil increase along the curve

EDC (1551). Again, at the top of the arc EDC, the mixing ratio is 50:50.

4. Where the young oil contains 5 parts lighrend hydrocarbons and 3 parts heavy-end

hydrocarbons, and the old oil comprises 3 parts light components and 5 parts heavy

components, Mland M¡1in the mixed oil will plot along the curve EFC (5335) according

to the relative contributions of old and young oil.

In a summary, the computer modelling indicates that the distribution pattern of the

maturity data (MEBI versus MPI) in mixed oils is not only influenced by the mixing

ratio, but also by the chemical compositions of the individual contributing oils.

When the young oil contains more heavy components and the old contains more light

components, the maturities of both the light and heavy ends in the mixture increase

with the increasing contribution of the old oil, along a curved line. The greater the

curvature of the line, the bigger the compositional dffirence between the young and
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old oils. In situations where the young oil contains more light than heavy

components, and in the old oil the reverse is true, the maturity line curves down (see,

for example, line EFC in Figure 5.18). Notice that the latter scenario is geologically

unlikely in the CooperÆromanga petroleum province. This is shown by the fact that

(with perhaps one exception, XYOL057), no oils plot below the shaded band in

Figures 5.12-5.14.

5.5 APPLICATIONS

The following are some applications of the mixing model to the task of interpreting

the aromatic source and maturity data obtained on 72 oils and condensates from the

Cooper and Eromanga Basins (Table 5.1). It seems that the model does provide a

practical solution to the problem of recognising and quantifying multiple-sourced

crude oils.

5.5.1. IurcnpnerArtoN oF TMBI-| veasus MPI nup St¡wl¿nn

Cnoss-ptors

By comparing the data distribution patterns in the cross-plots of light- versus heavy-

end maturity (Figures 5.12-5.14) with the results of principal components analysis

(Figure 5.15) and the model maturity curves (Figure 5.18), it is evident that the actual

data can be matched to that generated by digital imitation. Therefore, the imitation

results can be used in the interpretation of the measured maturity data. In the

following discussion, the cross-plot of TMBI-I versus MPI (Figure 5.13) will be

taken as an example to illustrate the application of the mixing model.

As discussed earlier, crude oil samples plotting in the grey band of Figure 5.13

contain similar proportions of light-end hydrocarbons and heavy-end components

(and are equivalent to model oils falling on the straight line EAC in Figure 5.18).

The contribution of Cooper-derived petroleum increases'from left to right along the

band. Condensate XYOL085 (Bookabourdie-4, Tirrawarra: highlighted in Figure

5.14) contains the largest contribution from the high-maturity Permian source(s), and
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therefore may be treated as a "pure" Cooper-derived cmde. In contrast, the

contribution of Eromanga-derived petroleum increases towards the intercept. Oil

XYOIL095 (Taloola-2, Namur: also highlighted in Figure 5.14) contains the smallest

contribution from the low-maturity Jurassic or Cretaceous hydrocarbon kitchens, and

hence may be regarded as a "pure" Eromanga-derived oil. However, use of the term

"pure" here is not entirely appropriate. It would be more proper to treat these two

end-members as the "least mixed" crudes.

All the other petroleums falling between them within the shaded band (Figures 5.I2-

5.14) can be treated mathematically as mixtures of the two end-member crudes.

Realistically, all (or at least most) of the Cooper-reservoired petroleums contain no

contribution from the Eromanga hydrocarbon kitchens (the Patchawarra and

Mooracoochie oils in the Sturt area are exceptions caused by a special structural

juxtaposition of source and trap). Nevertheless, it is still possible that some of the

Cooper-hosted accumulations could be the result of multiple charges, or the mixing

of contributions from Permian and Cambrian source rocks in the Cooper and

Warburton Basins, respectively. Source-specific biomarkers (e. g. steranes and

triterpanes) would provide some help in identifying the mixing of marine'Warburton

and non-marine Cooper petroleums.

Eromanga oils which fall into the lower left part of the shaded band in Figure 5.13

can be treated as mixtures of hydrocarbon inputs from both the Cooper and

Eromanga source rocks. Such oils typically display a high maturity in their light-end

hydrocarbons and bear Eromanga-specific biomarkers.

The Eromanga oils that fall outside of the grey band and in the upperJeft area of

Figure 5.13 are mixtures of high-maturity Cooper-derived hydrocarbons containing

far more light-end components than heavy ends and low-maturity, heavy-end

dominant Eromanga-derived hydrocarbons. They plot. along mixing curve EDC

(1551) in Figure 5.18. This interpretation is supported by the presence of

araucariacean signatures in their di- and tri-aromatic hydrocarbons (Figures 5.1 &

5.2). Many of these oils are reservoired in the Murta Formation (see Section 5.5.3).
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It is much less likely that an immature oil will contain relatively more light-end

hydrocarbons than a mature oil. This is consistent with fact that there are no samples

which fall into the area below the grey band in Figures 5.12-5.14, or along curve

EFC (5335) in Figure 5.18, giving further credence to the mixing model presented

here.

In summary, it can be said that samples plotting closer to the upper-right corner in

Figures 5.12-5.14 contain more Cooper (and/or Warburton)-derived hydrocarbons,

whereas samples plotting closer to the lower-left corner contain more Eromanga-

derived contributions. The greater the contrast between the contents of light- and

heavy-end hydrocarbons within the individual oil samples contributing to the

mixture, the larger deviation from the central line (Figure 5.18).

5.5.2 XYOIL 85 (40%) + XYOL 87 (60%) = XYOIL 41

Here, three samples (viz. XYOIL085, 087 & 041) were selected from among the

CooperÆromanga oils and condensates analysed in this study. Along with their

whole-oil GC traces (shown in Figure 5.19) their TMBI-I and MPI maturities (Figure

5.13) and araucariaceae signatures (Table 5.1) will be compared. The consistency of

the measured values in XYOLO4I with the calculated results for the postulated

mixture of XYO[085 & 087 proves that the proposed mixing model is useful in

assessing the contributions of Cooper- and Eromanga-sourced hydrocarbons to

Jurassic and Cretaceous reservoirs.

Considering all the available geochemical criteria, XYOIL085, a condensate from the

Tirrawarra Formation at Bookabourdie-4, may be regarded as a typical Cooper-

reservoired crude in that it is mainly (or entirely) sourced from the Cooper Basin. On

the cross-plot of TMBI-I versus MPI (Figure 5.13), this sample occupies the upper-

right corner of the grey band (see also Figures 5.12 &. 5.14). Its chemical

composition is dominated by gasoline-range hydrocarbons. Based on its GC-FID

profile (Figure 5.19a), its abundance of gasoline-range n-alkanes is about four times

that of the C15.. components (4:1). Its TMBI-I and MPI values are 0.83 and 1.56,

respectively (see Table 5.1). The TMBI-I value is about 30Vo larger than the average
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value of the Eromanga-reservoired hydrocarbons (Figure 5.11) whereas the MPI

value is the second largest of all the studied samples (and twice the average value of

the Eromanga-reservoired oils: Figure 5.8). This condensate bears no detectable

araucariacean biomarker signature (Table 5. I ).

In contrast, sample XYOIL087 is a crude oil from the Namur Sandstone at

Nungeroo-1. Although located in an Eromanga reservoir, according to its position in

Figure 5.13 it contains 30Vo Cooper-derived hydrocarbons. Its alkane distribution is

dominated by Crs* hydrocarbons. The n-alkanes of this range are about four times as

abundant as those in the gasoline-range (Figure 5.19b). It plots closer to the intercept

in the TMBI-I versus MBI cross-plot, and its TMBI-I (0.56) and MPI (0.53) values

afe amongst the smallest of the sample set (Table 5.1; Figures 5.8 & 5.11). The di-

and tri-aromatic hydrocarbons of this oil exhibit strong araucariacean signatures (e. g.

RÆ = I.91; 1251136- TMN = I.46; R/9-MP =3.34;1/9-MP = 1.60: Table 5.1).

Mn=Mflx +MYrx

- 1.56t o'2to'4 
+0.53x

O.2xO.4+0.8x0.6
P: PO +M Y X

0.8x0.6

0.8x0.6 +0.2x0.4
PI P'

:0.68

Mr:M?,x L

:0.83x

P:Po +P:PY

0.8x0.4
0.8x0.4 +0.2x0.6

P:Po +PIPY

+ 0.56x o'2xo'6 
=0.76

0.2x0.6 + 0.8x0.4
l.e.

MPI=Mn=0.68,
TMBI-l=Mr=0.76

The gasoline-range n-alkane content of a theoretical mixture composed of. 4OVo

XYOIL085 and 6OVo XYOIL087 should be around two-thirds that of the heavy-ends.

Accordingly, its position on the TMBI-I versus MPI crossplot (Figure 5.13) would

fall into the area above the grey band. Its calculated TMBI-I and MPI values are

0.76 and 0.68, respectively (notice that in the calculation below, the relative

proportions of light and heavy ends within the individual crude oils must be
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expressed in the form of partial mole numbers or percentages in the calculation).

The calculated resulis match fairly well the measured maturity and compositional

data of sample XYOILO41, a crude oil from the'Westbourne Formation at Thungo-l.

Based on GC-FID measurement of peak areas (Figure 5.19c), its ratio of gasoline-

range to C15., n-alkanes is about 2 to 3. Its araucariacean signatures are strong and it

has TMBI-I and MPI maturities of 0.80 and 0.69, respectively (Table 5.1). This oil

samples falls outside of the grey band in the TMBI-I versus MPI cross-plot (Figure

5.13), in a position that is equivalent to a 60Vo Cooper contribution, which is nearly

the same as what can be predicted (407o pure Cooper + 60Vo Eromanga with a30%o

Cooper input). The excellent match between the calculated results and the

experimental data lends support to the viability of the mixing model.

5.5.3 Munra Mxeo Ots

Considering its effectiveness as a regional seal, the Murta Formation in the

Eromanga Basin is likely to be one of the youngest units that Cooper-derived

hydrocarbons can access by secondary migration. It is also arguably the best location

for petroleum geochemists to identify oil pools comprising hydrocarbons of mixed

source, because once the mixing occurs, it will be quite obvious. Compared with the

other oils accumulated in Eromanga reservoirs, hydrocarbons derived from intra-

Murta source rocks are the least mature, containing predominantly C15a components

and Eromanga-specific biomarkers (Alexander et a1., 1988; Michaelsen and

McKirdy, 1989, 1996; Powell et al., 1989). They would be expected to fall in the

lower-left corner on the TMBI-I versus MPI cross-plot (Figure 5.13). In contrast,

any Cooper-derived hydrocarbons that accumulated in Murta reservoir beds must

bear the characteristics of long-distance-migrated, severely fractionated condensates

(viz. high TMBI-I and MPI maturities, and high contents of gasoline-range

components). Accordingly, they should plot in the upper=right corner of the TMBI-I

versus MPI diagram.
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When these two types of petroleum are mingled together, the properties of both the

crudes will be inherited, most evidently the dramatic maturity contrast (mature light-

ends and immature heavy-ends), and detectable araucariacean signatures. Its MPI

maturity will be similar to that of the Eromanga-derived hydrocarbons, because the

Murta source rock makes the main contribution to its C15.. components. Its TMBI-I

value will be that of the Cooper petroleum, because Cooper-derived hydrocarbons

dominate the light-end components. Taking into account the large maturity and

compositional contrasts between the two mingling oils, the composite petroleum

would be expected to fall well above the shaded band in the TMBI-l versus MPI and

similar cross-plots (Figures 5.12-5.14). This inference is supported by the actual

geochemical data on oil samples XYOIL035,O37,039,042 and047 (Table 5.1):

1. They are all from reservoirs within the Murta Formation.

2. They contain consistently high amounts of araucariacean biomarkers (e. g. retene: see

the first five samples in Figure 5.4). The maximum R./P values in the 72 oils and

condensates analysed exceed 2.5, whereas the average is below 1.0. In these five

samples the R/P ratios are in the range 2.O-2.6. R/P values for the Cooper-reservoired

condensates are near zero.

3. Their MPI values (0.56-0.69: Figure 5.8) are near the average for the Eromanga-

reservoired oils. The average MPI value for the Cooper-hosted condensates is about 1.0.

4. Their TMBI-I values (0.77-0.78) are almost identical and near the top of the range for

the Eromanga crude oils (Figure 5.11). Their light-end maturity is even greater than that

of the average Cooper-reservoired condensate (TMBI-I = 0.7). This may be ascribed to

evaporative and other fractionation during long-distance secondary migration from the

Cooper kitchens to the Murta reservoirs.

5. They all fall above the shaded band in the TMBI-I versus MPI and similar cross-plots

(Figures 5.12- 5.1,4), implying that they are mixtures of typical Eromanga- and Cooper-

derived hydrocarbons. The former are immature and contain predominantly C¡5.,

components, whereas the latter are long-distance-migrated (and hence highly

evaporation/migration fractionated) Permian condensates which have high light- and

heavy-end maturities and comprise mostly gasoline-range hydrocarbons.
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5.5.4 "PuRl" Coopen-DERIVED Pernorcu¡w AccutuuLATtoNs tN

Eno¡øauen Resravor+s

Several crude oils in Eromanga reservoirs bear features characteristic of Cooper-

derived hydrocarbons. In these oils, the light- and heavy-ends both have high

maturities (relative to the otherEromanga crudes: Figures 5.8 and 5.11). They fall

into the same area of the TMBI-I versus MPI cross-plot occupied by the Cooper-

reservoired petroleums (Figure 5.13). They contain very low concentrations of

araucariacean biomarkers (Table 5.1). They could be "pure" Cooper-derived

hydrocarbons that have migrated along a "highway" into the Eromanga Basin and

become trapped there (see Section 6.3,6 for a detailed explanation of the "migration

highway" concept).

XYOLOl8 is one of the most typical Cooper-sourced, Eromanga-reservoired crude

oils. It comes from the Namur Sandstone at V/ilson-6. It contains extremely low

levels of araucariacean biomarkers, having a very low RÆ value of -0.1 compared to

the average value of -1.0 for Eromanga petroleums (Figure 5.4). The MPI of this oil

(0.83) is about twice the average value for all the Eromanga oils, and only slightly

smaller than the average value for the Cooper samples. The TMBI-1 value (0.63) of

this oil is also larger than the average of the Eromanga-reservoired oils and only

slightly smaller than that of the Cooper condensates. On the cross-plot of TMBI-I

versus MPI, the Wilson-6 (Namur) oil plots in the same region as the Cooper-

reservoired petroleums (Figure 5. 13).

Another typical Cooper-derived Eromanga oil is XYOL019 from the Birkhead

Formation at Big Lake-37. It is very similar to XYOL018, displaying a high

maturity in both the light and heavy ends, and a low concentration of araucariacean

resin biomarkers. Accordingly, it falls close to XYOL018 in Figures 5.13 &. 5.I4.

The other Eromanga-reservoired crude oils possibly deiived from Permian source

rocks are XYOIL086 (Jackson-3, Westbourne) and XYOIL077 (Menimelia, Hutton).

The geological setting of these Eromanga traps containing Cooper-sourced crude oils

helps explain their occurrence. The Wilson and Jackson Fields occur near the
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Permian zero edge in the Queensland section of the Cooper Basin, whereas the Big

Lake and Merrimelia oil pools, respectively, lie just above the erosional truncation of

Permian carrier beds around prominent anticlinal trends. Faults are common in all

the above areas. Such faulting along anticlinal trends, or Cooper Basin margin

pinchouts, provide pathways along which Cooper-derived hydrocarbons can migrate

into the younger horizons of the Eromanga Basin (Heath et al., 1989; Passmore,

198e).

5.5,5 VeancatLy-srAcKED Rrsravons

Crude oils XYOL093, O94 &,095 are from the same well, Taloola-2, but different

reservoir horizons (viz. the Poolowanna Formation, Hutton Formation and Namur

Sandstone) on the southwestern margin of the Patchawarra Trough (Figure 3.1).

Aromatic source and maturity data (Table 5.1; Figures 5.12-5.14) and the mixing

model (Figures 5.I7 &.5.18) indicate that the deeper the reservoir, the greater the

hydrocarbon charge it has received from Cooper source rocks.

As may be infened from Figures 5.13 & 5.14, the Poolowanna oil (XYOIL093)

comprises about 55Vo Cooper-derived hydrocarbons, whereas in the Hutton oil

(XYOIL094) the Cooper contributionis -30Vo, and in the Namur crude (XYOIL095)

it is even less (-20). This is consistent with the upward decrease in the strength of

their respective araucariacean biomarker ratios (e. g. RÆ =2.5, 1.2 and 0.6: Table

5.1). The stratigraphic trend is clear: the shallower the reservoir, the greater its

Eromanga hydrocarbon charge.

Maturity data are consistent with the araucariacean signatures (Table 5.1). The MPI

and TMBI-I values of the Poolowanna oil (0.75 and 0.66, respectively) are larger

than those of the Hutton crude (0.62 and 0.47), whereas the Namur oil has the lowest

maturity (0.48 and 0.40).

As mentioned previously, the Sturt-Taloola-Tantanna area provides a favourable

environment for Permian hydrocarbons to migrate into the overlying Eromanga

sequence (Heath et al., 1989; Passmore, 1989). Multiple vertically-stacked reservoirs

are ideal for studying the mixing of hydrocarbons from the Cooper kitchen with local
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Eromanga-sourced petroleum. If upward migration of Permian hydrocarbons into the

Eromanga Basin occurs, oil pools in the Poolowanna Formation will hold more

Cooper-sourced petroleum than will those in the Hutton Formation. This may be

attributed to the sealing effect of intra-Poolowanna shales and coals. Considering the

combined sealing effects of similar impermeable lithofacies within the intervening

Birkhead and'Westbourne Formations, it is only reasonable to expect that the Namur

Sandstone will contain the least Permian input of all the three Jurassic reservoirs.

5.6 SUMMARY

1, The araucariacean resin biomarkers of Alexander et al. (1988), and the

retene/phenanthrene ratio introduced in this study, afforded source signatures that are

effective in distinguishing Eromanga (Jurassic and/or Cretaceous)-derived oils from

those of Permian origin in the Cooper Basin.

2. All the Poolowanna-reservoired crude oils from the Sturt and Sturt East Fields contain

2-methylanthracene. This compound is also abundant in some oils recovered from the

Patchawarra Formation and Mooracoochie Volcanics in this area. Its concentration is

also very high in the Garanjanie-l (Namur) and Moolion-l (Hutton) oils. The presence

of 2-methylanthracene may imply the existence of another source facies besides those

already identified in the Cooper and Eromanga sequences. Further geological and

geochemical studies are needed to evaluate this possibility.

3. In addition to TMBI-I and TMBI-2 (after Alexander et al., 1996), MEBI is another

effective parameter for monitoring the maturity of the gasoline-range hydrocarbons in

crude oils from the Cooper and Eromanga Basins. Anomalously high values of TMBI-I,

TMBI-2 and MEBI in certain Eromanga-reservoired oils indicate inputs from Permian

(Cooper) source kitchens.

4. Principal components analysis of aromatic source and maturity data on 72 oils and

condensates, subsequently confirmed by digital imitation, gave rise to a mathematical

model for assessing the relative contributions of Cooper and Eromanga crudes to the

mixed oils found in certain Eromanga reservoirs. This model has proved to be

successful in identifying such oils, explaining their light- versus heavy-end composition,

and interpreting their origin.
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CHAPTER SIX

SECONDARY PETROLEUM MIGRATION

6.1 INTRODUCTION

Although several different approaches have been tried, understanding the processes

of secondary hydrocarbon migration, one of the most important constraints on

exploration concepts and production strategies, remains the least understood.

England and his co-workers made a concerted effort to understand the scenarios of

reservoir filling and in-reservoir mixing (England et a1., 1987, 1990, 1995; England

and Mackenzie,1989; England, 1990). Larter and others have pioneered the use of
molecular odometers in research on secondary migration of petroleum within carrier

beds (Li et al., 1992; Yamamoto, 1992; Larter et al., 1996). The compositional

heterogeneity of petroleum within an individual reservoir and between different

reservoirs has been the subject of many recent studies (Karlsen and Larter, 1989,

l99l; Leythaeuser and Rückheim, 1989; Horstad et al., 1990, 1995; Larter et a1.,

1990; Larter and Aplin, 1995; Mason et al., 1995; Smalley et al., 1995; Stoddart et

al., 1995). Other techniques used to study secondary hydrocarbon migration and

reservoir filling are fluid inclusions (Horsfield and Mclimans, 1984; Mclimans,

1987; Eadington et al., l99I; Karlsen et al., 1993), microscopic investigation

(Rasmussen,1997) and numerical simulations (Forbes et al., 1991).

Recently, a new methodological approach, solvent flow-through extraction (SFTE),

has been pioneered at the University of Cologne (Schwark et al., 1997). Its technical

details have been described in Chapter 3. Briefly, SFTE allows stepwise sequential

extraction of residual petroleum fluids from sandstone coie plugs, which in tum may

be used to reconstruct the charge history of an oil-filled reservoir rock. That is to say

those parts of a heterogeneous pore system which were filled by petroleum last in the

subsurface can in this experimental procedure be emptied first. Thus, individual

petroleum charges which may have filled a trap over an extended period of geologic
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time can be retrieved separately from oil-saturated reservoir rocks and/or carrier

beds.

V/hat are the origins of the crude oils in Cooper and Eromanga Basins? Are all of

them sourced from the Permian sequences (as argued by Heath et al., 1989), or have

pre-Permian, Jurassic and Cretaceous source rocks contributed, and if so, how much?

These are questions that have puzzled Australian petroleum geologists and

geochemists for many years.

Until now, the most promising ways to discriminate between Cooper and Eromanga-

sourced oil have been their apparent maturity differential, relative abundances of

various biomarkers, and carbon isotope compositions of individual n-alkanes

(Section 2.10). Oil-source rock correlations should work well in a basin system with

contrasting organic facies of varying thermal maturities, and where each oil

accumulation was the product of a single charge. However, it is clear from the

CooperÆromanga basin architecture, the overlapping chemistry of its hydrocarbons,

and discussions in Chapter 4 and 5 of this thesis, that many of the Jurassic and

Cretaceous reservoirs have a multiple-charge history.

Oil-bearing reservoirs do not acquire their hydrocarbons instantaneously. Some

commercial oil pools have taken -5 m.y. or more to accumulate (England et al,,

1987; England and Mackenzie, 1989). In cases where the reservoir filled slowly,

source-rock burial and maturation commonly continued in the drainage area

supplying petroleum of progressively higher maturity to the carrier bed and

ultimately to the trap (Brooks et al., 1987). Therefore, over the course of its filling

history, the trap receives petroleum charges with different molecular compositions

and thermal maturity signatures. The extent to which these petroleum fluids mix in

situ after reaching the trap depends largely on the petrophysical heterogeneity of the

reservoir (England et al., 1987). If the rate of mixing was low, geochemical analysis

of oil-stained reservoir rocks (i.e. core plugs as opposed to oils/condensates

recovered during drill stem and repeat formation tests) allows reconstruction of the

accumulation history (Schwark et al., 1997). Both the timing and direction of charge

can be assessed, as well as the sequence of filling of individual pay zones in fields

with stacked reservoirs (e.g. Leythaeuser and Rückheim, 1989). An obvious
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application of such studies is the recognition and mapping of spatial heterogeneities

of petroleum compositions within individual fields, which in turn may significantly

affect their oil production behaviour (Leythaeuser et al., 1988). Even where the rate

of in-reservoir mixing is high and the resulting hydrocarbon pool is chemically

homogeneous, it is important to realise that the produced oil or condensate is the

compositional average of the early and late charges which may have been

compositionally quite distinct. Thus, at best, a DST oil sample represents the

integrated charge of the tested zone of the reservoir. These considerations need to be

borne in mind when attempting oil-source correlation in the Cooper and Eromanga

Basins.

Based on the findings presented in Chapter 4 and 5, and the realisation that

meaningful oil-to-oil and oil-to-source correlation are not possible without first

taking into account the fractionation processes which may occur during migration of

hydrocarbon fluids from the petroleum kitchens to the traps, the SFTE technique has

been employed to better understand the conditions and effects of fluid flow on the

scale of the pore network within the reservoir and/or carrier beds of the Thurakinna,

Garanjanie, Dirkala and Wancoocha Fields.

Eighteen sandstone core plugs of reservoir and/or carrier beds have been SFTE-

extracted (Table 6.1). The extraction yields are listed in Tables 6.2 and corrected for

co-extracted salt in Table 6.4. The results of conventional core analysis (where

available from well completion reports and the PEPS database) are summarised in

Table 6.3. All the SFTE fractions (6 from each plug) were measured on Iatroscan to

determine their bulk compositions (concentrations of the aliphatics, aromatics, resins

and asphaltenes: Table 6.5). Selected SFTE-extracted core plugs were crushed and

extracted on using accelerated solvent extraction (ASE) to test the efficiency of the

SFTE (see Table 6.2 for the results).

Twenty conventional core samples of sandstone, siltstone and coal were extracted

using standard Soxhlet extraction or ultrasonication (Table 6.1). Seven DST oils

'were evaporated under ambient conditions for two days to make the quantification

match that of the extracts (Table 6.1).
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Table 6.1 Source and maturity data on core plugg, cores and DST oils (1/3)

No. Sample Well Sample Type Lithology/DST Formation

1

2

3

4

5

6

7

I
o

10

11

12

13

14

15

16

17

18

19

20
21

22

23
24
25

26
27
28

29
30
31

32

33

34

35

36

37
38
39

40
41

42
43

98051 1 -1

98051 2-1

98051 3-1

98051 3t
98051 4-1

98051 5-1

98051 7-1

980517r
980522-1

980523-1

980528-1

980531 -1

980531X

980536-1

980539-1

980540-1

980541 -1

980542-1

980544
980545
980546
980547
980548
980549
980550
980552
980554
980555
980556
980557
980558
980559
980560
980561

980562
9805ô3

980564
980565
980568
980569
980570
980571
980572

Dirkala-1

Dirkala-1

Dirkala-1

Dirkala-1

Dirkala-1

Dirkala-1

Dirkala-2
Dirkala-2
Garanjanie-2
Garanjanie-2
Thurakinna-3
Thurakinna-3
Thurakinna-3
Wancoocha-3
Wancoocha-3
Wancoocha-3
Wancoocha-4
Wancoocha-4
Dirkala-1

Dirkala-1

Dirkala-2
Dirkala-3
Dirkala-3

Garanjanie-1
Garanjanie-1
Thurakinna-2
Thurakinna-3
Wancoocha-1
Wancoocha-1
Wancoocha-3
Wancoocha-3
Wancoocha-3
Wancoocha-3
Wancoocha-4
Wancoocha-4
Wancoocha-4
Dirkala-1

Dirkala-1

Garanjanie-1
Wancoocha-2
Wancoocha-2
Wancoocha-2
Wancoocha-6

Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core Plug
Core
Core
Core
Core
Core
Core
Core

Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
DST O¡I

DST OiI

DST OiI

DST OiI

DST OiI

DST OiI
DST OiI

Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Coal
Heterolithic
Silty shale
Coal
Sandstone
Siltstone
Sandstone
Coal
Coal
Sandstone
Sandstone
Sandstone
Coal
Sandstone
Siltstone
Coal
DST 1

DST 6

DST 1'

DST 3

DST 4

DST 5
DST 1

Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Murteree
Murteree
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Hutton
Patchawarra
Patchawarra
Birkhead
Birkhead
Birkhead
Hutton
Epsilon
Muda
Muda
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Hutton
Patchawarra
Patchawarra
Patchawarra
Birkhead
Birkhead
Birkhead
Birkhead
Murta
Murta
Patchawarra
Birkhead
Birkhead
Muña
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Table 6.L continued (2/3)

No Depth (m) 1,7-DMP B/g.MP F/P 2.MA I.MP 125.TMN
X. DMP g-MP g-MP 136-TMN

1

2

3

4

5

b

7
B
o

10

11

12

13

14

15

16

17

1B

19

20
21

22
23
24
25
26
27
28
29
30
31

32

33
34
35
36
37

38
39
40
41

42
43

1.24

1.41

1.57
1.58

1.57

1.33

0.58
0.51

0.53
0.52
0.40
0.44
0.43
2.11

0.56
0.67
2.32
2.26
1.39
0.65
0.46
1.14
1.10
0.48
0.63
0.44
0.49
0.53
0.48
0.67
0.59
0.s6
0.62
2.53
2.53
2.39

1.39
O.BB

o.77
0.65
2.12
1.21

1.17

1.76
1.26
0.78
0.78
0.91

0.85
o.24
0.26
o.17
0.13
0.06
0.09
0.07
5.29
0.34
0.10
5.89
7.51

1.64
0.98
0.25
1.05
1.20
0.13
0.10
0.03
0.19
0.09
o.12
0.82

0.25
o.27
0.08
2.72
2.08
3.22
1.34
2.84
3.07
0.81

4.50

1.80
2.47

1.64
0.97
0.41

0.40
0.68
0.34
0.09
0.10
0.09
0.06
0.0s
o.o7
0.06
6.75
o.21

0.03
6.75
10.43
0.81

0.75
o.12
0.38
0.53
0.0ô
0.04
0.01

0.14
0.04
0.05
0.68
0.15
0.15
0.03

1.35
1.00
1.58
o.6B

1.50
2.13
0.38
2.60
0.98
1.48

0.01

0.00
0.0't
o.o2
0.00
0.02
0.14
0.25
0.05
0.09
0.02
0.01

0.02
0.00
0.00
0.04
0.00
0.00
0.03
0.00
0.31

0.03
0.03
o.24
0.06
0.04
0.03
0.20
o.2'l
0.00
0.00
0.05
0.16
0.01

0.02
0.05
0.07
0.06
0.10
0.13
0.10
0.11
0.06

1.51

1.57
1.61

1.63
1.62
1.59
0.68
0.65
0.81

0.78
0.76
0.77
0.78
1.96
0.70
o.73
2.25
2.26
1.s5
1.06
0.58
1.05
1.39
0.65
o.78
0.77
0.81

0.63
0.62
1.07
0.69
o.72
0.64
2.42
2.34
2.16
1.55
1.38
o.71

o.78
2.15
1.44
1.04

5.66
4.79
4.20
5.05
3.86
2.94

1624.74
1626.82
1628.85
1628.8s
1631.89
1633.51

1890.31

1890.31

2012.04
2016.51

2275.92
2287.25
2287.25
1564.11

1770.35
1779.15
1561.20
1563.43
1634.78
1638.12
1889.00
1399.40

1407.s9
2018.89
2023.87
2286.97
2279.52
1881.99
1890.65
1568.25

1768.60
1772.01

1777.14

1560.58
1563.94
1564.79
1620.01

1406.19
1415.80
1741.02
1s54.33
1566.06
1310.03

1.61

1.32
1.16
0.94
1.03
1.57
3.65
2.O2

2.51

7.31
6.11

4.34
3.15
1.59
5.88
5.16
1.29
1.76
1.12
0.94
3.14
2.63
1.54
1.64
1.58
3.00
5.66
6.18
6.39
4.08
3.64
5.97
4.41

2.88
1.O2

0.82

196



Table 6.1 continued (3/3)

No. 25,28,30-TNH(M) TNR-1 DNR-1 DNR-6 Ts MPI-I Rc(1) Ro
(Ts + Tm) (Tm+Ts)

1

2
.t

4

5

6

7

I
9

10

11

12

13

14

15

16

17

18

19

20
21

22
23

24

25
26
27
28
29

30
31

32
33
34

35
36
37
3B

39
40
41

42
43

0.15
0.11

0.13
0.17
0.20
n.d.

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.00
0.00
0.03
0.07
1.61

n.d.
0.00
n.d.

1.56
0.00
0.00
0.00

0.00
0.00
n.d.

0.08
0.00
0.00
0.00
0.06
0.00
0.00
0.17

0.50
0.88
0.00
o.o7
0.00
0.43

0.66
0.62
0.60
0.58
0.77
0.77
0,91

0.94
0.99
0.95
1.00

0.98
1.01

0.64
0.75
0.92
0.58
0.59
0.66
0.89
0.75
0.53
0.55
0.82
0.96
1.12

1.10
o.82
0.80
1.04

0.70
0.89
0.76
0.46
0.52
0.49
0.49
0.48
0.39
0.66
0.41

0.43
0.35

2.42
2.37
2.50
1.19

3.27
2.63
4.81

3.74
3.99
5.16
4.85
3.82
1.51

2.31

4.92
5.12
2.95
2.24
2.04
1.63

3.55
1.60

2.33
4.36

3.23
4.28
4.46
3.06

3.20
2.45

3.29
5.s6
3.38
1.85
1.81

2.02
2.65
3.47
2.10
4.91

2.61

2.53
1.9s

1.38
1.38
1.45
0.74
1.74
1.47
1.70

1.26
1.49
1.95
2.13
't.79

0.69
1.33
1.85
1.82
1.60
1.30
1.17
0.84
1.29
0.94
't.37

1.69
't.27

1.78
1.87
't.07

1 .15

1.14
1.37
2.O3

1.30
1.17
1.17
1.23
1.60
3.82
1.35
2.00
1.35
1.54
1.16

0.20
0.22
0.19
0.20
0.18
n.d.

0.17
0.18
0.33
0.34
0.68
0.83
0.73
0.06
0.37
0.27
0.07
0.07
o.23
n.d.

0.03
n.d.

0.11

0.14
0.26
0.21

0.36
0.03
n.d.

0.32
0.3ô
0.35
0.05
0.07
0.14
0.09
0.20
0.29
0.30
0.35
0.07
0.10
0.27

0.69
0.65
0.56
0.51

0.64
0.61

0.69
0.67
0.95
0.82
0.97
1.00
1.07
0.66
0.88
0.70
0.58
0.58
0.55
1.10
0.65
0.31

0.39
o.72
0.81

0.91

1.19
0.68
0.68
1.23
o.87
0.92
0.64
0.49
0.47
0.45
0.52
0.48
0.46
0.70
0.48
0.49
0.39

0.81

0.79
0.74
0.71

0.78
o.77
0.81

0.80
0.97
0.89
0.98
1.00
1.04
0.80
0.93
0.82
0.75
0.75
o.73
1.0ô
0.79
0.59
0.63
0.83
0.89

0.94
1 .11

0.81

0.81

1.14
0.92
0.95
0.78
0.69
0.68
0.67
o.71

0.69
0.68
0.82
0.69
0.69
0.63

0.69

0.73

o.71

0.66

0.69

Ro = measured vitrinite reflectance
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CHAPTER SIX

All the SFTE fraction I samples, several combined SFTE fraction 5 and 6 samples,

the conventional extracts of sandstones and 
'source 

rocks, and the topped oils were

deasphaltened and fractionated by MPLC. The MPLC yields are compiled in Table

6.6. The aliphatic (saturated) and aromatic fractions from the MPLC were analysed

by GC-FID and GC-MS. Values of various source and maturity parameters are

compiled in Table 6.1.

Based on the data from these experiments, a secondary hydrocarbon migration

scenario within the Warburton, Cooper and Eromanga Basins has been proposed.

6.2 DISTRIBUTIONS OF FLUIDS WITH¡N THE PORE

NETWORK

The SFTE technique is designed to reveal the distributions of fluids within the pore

networks of reservoir and/or carrier beds (see Figure 6.1 for a conceptual model) and

hence to reconstruct their petroleum charging history. What is the function of the

migration "front", which normally comprises the less mature petroleum from the

source rock? Is the formation water, which initially saturates the pore system,

replaced by the petroleum front completely or only partly? If partly, what is the

proportion? What is the distribution pattern of the fluids (petroleum and residual

formation water) within the pores? How much petroleum does it take to wet the

pores, and hence pave the way for later migration? SFTE yield data obtained in this

study were used to compare the secondary petroleum migration process in the study

area, both qualitatively and quantitatively, with that outlined in the following

scenario (after Schwark et al.,1997):

o Residual formation water and petroleum are distributed in layers within the

connected pores of the sandstone reservoir or carrier bed. From the mineral wall

to the centre of the pore, the sequence is water, "adsorbed oil" and "free oil"

(Figure 6.1).

E Migration fronts, which are composed of the early expulsion products of the

source rocks (and hence are less mature and more polar), partly displace the

formation water.
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CHAPTER SIX

tr Part of the formation water, in which inorganic salts are dissolved, is adsorbed on

the mineral surfaces of the pore wall. Formation water in the smaller pores

(Figure 6.1) can't be replaced by petroleum because of the larger capillary

pressures that must be overcome when negotiating the narrow pore throats.

o Part of the petroleum migration front is adsorbed on the inner surface of the

pores, next to the residual water layer, effectively becoming "adsorbed oil" that

wets (or "paves") the migration path for the later arriving oil.

E The central parts of the large pores that are connected by wide pore throats

become conduits for migrating oil.

ct Some pore throats are just big enough to be penetrated by the migration front, but

are not accessible by the later migrating petroleum. The petroleum within them

actually becomes "adsorbed oil".

o Some large pores are connected to the main migration conduits by narrow pore

throats. Crude oil trapped in them is another type of "adsorbed oil".

tr The later arriving oil (normally more mature and less polar) occupies the middle

spaces of the pores and corresponds to the "free oil". The "free oil" arrives in the

pores last but is extracted fîrst by the less polar solvents in SFTE technique.

tr "Adsorbed oil" on the inner water-wet surfaces of carrier beds, and that occluded

within the aforementioned two types of pores, together correspond to the

migration loss.

o Not all the "adsorbed oil" is recoverable by SFTE extraction. Those parts of the

"adsorbed oil" within the pores that are not well connected to the main petroleum

migration conduits remain in the core plugs even after SFTE step 6. They are

only recoverable by ASE extraction of the crushed SFTE-extracted plugs.

6.2.1 SFTE Ytr¿os

Taking into account the mass and oil saturation of the core plugs (Tables 6.2 &' 6.3),

and the requirements for adequate GC and GC-MS injection amounts, the SFTE
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CHAPTER SIX

device was programmed to recover most of the "free oil" in fractions l-3 and the

"adsorbed oil" in fractions 5 and 6. Fraction 4 was designed to be a transitional

extraction. Taking a plug of 80 g as an example, the first three fractions each

comprised 40 ml of extract solution, the forth fraction only 20 ml, and the last two 60

ml each. So, the combination of fractions I through 3 corresponds to the

aforementioned "free oil" which occupies the central pore spaces (Figure 6.1) and

may be compared with the corresponding DST and/or production oil. The

combination of fractions 5 and 6 corresponds to the "adsorbed oil", which is adjacent

to the water-wet pore wall and is more polar than the "free oil". After extraction,

approximately l0 g was cut from the core plug and crushed for ASE to check the

efficiency of the SFTE and estimate the petroleum loss during the secondary

migration. In the case of a carrier bed, the combination of total ASE yield and SFTE

fractions 5 and 6 corresponds to the loss of petroleum during secondary migration.

6.2.1.1 "Free oil"

As shown in Table 6.2 and depicted in Figure 6.2, the SFTE yields normally

decrease through the first three fractions , In the case of core plug 9 8 0 5 I I (Dirkala- I ,

Birkhead), the yield of fraction I is 1129.6 ppm; that of the fraction 2 is 45.2 ppm;

and fraction3,I4.7 ppm. All the other plugs, except 980518, 980519 and 980529,

show similar but less pronounced trends. This is not surprising because the first

three fractions are all eluted using the same solvent (dichloromethane) at the same

flow rate.

How fast the yield decreases with the progress of the extraction is mainly controlled

by the permeability of the core. The better the permeability, the faster the efficiency

decreases, as shown by the comparison between the extract yield profiles (Figure

6.2) of plugs 980511 (2S0 mD) and 980512 (105 mD), both from the Birkhead

Formation in Dirkala-I. A similar example supporting this interpretation is provided

by plugs 980541 (1427 mD; fraction I : 633.4 ppm, fraction2:3.8 ppm) and

980542 (839 mD; fraction I : 87.8 ppm, fraction2: 1.8 ppm) from the Birkhead

Formation in Vy'ancoo cha- 4.

The three exceptions (plugs 980518, Dirkala-2, Murteree;980519, Dirkala-3, Murta;
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CHAPTER SIX

and 980529, Thurakinna-3, Patchawarra) all have low contents of "free oil". For

plug 980529, the measured yields of fractions I through 3 are zero. For plug 980519,

the first three fractions have bulk chemical compositions (measured using latroScan)

that are similar to those of the last three fractions. All six fractions exhibit "adsorbed

oil" properties, containing more asphaltenes and resins and less aliphatics (see

discussion in Section 6.2.2).

6.2.1.2 "Adsorbed oil"

It is meaningless to compare the yield of fraction 4 with those of the other fractions,

because the extraction time is shorter, and, more importantly, the polarity of the

eluting solvent is transitional. After the completion of extraction step 3, a mixture of

dichloromethane and methanol (50:50 v/v) is used for eluting the last of the residual

oil. When the former solvent (DCM) is completely replaced by the latter mixture,

the extraction behaviour once again is controlled by the porosity and permeability of

the core. It is not predictable without detailed core analysis results. Neither is it

worth monitoring, considering the costs and its significance. However, based on past

experience , a 20 ml elution volume is enough to complete the solvent transition for

most types of core plugs. Conceivably, the bulk chemical composition of the

transitional fraction 4 should be between that of the fractions 1,2 &,3 and fractions 5

& 6 (see discussion in Section 6.2.2).

Neglecting the transitional fraction 4, yields of "adsorbed oil" show a similar trend to

those of the "free oil" fractions, decreasing with the extraction time (or eluting

solvent volume). As shown in Table 6.2, from fraction 5 to 6, the yield drops from

111.9 to 19.9 ppm for plug 980511; from 138.9 to 6.9 ppm for plug 980513; and

from 148.4 to 6.9 ppm for plug 980514. Plug 980518 is the only exception, in which

the yield of fraction 6 (62.1ppm) is larger than that of fraction 5 (14.1 ppm).

The explanation of the decreasing of yield is the same,as that for the "free oils".

However, there is no obvious explanation for what happened in the case of plug

980518. Temporary pump failure and/or blockage within the extraction cell are

possible causes, since most of the extractions were carried out overnight without an

operator in attendance.

202



Table 6.2 SFTE yields from core plugs

Well
Mass of the 6 SFTE Fractions (mgl

Sample ! 2 3 4 5 Cal.5 6 Cal.6
Extract Concentration (ppm)

t23456
Plug
mâss

ASE

sample

ASE ASE
yield yield

Dirkala-1

Dirkala-1

Dirkala-1
Dirkala-1

Dirkala-1
Dirkala-1
Dirkala-2

Dirkala-2

Dirkala-3

Dirkala-3
Dirkala-3

Garanjanie-2

Garanjanie-2
Garanjanie-2
Thurakinna-2
Thurakinna-2
Thurakinna-2
Thurakinna-3
Thurakinna-3
Thurakinna-3
Thurakinna-3
Wancoocha-1

Wancoocha-1
Wancoocha-1
Wancoocha-1

Wancoocha-3
Wancoocha-3
Wancoocha-3
Wancoocha-3
Wancoocha-3
Wancoocha-4
Wancoocha-4

Wancoocha-4

98051 1

980512
980513
980514

98051 5

98051 6

980517
98051 I
980519
980520
980521

980522
980523
980524
980525
980526
980527
980528
980529
980530
980531
980532
980s33
980534'
98053s
980536
980537
980538
980539
980540
980s41
980542

980543

92.4

49.2

68.8
40.1

4.6
1.2

4i1.3

0.7
0.5

3.7
6.5

15.8

3.1

1.2

0.2
5.8

0.8

0.8

2.7
4.7
0.4
0.2

1.4

1.8

3.2
1.9

2.3
1.4
14.6
2.0
0.7

57.4

31.3

38.8
67.2
27.8
49.9
20.2

32.6

1.5

9.2

4.3
15.4
15.7

1.4
2.0
6.8
1.8

0.4

30.6
12.5

7.0
11.3
19.3

29.6
9.9

59.2
1.3

81.8

83.1

111.0

105.6
103.4

97.6
1 16.6

129.4
32.0

106.5

1 10.3

'132.0

1 19.6

78.6
104.1

1 129.6

592.1

619.8
379.7
44.5
't2.3

371.4
5.4
15.6

78.2
142.3

29.4
11.6

2.0
49.7

6.2

25.0

14.7

18.1

9.9
2.8

2.9
5.1

3.4
0.0

5.1

0.0

17.1

21.7
28.8

18.0
22.2
14.3

125.2
't5.5

21.9

111.9

52.0

138.9

148.4
13.3
20.2
58.3
14.1

11.6

19.9

10.7

19.4
6.9
't3.2

6.8
22.0
62.1

7.2

1.6
33.9

10.4
8.9

11.0

10.0

10.0

10.5
10.1

9.8
9.4
1't.1

9.5

1.5

1.1

0.3

0.3
0.5
0.4
0.0
0.7

1.6

0.9

2.2

0.7
1.4
0.7
2.6
8.0
0.2

0.2
0.3

21.9

0.0

0.0

100.0

0.0
0.0
0.0

63.8
0.0

31.6

0.0
0.0

0.0

0.0

1.0

0.0
0.0

0.0
0.6

0.0
0.3

0.0
0.0

0.8
0.0
0.2
0.5
0.1

4.5
17.9

14.5
0.0

11.0
3.4

142.7
49.2
66.7
9.9

0.0

0.1

0.0
0.5

16.1

14.2

1.1

0.9

9.6

6.60.3

1.1

1.1 '17.7

19.1

28.5
17.8

42.2
18.3
15.2
13.2

5.7
8.9

18.5
26.3

42.3
162.3

109.8
0.0

139.9

32.7

1270.7
413.4
633.4
87.8

12.1

0.0

28.0
0.0

24.0
39.5
3.8
1.8

10.3
2.7

8.3
16.7

10.2
2.9

22.3
140.3
11.4
16.9

6.7
49.0

51.1

õ.o

99.4
43.9
26.3
35.4

10.2
9.7

85.'l
0.0
21.1

53.2
10.3

19.6
0.0

0.0
4.5

0.0
0.9

10.2
8.3

2.',1

2.5

12.9
't0.3

1.6
0.0

0.0
0.0

0.0
0.0

0.9
5.92-O

0.8
0.9

4.0
0.9

0.8
0.3

0.4
0.0

2.2
0.0

0.2
4.'l

0.2
0.0

0.0
0.0
0.0
0.0

9.4
9.5
9.5
9.4
9.7

9.4
9.7
9.5
9.6

6.6
9.2
7.O

5.6

1 0.5 0.8 o.o 5.0 1o.o 1.9 10.1 'l.O 104.2 '100.8 7.7 0.0 48.0 17.9 9.8

0.8
1.8

0.1

0.2

112.3
1 19.0
105.3
112.7

2.5
16.7
1.2
'1.9

11.2 8.5 0.7

5.2 2.4 1.1

2.8 2.8 0.7
4.O 8.8 0.6

7.1

15.1

0.9
1.8

0.0
0.0
0.0
0.0

tJO
u)

Cal. = Calibrated mass from Iatroscan data



Table 6.3 Results of core analysis (extracted from well completion reports and/or psps database)* and ratios of "adsorbed oil" to "free oil"

Samples e Permeablilty (mD) Po dual Saturation Original Saturation Residualo oil"

K. A. He lniaelion Oil Water oit Water Orioinaloil "Free oil"

98051 1

980512
980513
980514
980515
98051 6
980s17
98051 I
980520
980521
980522
980523
980524
980s25
980526
980527
980528
980529
980530
980531
980534
980535
980536
980537
980538
980539
980s40
980s41
980542

280.0
105.0
513.0
392.0
32.0

873.0
28.0
0.0
0.2
8.1

233.0
1989.0

0.1
0.8
0.4
0.6
0.2
0.2
0.0
0.0
15.0
61.0
122.0
307.0
1649.0
70.0
1.3

1427.0
839.0

21.5
19.4
22.6
25.2
18.9
24.9
18.0
7.1

10.5
20.8
17.4
22.1
11.0
11.2
12.6
11.9
11.0
10.0
6.8
9.4

16.1
16.3
19.9
22.4
2.4
16.4
18.1

24.3
22.4

19.3
9.4
5.7
5.2
2.8
0.0
0.1

0.1
0.2
0.3
0.6
0.2
0.2
0.2
0.2
1.4
0.3
1.2
0.0
10.5
0.1

0.0
4.0
5.2
14.8
15.0

39.5
43.4
51.4
60.8
69.2
83.8
32.0

60.5
56.6
48.6
39.2
30.8
16.2
68.0

39.5
43.4
51.4
60.8
69.2
83.8
32.0

32.4
35.7
70.4
32.8
53.9
48.2
61.1
50.0
60.9
60.0
58.4
53.5
60.2
71.9
82.5
50.0
52.2
44.4
42.1

0.32
0.17
0.12
0.13
0.09
0.00
0.00

0.11
0.11

0.27
0.29
0.45
0.68
0.39
0.54

0.35
0.07

0.12
1.00

0.44

Dirkala-1
Dirkala-2
Dirkala-3
Dirkala-4
Dirkala-5
Dirkala-6
Dirkala-2
Dirkala-3
Dirkala-4
Dirkala-S
Garanjanie-2
Garanjanie-2
Garanjanie-4
Thurakinna-2
Thurakinna-3
Thurakinna-4
Thurakinna-3
Thurakinna-4
Thurakinna-5
Thurakinna-6
Wancoócha-1
Wancoocha-2
Wancoocha-3
Wancoocha-4
Wancoocha-5
Wancoocha-6
Wancoocha-7
Wancoocha-4
Wancoocha-5

* Data interpolated and/or extrapolated where the sample depths are not those ofthe analysed cores

32.4
35.7
70.4
32.8
53.9
48.2
61.1
50.0
60.9
60.0
58.4
53.5
60.2
71.9
82-5
50.0
52.2
44.4
42.1

67.6
64.3
29.6
67.2
46.1
51.8
38.9
50.0
39.1
40.0
41.6
46.5
39.8
28.1
17.5
50.0
47.8
55.6
57.9

0.00
0.00
0.01
0.01

0.00
0.00
0.01
0.00
0.04
0.01
0.03
0.00
0.26
0.00
0.00
0.08
0.11
0.27
0.26

0.34
0.39

0.09
0.29
0.06
0.39

N)
O5
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6.2.1.3 ASE

The ASE yields obtained from the 18 SFTE-extracted plugs are listed in the last

column of Table 6.2. For 70Yo of the plugs the yield \¡/as zero indicating that all their

residual oil is located in accessible, connected pore space. For the remaining plugs,

10-100 ppm of their residual oil was recovered by ASE. The ASE yields represent

those parts of the "adsorbed oils" that are preserved in the smaller pores or in large

pores that are connected to the main migration conduits by narrow pore throats. For

the reason of capillary pressure, the extraction solvent can't access them. Together

with the SFTE fractions 5 and 6, they correspond to the petroleum lost during

secondary migration within carrier beds.

6.2.1.4 Petroleum Loss en route during Secondary Migration

During secondary petroleum migration and reservoir filling, the migration fronts

replace parts of the pre-existing formation water, wetting or "paving" the migration

pathways for the later arriving hydrocarbons. In addition to some polar components

(e.g. NSO-compounds) from the later arriving petroleum, parts of the crude oil front

interact with the water layer to form the bipolar layer illustrated in Figure 6.1, thus

becoming "adsorbed oil". Such "adsorbed oils" are immobile, and remain behind

during the secondary migration process.

In order to establish some link between the petroleum migration loss and the SFTE

data, several calculations were made. The results are compiled in Table 6.3 along

with the available data on permeability, porosity, and residual oil/water saturation.

Original oil saturation was calculated thus: original oil saturation : 100 - water

saturation. The two ratios, residual oil saturation/original oil saturation and

"adsorbed oil"/"free oil", provide a semi-quantitative estimate of the likely losses of

petroleum en route during secondary migration where the sandstone is a carrier bed,

or during production where the sandstone is a reservoir.

As shown in Table 6.3, ratio of "adsorbed oil" to "free oil" ranges from 6Yo in the

Birkhead Formation at Wancoocha-4 to 100% in the Patchawarra Formation at

Thurakinna-4, and the average is about 34%. If used to calculate petroleum losses

during secondary migration in the study area, this average value is generally
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consistent with data from reservoir engineering studies (D. Leythauser, private

communication, 1997). However, the average value of the ratio of "adsorbed oil" to

"free oil" from SFTE measurements can at best only be a rough estimate of the

hydrocarbon loss attributable to secondary migration. Its application to petroleum

development and production needs further research. At the very least, there need to

be some calibrations that take into account the evaporative loss of light hydrocarbons

involved in the process of bringing the core from underground to the surface, and

thereafter during storage. Thus, the actual migration losses (under subsurface

conditions) must be less than indicated by this calculation.

Core analysis data from well completion reports were also employed, tentatively, to

assess the migration loss in the study area. From Table 6.3, it is shown that about

half of the pore volume is saturated by residual water in these cores under surface

conditions. Formation water must occupy a similar amount of pore space in the

subsurface, because water volume does not change much with changes of

temperature and pressure. This value is also consistent with the conclusion of

England et al. (1987) that the petroleum must filI -50% of the available rock pore

volume in order to create an interconnected pathway, allowing movement to occur.

Residual oils (remaining in the cores under surface conditions) occupy no more than

l9Vo of the pore space (Table 6.3).

V/hat occupies the remaining -30Yo of the pore space under subsurface conditions?

Based on the fîndings of England et al. (1987), it is proposed here that this part of the

pore space is occupied by light hydrocarbons. From the North Sea example

documented in Table 1 of England et al. (1987), it can be seen that methane and

other light hydrocarbons (smaller that C6) are the predominant components of the

subsurface petroleum liquid, accounting for more than 70 mol Yo. Because of their

great volatility, the majority of these components disappear due to evaporation while

the core is being brought from underground to the surface. Only the heavy parts of

the petroleum remain in the pores. They comprise the residual oil and take up less

than2}Yo of the total pore space.

Among the present suite of residual oils, an average of 34Yo is adsorbed

"permanently" to the water-wet pore walls. So the calibrated calculation of
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petroleum loss en route during secondary migration should be larger than l4%o.

Therefore, the best estimate of migration loss in the study area falls in the range l4%o

("adsorbed" portion of the residual oil) to 40% (all the residual oil).

6.2.1.5 lnorganic salt

During the SFTE extraction, inorganic salt (identified as halite, NaCl, by XRD) was

recovered with fractions 5 and 6 of every core plug (Table 6.4). The salt appeared as

white crystal on the inner wall of the flask during rotary evaporation. It was

collected by first cautiously rinsing the EOM from the flask with DCM, and then

dissolving the inorganic residue in deionised water. The salt was recovered by

evaporation of the aqueous solution at 50 oC and weighed'

An alternative way of quantiffing the salt content is by calculation based on the

IatroScan measurements, according to the following formula (the calculation details

are discussed in the next section):

Mass of salt (mg) : Combined mass of SFTE fractions 5 &. 6 - [Volume of fractions

5 &,6 (ml) x > FID responses of fractions 5 &,6 x X Concentration of the standards

(mg/ml) / > FID responses of the standardsl.

Table 6.4 lists the observed or calculated yields of the salt, and the actual and

corrected masses of total EOM for comparison. The last six rows of data in this table

show the results of an SFTE experiment in which a plug of Patchawarra sandstone

from Garanjanie-4 (980524) was extracted only by DCM:MeOH (50:50 v/v). Salt

yields decrease with extraction time (or volume), from 50.1 ppm in fraction I to 0.9

ppm in fraction 6. There is no need of any explanation, because methanol to salt is

just like dichloromethane to EOM. Methanol dissolves the salt, and the yield

decreases with the progress of the extraction as expected, because the content of

saline pore water in the plug is limited.

As shown in Table 6.4, there is no evident relationship between salt content and

reservoir formation. Neither does the salt content relate to the EOM content,

permeability, porosity, residual water and oil saturation (Table 6.3). It is beyond the

scope of this study to investigate the factors that control the salt content in
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Table 6.4 Yields of salt and EOM from core plugs

Sample Formation Core
plug
(s)

Total
extract

)

EOM
calc.#
(mo)

Salt

(ppm)

Totalsalt
(Fractions 5+6)

(ppm)

98051 1-5.
98051 1 -6.
98051 2-5.
98051 2-6.
980513-5.
98051 3-6.
98051 4-5.
98051 4-6.
98051 5-5.
98051 5-6.
98051 6-5.
98051 6-6.
980517-5
98051 7-6
98051 8-5
98051 8-6
98051 9-5*
98051 9-6.
980522-5
980522-6
980523-5
980523-ô
980528-5
980528-6
980529-5'
980529-6.
980531-5.
980531 -6
980536-5
980536-6
980537-5
980537-6
980539-5
980539-6
980540-5
980540-6
980541-5
980541 -6
980542-5
980542-6
980524-1
980524-2
980524-3
980524-4
980524-5
980524-6

Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Murteree
Muderee
Murteree
Murteree
Murta
Murta
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Hutton
Hutton
Hutton
Hutton
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Birkhead
Birkhead
Birkhead
Birkhead
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra
Patchawarra

81.8
81.8
83.1
83.1
111.0
111.0
105.6
105.6
103.4
103.4
97.6
97.6
116.6
1 16.6
129.4
129.4
32.0
32.0
106.5
106.5
110.3
1 10.3
132.0
132.0
119.6
119.6
104.2
104.2
78.6
78.6
104.1
104.1
112.3
112.3
119.0
119.0
105.3
105.3
112.7
112.7
113.7
113.7
1',13.7
't13.7
113.7
113.7

57.4
30.6
31.3
12.5
38.8
7.0
67.2
11.3
27.8
19.3
49.9
29.6
20.2
9.9

32.6
59.2
1.5
1.3

16.1
9.6
14.2
6.6
17.7
5.7
19.1
8.9
10.0
'10.1

28.5
18.5
17.8
26.3
42.2
8.5
18.3
2.4
15.2
2.8
13.2
8.8

9.2
1.6
4.3
0.9
15.4
2.2
15.7
o.7
1.4
0.7
2.0
0.7
6.8
2.6
1.8
8.0
o.4
0.2
1.1

o.2
0.9
0.3
0.9
0.2
5.9
4.1
1.9
1.0
4.0
0.8
0.9
0.9
11.2
0.7
5.2
1.1

2.8
o.7
4.O

0.6

590
354
325
140
211
44

488
100
256
180
491
297
435
222
249
405
35
34
447
144
228
70
161

4B
111

4'l
78
98

599
365
601
4ô1
300
74
217
10

206
34
195
91

50
31

7
4
1

1

944

4ô5

254

588

435

688

657

653

69

591

298

209

151

176

964

1 062

374

218

240

286

* The yield of salt was calculated from Iatroscan data for these samples

# EOM yield calculated from Iatroscan data
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these carrier bed and reservoir sandstones. Nevertheless, the salt obtained by SFTE

does indicate that saline pore water co-exists with petroleum in all the sandstones

sampled. Given their role as aquifers in the Eromanga Basin, it is perhaps not

surprising that the highest salt contents (>900 ppm) were found in the Hutton and

Birkhead formations. If the petroleum carries some soluble minerals from its source

rocks, detailed analysis of the solutes might provide some help for oil-to-source

correlation. Or if the petroleum leaves traces of source-related minerals along its

migration route, this type of analysis could be a key to understanding the petroleum

migration scenario.

6.2.1.6 Galibration Based on latroScan Measurements

Identification of the inorganic salt halite in SFTE fractions 5 &, 6 is a small but

significant improvement for the SFTE technique. In previous studies at Cologne

University, this material was treated as high molecular weight wax (D, Leythauser,

personal communication, 1998). Such mis-identification would lead to over-

estimation of the "adsorbed oil" and hence an incorrect understanding of the

distribution of fluids in the pore network.

Calibration of SFTE fractions 5 &, 6 using IatroScan data is another improvement to

the conventional calculation procedure used in previous studies of this type. This

calibration also allows quantification of the inorganic salt (Table 6.4). The

calculation procedures used herein are expressed as in the following sunmary:

Total EOM (mg) = Aliphatics (me) + Aromatics (mg) + Resins (mg) + Asphaltenes (mg)

Aliphatics (mg) : Solution volume (of any fraction) (ml) x Aliphatics concentration in the standard
(mg/ml) x IFID response of sampleÆID response of the standard]

Aromatics (mg) = Solution volume (of any fraction) (ml) x Aromatics concentration in the standard
(mg/ml) x [FID response of sample/TlD response of the standard]

Resins (mg) : Solution volume (of any fraction) (ml) x Resins concentration in the standard (mg/ml)
x [FID response of sampleÆID response of the standard]

Asphaltenes (mg) : Solution volume (of any fraction) (ml) x Asphaltenes concentration in the

standard (mg/ml) x IFID response of sample/FlD response of the standard]

Mass of salt (mg) : V/eighed total EOM (mg) - Calibrated total EOM (mg)
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As shown in Table 6.2, there are large differences between the masses of SFTE

fractions 5 & 6 and the results after calibration by Iatroscan, especially when the

EOM content of the plugs is low. For example, the weighed masses of fractions 5 &

6 in plug 98051 1 were 57 .4 and 30.6 mg, respectively, but the actual masses are only

9.2 and 1.6 mg after the calibration (total EOM: 1339 ppm). The relative error is

70%. V/hen the EOM content is low, this error is even larger. For plug 980518,

weighed masses of fractions 5 & 6 were 32.6 and 59.2 mg, respectively, and the

corrected masses are 1.8 and 8.0 mg (total EOM: 103 ppm).The relative error in

this case is 196%. Unless corrected, this error seriously inflates the amount of

"adsorbed oil", hence distorting our understanding of the distributions of fluid

(including water and crude oil) and the estimation of petroleum loss en route during

secondary migration. Caution should always be exercised whenever methanol and/or

ethanol are used as extracting solvents.

6.2.2 Butx Cue¡ørcaL CowPoslrron

Bulk chemical compositions (i.e. relative proportions of aliphatic hydrocarbons,

aromatic hydrocarbons, resins and asphaltenes) of several types of EOM (viz. core

plug SFTE fractions I through 6; and conventional bulk extracts of sandstone and

source rock core samples) are compared with those of seven DST oils (Tables 6.5 &,

6.6). It must be pointed out that the compositional data for these different types of

extract are based on different measurements. Bulk compositions of the SFTE

fractions were determined by latroScan analysis. For the conventional cores of

sandstone and source rock (samples 980544 to 980563) and the DST oils (samples

980564 to 980572), the compositions were determined by deaphaltening, MPLC

fractionation of the maltenes and weighing of the four groups of components

(saturated and aromatic hydrocarbons, resins and asphaltenes). Aliquots of DST oils

were weighed and then evaporated under ambient laboratory conditions for 48 hr.

The topped oils were MPLC fractionated without prior.deasphaltening because of

their very low asphaltene contents.

The bulk chemical compositions of all the core plug SFTE fractions are listed in

Table 6.5 and those of the conventional core extracts and DST oils are compiled in

Table 6.6. Notice that MPlC-derived compositions of 27 selected SFTE fractions
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are also listed in Table 6.6. It is evident that the MPLC and latroScan measurements

are broadly consistent. Bulk chemical compositions of representative examples of all

three types of materials are depicted in Figure 6.3. To make it convenient for the

following discussion, the term "polarity" will be used to describe the relative

abundances of the four groups of components (viz. aliphatics, aromatics, resins and

asphaltenes). The greater its content of saturated and aromatic hydrocarbons, the less

polar is the EOM or oil.

6.2.2.1 DST Oils

Compared with conventional core extracts and the core plug SFTE fractions, DST

oils have the lowest polarity (Tables 6.5 & 6.6; Figure 6.3). They contain no

detectable asphaltenes, very little resins, but abundant aliphatic hydrocarbons.

Aliphatic abundances in the oils range from 79.4% (980567) to 93.5% (980570),

with an average of 87.1%o. Few SFTE fraction-ls and sandstone bulk EOM samples

reach this level. The average aromatic hydrocarbon and resin contents are l2.0Yo and

0.5Yo, respectively.

6.2.2.2 SFTE Fractions

Figure 6.3 depicts the systematic change in the bulk chemical composition of the

SFTE fractions of Plug 980512. The aliphatic contents decrease from 86.2Yo in

fraction l, through 84.2,77.8,30.5 and 14.syo, to 12.2%o in fraction 6, whereas the

corresponding asphaltene contents increase in the order 2.9,3.2,4.3,31.8, 60.0 and

67.8%. The average aliphatic content of the first three fractions is 82.7Yo, and that of

the last two fractions is only 13.4% (notice that Fraction 4 is not counted because it

is treated as a transitional extraction). In contrast, the average asphaltene content of

the first three fractions is only 3.5Yo, and that of the last two is 63.9%.

Compared with the last two SFTE fractions and the EOM from the two source rock

samples, the first three SFTE fractions have bulk chemical compositions that are the

most similar to those of the DST oils (Figure 6.3; Tables 6.5 8.6.6). This explains

why they are regarded as "free oil". They are less polar and less soluble in water than

the other SFTE fractions. The "free oils" are what remains (under surface conditions)
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Table 6.5 Bulk compositions of SFTE fractions based on Iatroscan measurements (1/3)

Fraction Plug EOM

Ims]

Yield (% total EoM)

Relative Cumulative

Relative concentration (% SFTE fraction)

Aliph Arom Resin Asph

98051 1 -1

98051 1 -2

98051 1 -3

98051 1 -4

98051 1 -5

98051 1 -6

81.8

81.8

81.8

8'1.8

81.8

81.8

92.40

3.70

1.20

1.40

9.15

1.63

84.4

3.4

1.1

1.3

8.4

1.5

84.4

87.8

88.9

90.2

98.5

100.0

88.9

85.0

83.7

29.6

5.6

0.0

3.7

3.3

3.5

1.8

0.0

0.0

5.4

8.8

8.4

45.8

13.2

13.3

2.O

3.0

4.5

22.8

81.2

86.7

980512-1 83.1 49.20 73.0 73.0 86.2 3.2 7.8 2'9

980512-2 83.1 6.50 9.6 82.6 84.2 2.7 9.9 3'2

980512-3 83.1 1.50 2.2 84.9 77.8 3.0 15.0 4.3

980512-4 83.1 1.80 2] 87.5 30.5 0.8 36.9 31.8

980512-s 83.1 4.32 6.4 93.9 '14.4 0.0 2s.6 60.0

-sjgsle-q---891---9'!1 1'9-----s!'g- -- -72.L----q'g 30-0-----61'-8--
980513-1 1 1 1 .O 68.80 64.6 64.6 86.9 2.4 9.3 1'4

980513-2 1 1 1 .O 1 5.80 14.8 79.5 80.9 3.5 13.5 2.1

980513-3 1 1 1 .0 1.10 1.0 80.5 70.s 4.s 23.1 1.8

980513-4 1 1 1 .O 3.20 3.0 83.5 33.6 1.7 42.5 22.1

980s13-5 111.0 15.42 14.5 98.0 24.s 0.0 48'0 27.6

_s_89513_-q _ _ 11_1,_0_ _ _ 2J5_ ?.9 _ __ _ 190.0_ _ _ _ ltg _ _ - _q9 92.1_ -_ _ -239- -
980514-1 105.6 40.10 64.9 64.9 81.5 1.6 15.3 '1.7

980514-2 105.6 3.10 5.0 69.9 6'1.2 2.1 34.1 2'6

980514-3 105.6 o.3o 0.5 70.4 68.9 1.3 26.9 2.9

980514-4 105.6 1.90 3.1 73.5 16.8 0.2 49.0 34.0

980514-5 105.6 15.67 25.4 98.8 8.9 0.0 44.0 47 -1

_e395_11-q _ _ 10_5_6_ _ _ 9J3_ !.? _ __ _ 190.0_ _ _ _ lll _ _ _ _q.q ?a.1- -- - -5-8.9- -
98051 5-1

980515-2

98051 5-3

9805'1s-4

98051 5-5

980515-6

103.4

103.4

103.4

103.4

103.4

103.4

4.60

1.20

0.30

2.30

1.38

1.37

41.2

10.8

2.7

20.6

12.4

12.3

41.2

52.0

54.7

75.3

87.7

100.0

28.8

9.3

9.1

0.0

0.0

0.0

5.4

3.6

0.0

0.0

8.1

0.0

59.3

75.2

70.3

32.1

21.0

10.7

6.5

1 1.9

20.6

67.9

70.9

89.3

98051 6-1

98051 6-2

98051 6-3

98051 6-4

98051 6-5

98051 6-6

97.6

97.6

97.6

97.6

97.6

97.6

1.20

0.20

0.50

1.40

1.97

0.66

20.2

3.4

8.4

23.6

33.2

11.2

20.2

23.6

32.0

55.6

88.8

100.0

43,5

29.7

31.8

5.8

0.0

7.1

1.5

0.0

0.0

0.0

0.0

6.1

52.7

63.8

47.'l

45.8

27.O

11.9

2.3

6.6

21.1

48.4

73.0

75.0

98051 7-1

980517-2

980517-3

980517-4

980517-5

980s17-6

43.30

5.80

0.40

14.60

6.80

2.57

116.6

1 16.6

1 16.6

1 16.6

1 16.6

1 16.6

58.9

7.9

0.5

19.9

9.3

3.5

58.9

66.8

67.4

87.2

96.5

100.0

83.9

83.5

83.5

61.6

54.0

57.6

2.9

6.0

4.7

3.7

2.6

2.2

11.4

9.1

10.5

23.7

26.3

27.3

1.9

1.4

1.3

11.1

17.O

12.9
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Table 6.5 continued (2/3)

Fraction Plug

tsl

EOM

lmgl

Yield (% total EOM)

Relative Gumulative

Relative concentration (% SFTE fraction)

Aliph Arom Resin AsPh

98051 8-1

98051 8-2

98051 B-3

980518-4

9805'18-5

98051 8-6

129.4

129.4

129.4

129.4

129.4

129.4

0.70

0.80

0.00

2.00

1.83

8.04

5.2

6.0

0.0

15.0

13.7

60.1

5.2

11.2

11.2

26.2

39.9

100.0

49.3

58.6

50.1

't7.0

16.3

11.1

6.8

6.8

7.3

0.9

0.0

0.0

39.6

30.8

39.1

6'1.8

22.2

41.0

4.3

3.9

3.5

20.2

61.4

47.9

98051 9-1

98051 9-2

98051 9-3

98051 9-4

98051 9-5

98051 9-6

32.0

32.O

32.0

32.O

32.0

32.0

0.50

0.80

0.70

0.70

0.37

0.23

15.1

24.2

21.2

21.2

1 1.3

7.1

15.1

39.3

60.4

81.6

92.9

100.0

'15.7

28.8

18.9

14.4

8.3

20.4

6.2

6.2

0.0

0.8

2.8

6.1

58.8

52.7

48.2

49.6

43.0

55.2

19.3

12.2

33.0

35.2

45.8

18.3

980522-1

980522-2

980522-3

980522-4

980522-5

980522-6

106.5

106.5

106.5

106.5

106.5

106.s

4.50

0.00

0.00

1.10

1.09

o.22

65.1

0.0

0.0

15.9

15.8

3.2

65.1

65.1

65.1

81.0

96.8

100.0

70.1

67.6

34.3

11.6

0.0

0.0

1.8

0.0

0.0

2.0

0.0

0.0

23.0

16.2

24.0

21.O

13.3

34.3

5.1

16.2

41.8

65.4

86.7

65.7

980523-1

980523-2

980523-3

980523-4

980523-5

980523-6

110.3

110.3

110.3

110.3

110.3

110.3

17.90

0.10

0.50

0.30

0.91

o.28

89.s

0.5

2.5

1.5

4.5

1.4

89.s

90.0

92.5

94.0

98.6

100.0

83.3

76.6

65.7

6.9

11.1

17.7

1.7

3.5

3.5

0.4

0.0

0.0

11.8

14.7

14.9

44.3

18.6

22.3

3.2

5.1

15.9

48.4

70.2

60.1

980528-1

980528-2

980528-3

980528-4

980528-5

980s28-6

132.0

132.0

132.O

132.0

132.0

132.0

14.50

1.60

0.00

1.10

0.88

o.21

79.3

8.7

0.0

6.0

4.8

1.2

79.3

88.0

88.0

94.0

98.8

100.0

67.9

57.9

47.3

10.3

44.6

21.9

4.0

5.2

5.8

0.2

0.0

0.0

23.2

32.0

31.7

26.8

12.7

19.1

4.9

4.9

15.1

62.7

42.7

59.0

980529-1

980529-2

980529-3

980529-4

980529-5

980529-6

119.6

1 19.6

1 19.6

119.6

119.6

119.6

0.00

0.00

0.00

2.00

5.86

4.50

0.0

0.0

0.0

16.2

47.4

36.4

0.0

0.0

0.0

16.2

63.6

100.0

s0.1

66.6

73.6

49.1

76.4

69.6

1.1

5.9

4.0

0.8

1.6

1.7

35.8

25.8

19.4

27.8

14.7

20.9

13.0

1.8

2.9

22.3

7.2

7.8

980531-1

980531 -2

980531 -3

980s31 -4

98053'l -5

980531 -6

104.2

104.2

104.2

104.2

104.2

104.2

10.50

0.80

0.00

5.00

1.86

1.O2

54.7

4.2

0.0

26.1

9.7

5.3

54.7

58.9

58.9

85.0

94.7

100.0

76.3

47.0

36.8

24.1

42.4

48.5

3.3

4.7

3.7

2.5

0.0

1.7

17.4

4iì.5

55.2

32.4

30.7

15.9

3.0

4.7

4.2

41.O

26.9

33.9
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Table 6.5 continued (3/3)

Fraction Plug

tsl

EOM Yield (% total EOM)

Relative Cumulative

Felative concenlration (% SFTE fraction)

Aliph Arom Hesin Asph

980536-1

980536-2

98053ô-3

980536-4

980536-5

980536-6

980537-1

980537-2

980537-3

980537-4

980537-5

980537-6

78.6

78.6

78.6

78.6

78.6

78.6

104.1

104.1

104.1

104.1

104.1

104.1

11.00

2.20

0.40

0.80

4.O2

0.82

3.40

0.00

0.00

0.30

0.92

0.93

57.2

68.6

70.7

74.8

95.7

100.0

61.3

61.3

61.3

66,7

83.3

100.0

57.2

11.4

2.1

4.2

20.9

4.3

61.3

0.0

0.0

1.6

16.6

4.8

78.3

86.2

84.2

40.7

13.9

23.7

27.4

27.9

39.4

2.8

7.9

0.0

2.7

2.2

1.9

1.7

0.0

0.0

1.7

1.9

3.5

0.0

0.0

0.0

16.0

9.5

8.7

46.5

28.0

25.0

64.6

48.9

28.9

5ô,2

15.3

9.6

3.0

2.1

5.2

11.1

58.0

51.3

6.3

21.2

28.2

41.1

76.9

90.4

980539-1

980539-2

980539-3

980539-4

980539-5

980539-6

112.3

112.3

112.3

112.3

112.3

112.3

142.70

2.70

0.80

2.50

11.16

0.74

88.9

1.7

0.5

1.6

6.9

0.5

88.9

90.5

91.0

92.6

99.5

100.0

82.1

79,9

79.4

6.6

0.3

17.1

10.6

'12.7

13.4

54.8

40.8

14.5

2.7

2.8

2.9

38.6

58.9

63.3

4.6

4.7

4.4

0.0

0.0

5.2

980540-1

980s40-2

980540-3

980540-4

980540-5

980540-6

119.0

119.0

119.0

1 19.0

119.0

119.0

49.20

4.70

1.80

16.70

5.22

1.09

62.5

6.0

2.3

21.2

o.o

1.4

62.5

68.5

70.8

92.0

98.6

100.0

67.1

82.8

82.5

13.9

7.9

7.1

2.4

2.7

2.4

0.0

0.0

0.0

26.3

11.9

1 1.5

57.6

30.7

48.3

4.',|

2.7

3.6

28.5

61.4

44.6

980541 -1

980541 -2

980541 -3

980541-4

980541 -s

980s41-6

105.3

105.3

105.3

105.3

105.3

105.3

66.70

0.40

0.10

1.20

2.77

o.74

92.8

0.6

0.1

1.7
ao

1.0

92.8

93.3

93.4

95.1

99.0

100.0

80.2

81.7

68.0

1.4

0.0

9.2

3.3

2.0

0.0

0.0

0.0

o.2

12.4

14.1

17.5

50.6

14.8

33.8

4.1

2.3

14.5

48.0

85.2

56.7

980542-1

980542-2

980542-3

980542-4

980542-5

980542-6

112.7

112.7

't12.7

112.7

112.7

112.7

9.90

0.20

0.20

1.90

3.99

0.63

58.9

1.2

't.2

11.3

23.7

3.8

58.9

60.1

61.2

72.5

96.2

100.0

45.9

42.1

34.1

0.9

0.0

0.0

2.2

2.0

0.0

0.0

0.0

0.0

39.9

44.5

24.O

43.7

12.3

11,8

12.1

11.4

41.9

55.4

87.7

88.2

1. Extract mass of Fraction 5 and 6 were calibrated based on latroScan measurements.

2. Aliphatics, aromatics, resin and asphaltene were quantified based on a standard mixture

containing: aliphatics = 10.12mglI-
aromatics =0.92 mg/ml
resin = 2.57 mglml-
asphaltene = 0.58 mg/ml
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Table 6.6 MPLC yields for core plugs, cores and DST oils

Sample Sample
type

EOM
(ms)

Asphaltene
mg %EOM

Maltene
mg %EOM

Aliphatics
mq %EOM

Aromatics
mq %EOM

Fesins
mq %EOM

s8051 1 -1

980s1 1 -5

98051 2-1

98051 2t
980513-1
980513-5
980514-1
980514-5
980s15-1
980515t
980517-1
980517t
980522-1
980s23-1
980528-1
980531-'l
980531E
980s36-1
980536-5
980s39-1
980539E
980540-1
980540>
980541-1
980541E
980542-1
980542E
980544
980545
980546
980s47
980548
980549
980550
9805s2
980554
980555
980556
980557
980558
980559
980560
980561

980562
980563
980564
980565
980568
980569
980570
980571
980572

Plug

Plug
Plug
Plug

Plug
Plug
Plug
Plug
Plug
Plug
Plug

Plug
Plug
Plug

Plug

P¡ug
Plug
Plug

Plug
Plug
Plug
Plug
Plug
Plug

Plug
Plug
Plug
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Gore

Core
Core
Core
Gore

oil
o¡t
oit
oit
oil
oil
o¡r

38.5
9.2

35.1

7.6

38.2
15.4

33.4
15.7
4.6
4.0
36.1

14.0

4.5
17,9

14.5

10.5
6.1

11.0
4.0
35.7
12.3

35.1
17.7

37.0
5.4

9.9

6.0
34.3
7.6
50.3
15.8

48.8
49.7
9.8

42.6
14.1

40.4

33.7
7.8

3s.5
60.6
44.5

57.3
43.1
48.6
51.0
51.8
51.4
52.8
42.4

46.9
48.9

8.2

B.B

6.2

5.6

5.7
10.3
3.0
14.9
2.O

4.0

10.4
3.5

0.8
1.6

-0.8

0.2

4,1

1.6
3.4

6.1

7.8

5.9
11.6
8.1

5.1

2.9

6.0
24.3

4.5

35.3
'12.8

u.4
35.7
4.2

33.3
5.7

31.5
25.8
4.8

1.5
3.8

31.0
14.6
26.2

31.0

21.3

95.6
17.7

73.7
14.9
66.9

9.0
94.9

43.5
100.0
28.8

25.0

17.8

8.9
-5.5

1.9

67.2
14.5
85.0

17.1

63.4

16.8

65.5
21.9

94.4
29.3
100.0
70.8
59.2
70.2
81.0
70.5
71.8
42.9

78.2
40.4

78.0
76.6

4.2
6.3

69.7
25.5
60.8

63,9

30.3

0.4
28.9
2.O

32.5

5.1

30.4
0.8
2.6

78.7
4.4
82.3
26.3

85.1

33.1

91.0

5.1

56.5

71.2

75.0

82.2
9't.1

105.5

98.1

32.8

85.5
15.0
82.9

36.6
83.2

34.5

78.1

5.6
70.7

29.2

40.8
29.8

19.0

29.5
28.2

57.1

21.8

59.6
22.0
23.4

38.5

95.8

93.7

30.3
74.5
39.2
JO,Z

25.9

0.1

24.9

1.4

26.9

3.2
24.7
0.3
1.1

67.3
1.1

70.9
18.4

70.4
20.8

74.0
1.9

23.9

2.4
0.0

1.5

0.0

1.8

0.4

0.9
0.0
0.1

6.2

0.0
4.3
0.0

4.7
2.6

2.7
0.0
2.2

4.2

5.7
0.0

3.9

3.4
6.7

1.6

6.4
2.5

5.0

1.6

3.7
0,ô

5.9

0,0

4.0
0.0
5.2

2.0
0.3

2.5

0.6

3.8

1.5

4.8
0.5
1.4

5.2
ó.\t

7.1

7.9

9.9

9.7

14.4

3.2
30.4

9.4

1s.0

13.3
11.2

16.6

16.2

11.5

9.1

5.0
6.2

31.7

18.2

23.7
8.1

5.6
24.2

1.7

16.3

34.2
13.1

't2.7
't8.9

12.3

18.4

9.6
't7.7

10,6

14.8

23.1

9.3
9.7

14.2

12.2

17.2

22.0

0.6

1.5

1.4

2.4
0.0

Total

10.0

3,1

15.0
3.0
14.4

14.0

5.6
9.3

8.4

8.9

7.9
3.0
34.0
56.8

13.5
42.7

16.9
'17.6

1s.6
27.0
27.6
33.6
12.3

16.3
23.8

2.4

3.4
2.6

2.2

1.3
3.8

1.4

3.5
2.1

4.2

0.8

1.1

2.8

9.3

3.8

6.4
9.1

2,0
8.5

5.7

7.2
5.9

6.8

5.6

5.8
3.8

3.0
7.8

9.0

13.0
7.6

12,5
6.5

6.7
11.8

25.7

10.5

3.7
16.3

15.3
'10.3

2.0

9.4
0.6
29.6
4.5
29.2

6.1

28.9

0.3
7.O

20.8

7.6

3.1

13.6

12.4

7.9
1.2

7.7
0.3

25.6

0.4
21.5

1.8

23.7

0.0
4.2

2.6

0.5

3.7

0.4
2.'l

3.4
3.6

1.6

5.1

1.7

0.9
'1.2

28.3

4.6

33.5
8.2

3,1

14.1

23.1

25.1

28.6

11.5

15.2

2Q.4

57.6

54.3

68.9
76.0

85.5

75.2
'19.7

70.0

7.5
71.7

3.3
61.3

10.2
64.1

0.0

42.4

7.6
6.6

7.4
2.5

4.3

6.8
36.7

3.8
óo.¿

4,2
2.7

15.4

79.7
78.4
10.3

58.5

19.0
6.4

90.4

85.6
90.9

85.1

93,5'

93.3
85.7

1.5

0.8

0.0

0.7
0.5

0.7
0.1

0.7

0.1

1,8

0.2
1.3

0.1

2.2

0.0

0.4

0.0
1.8

3.4
2.1

0.6
2.0

2.4

1.7

0.7
1.0

0.2

2.2
3.9

6.4
4.2

3.0

0.3
2.4

0.1

5.6
2.6

6.6
2.0

9.2

6.1
't,8

4.1

2.5

4.3

5.0
1.8

3.3
5.9

6.3

7.0

7.4
10.7
0.1

0.4

0.4
0.8

0.0

0.6

4.7

0.6

3.'l
4.5
0.2
!t.o

0.8

2.9
2.0

61.5

47.5

Mass

2.5

X = Combination of fractions 5 and 6 from SFTE
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Aliphatics ResinsAromatics

93.5% þ
5o/'

7.8%86.2%

84.2%

77.8%

30.5%

14.5%

12.2%

79.7%

36.7%

19.0%

LEGENDS

980570

1 2.9

980512-1

980512-2

3 43%

980512-3

980512-4

980512-5

98051 2-6

4.2

980558

2.0%

980550

3

980562

2

980547

Figure 6.3 Bar diagram comparing the bulk compositions of a DST olf (980570),-SFTE
fractioñs of residual oil in a sandstone core (9805l2-l to 6), bulk sandstone
extracts (980558 & 980550) and EOM from source rocks (980562 &,980547).
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CHAPTER SIX

of the mobile hydrocarbon phase within in a migrating "petroleum river" (under

subsurface conditions). They occupy the central part of each individual pore within

thc connected pore network of the carrier bed and/or reservoir sandstone.

The last two SFTE fractions comprise predominantly resins and asphaltenes (average

: 86.7Yo). This is why they are regarded as "adsorbed oil". Since this oil is more

polar and hence hydrophilic, it is adsorbed on the water mantling the pore wall where

it forms a relatively static bipolar phase that "lubricates" petroleum migration.

Most of the other measured plugs show a similar pattern of bulk chemical

composition across the six SFTE fractions. A representative exception, in which

aliphatic hydrocarbons are not the dominant components in the first three SFTE

fractions, is plug 980529. Here the average aliphatic content of the last two fractions

(73.0%) is even larger than that of the first three (55.3%: Table 6.5). This is caused

by errors in the latroScan measurements that arise when there is not an adequate

amount of EOM. To meet the required sensitivity for common plugs, the standard

prepared for the IatroScan measurements of the SFTE fractions comprises mainly

aliphatic hydrocarbons (72.3o/o; see footnote2 of Table 6.5 for concentrations of the

other components). Whenever the aliphatic content falls below the detection limit, a

large error occurs because of "noise" peaks in the FID and/or the response of

residuals from the last measurement. Note: the IatroScan rods are used repeatedly

and cleaned two times by burning with hydrogen flame of the FID after each sample

measurement. The weights of the first three SFTE fractions obtained from this plug

are all zero (Table 6.2). The other exceptions are plugs 980515, 516, 518, 519, 531 &'

537 (Tables 6.2 &,6.5). The yields of one or more of their SFTE fractions were too

low for reliable latroScan measurements.

6.2.2.3 Extracts from Conventional Sandstone Gores

The bulk chemical compositions of Soxhlet extracts of eight conventional sandstone

cores are listed in Table 6.6 (samples 980544, 545, 550, 554,557-559 & 561). Two

of these extracts (550 and 558, from the Patchawarra Formation in Garanjanie-1 and

Wancoocha-3, respectively) are selected to illustrate the pertinent features of their

bulk compositions (Figure 6.3). As expected, their compositions fall between those
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CHAPTER SIX

of the "free oils" ancl "adsorbed oils". Of the two extracts, the second is far less polar

(79.7% aliphatics, 6.8Yo aromatics, g.3o/o resins and 4.2Yo asphaltenes) than the first

(36.7% aliphatics, 2.0Yo aromatics, 18.4% resins and 42.9% asphaltenes), possibly

reflecting differences in their respective pore size distributions.

It is reasonable for the chemical composition of the sandstone bulk extract to fall

between those of the "free oil" and "adsorbed oil", because as the whole EOM it is

the composite of all the SFTE fractions.

6.2.2.4 Extracts from Source Rocks

Considering the preferential expulsion of aliphatic hydrocarbons from non-marine

source rocks during primary migration and the strong adsorption of polar compounds

to the source rock matrix, it is likely that the EOMs of the shales, siltstones and coals

(Table 6.1) will have the greatest polarities. In fact the experimental data show that

their polarities are even greater than those of the "adsorbed oil" SFTE fractions. For

example, siltstone extract 980547 (Dirkala-3, Murta, Rc : 0.590lo) contains only

2.5% aliphatics and 3.80/o aromatics, but its asphaltene content is 81.0% (Table 6.6;

Figure 6.3). EOM from the somewhat more mature siltstone 980562 (Wancoocha-4,

Birkhead, Rc : 0.68%) is composed of I9.0% aliphatics, 3.0Yo aromatics, l7.2Yo

resins and 60.8% asphaltenes. Bulk chemical compositions of EOM from the other

source rock samples (980546,548,549,555,556, 560, 562 &,563) are listed in

Table 6.6.

6.2.3 Merunrv

Various molecular maturity parameters were measured in most of the SFTE fraction

1 samples, and in all the conventional core extracts (reservoir and source) and DST

oils. These maturity data are compiled in Table 6.1 (page 3). Of the fifteen

sandstone core plugs which yielded sufficient "free oil".(SFTE fraction 1) for GC-

MS analysis, only three also had enough "adsorbed oil" (fractions 5 & 6, separately

or combined) for the same analysis. These plugs, and the MPl-derived Rc values of

their respective "free oil" and "adsorbed oil" fractions, are as follows:

219



Plug

9805 13

9805 I 7

98053 I

ll/elUReservoirs Free (frøction 1)

Dirkala-l (Birkhead) 0.71%

Dirkala-2 (Murteree) 0.81%

Thurakinna-3 (Patchawarra) 1.00%

CHAPTER SIX

Adsorbed (fractions 5 & 6)

0.74%

0.80%

1.04%

Contrary to the frndings of Schwark et al. (1997), the "free oils" in these reservotr

sands are not consistently more mature than the "adsorbed oils". There is no obvious

explanation for this, and the maturity data on the combined fractions 5 & 6 will not

be used in the following discussion. The maturity of the "free oil" fractions is

discussed further in Section 6.3.

6.2.4 Rewsro Pone-scaLr MaDEL oF FLUTD DtsrruBurtov

Based on the bulk compositions of the "free oils" and "adsorbed oils" recovered

sequentially by SFTE, and the NaCl contents of the pore waters removed in

extraction steps 5 &. 6, a conceptual distribution pattern may be deduced for the

fluids present in the reservoir/carrier beds of the study area. This model of fluid

distribution can be described, by reference to Figure 6.1, in the following manner:

tr Within sandstone carrier beds and/or reservoir rocks, pore sizes and the throats

connecting them are not uniform.

o Prior to the arrival of petroleum, the pores are occupied by water in which

various kinds of inorganic salts are dissolved.

tr About half of the previously existing water in the pore network is replaced by

migrating petroleum only when the pores and the throats connecting them are

large enough.

tr The other half of the pore water is adsorbed on the pore walls where it exists as

layer of immobile water.

tr The polar parts of the petroleum migration front are adsorbed on the water

mantling the mineral surfaces, forming a discrete layer of "adsorbed oil". The

result is a layer similar to a bipolar cell membrane (Figure 6.1). Thus, the

"adsorbed oil" wets the main secondary migration conduits for the subsequent oil
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charge.

tr The later arriving crude oil - the so-called "free oil" - occupies the central parts

of the larger connected pores that form the migration pathway.

o The "adsorbed oils" are richer in polar compounds, rvhereas the "free oils" are

richer in aliphatic and aromatic hydrocarbons.

o In these non-marine Permian and Jurassic reservoirs, the "free oils" and

"adsorbed oils" do not differ significantly in their maturity.

6.3 SECONDARY PETROLEUM MIGRATION SCENARIO

6.3.1 lurnooucnoN

Oil generation, migration and preservation in the Cooper/Eromanga province have

long been investigated in a way that treats the two basins as separate petroleum

systems (Alexander et al., 1988; Heath et a1., 1989; Jenkins, 1989; McKirdy, 1982;

Michaelsen and McKirdy, 1989; Powell et al., 1989; Tupper and Burckhardt, 1990).

After nearly 20 years of disputation over the source(s) of the oils in the two basins,

the hydrocarbon generation-migration-accumulation scenario is still not clear.

Exploration activity has concentrated in the Eromanga Basin where it overlies the

Cooper Basin, largely because the oil in Eromanga reservoirs is regarded by many as

the result of vertical migration from Permian source rocks (Alexander, 1996a). After

studying the vertical and horizontal distribution of hydrocarbon accumulations in the

CooperÆromanga petroleum system, Heath et al. (1989) proposed that most of the

Eromanga-reservoired hydrocarbons were derived from Cooper Basin source rocks,

having migrated vertically into the Eromanga sequence, where their physical and

chemical characteristics were significantly altered. Exploratory drilling in the Lake

Hope Block during 1988 seems to support this model. JEnkins (1989), based on his

studies of Eromanga-specifîc biomarkers, also suggested that a considerable

proportion of the Eromanga-reservoired oil was derived from source rocks in the

Cooper Basin.
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The lateral and vertical distributions of Rc values for the DST oils/condensates,

residual oils and source rock extracts in the present suite of samples from the

Thurakinna-Garanjanie-Dirkala-'Wancoocha area, suggest that petroleums

reservoired in this part of the Nappamerri Trough are the result of multiple charging

and in-reservoir mixing.

6,3.2 CatcuterED VITRINITE RertecreNcE (Rc)

There exist at least six proven source rock units in the CooperÆromanga petroleum

province. These include the coals and shales of the Patchawarra and Toolachee

Formations in the Cooper Basin; and the Poolawanna (shale, coal), Birkhead (shale,

coal) and Murta (shale, siltstone) Formations in the Eromanga Basin. Cambrian

carbonates in the underlying Warburton Basin could also be the source of

hydrocarbons reservoired in the Mooracoochie Volcanics of the Sturt Field, and

other especially mature petroleum accumulated elsewhere in the CooperÆromanga

Basins. Molecular source and maturity parameters of the type listed in Table 6.1 are

the tracers by which the history of hydrocarbon expulsion and migration can be

reconstructed. 'When petroleum in a compartmentalised reservoir has a wide range of

maturity values, it must be a mixture of hydrocarbons from more than one source

(mixed sourcing), and/or more than one period of expulsion from the same source

rock (multiple charging).

Although vitrinite reflectance (Ro, %) is the most credible maturity parameter, it has

many limitations. Ro may be measured from coals and other carbonaceous

sediments (shales, siltstones) which contain sufficient vitrinite phytoclasts for a

statistically valid measurement. However, the content of vitrinite is often very low

or even absent in other lithologies, such as carbonate and sandstone. The need for a

complementary maturity parameter is most obvious in the case of crude oils. Rc, a

calculated value of vitrinite reflectance based on the methylphenanthrene index

(MPI: Table 5.2), is a maturity parameter that is equally applicable to reservoired oil,

residual oil in sandstone and hydrocarbons in source rocks. Radke and Welte (1983)

found that when the Ro of Type III kerogen changes within the hydrocarbon

generation window (Ro : 0.65-1 .35yo), there exists a linear relationship between it

and MPI (viz. Rc : 0.6MPI + 0.4). Ro is the measured vitrinite reflectance and Rc
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refers to calculatedvitrinite reflectance based on the MPI. Boreham et al. (1988)

proposed an alternative calibration based on Australian coals and carbonaceous

shales. However, Alexander et al. (1988) used the original calibration of Radke and

Welte in their study of oils and source rocks in the Eromanga and Cooper Basins

(also see Section 6.3.3).

Oil maturity (Rc) may be compared with the reservoir and source maturity (Ro) to

define expulsion maturity windows for oil expulsion from Cooper and Eromanga

source rocks. Recent work by Hunt et al. (1989) on hydrocarbon distributions in the

Cooper Basin proposed that its source rocks have expelled significant hydrocarbons

only at maturity levels greater than0.95%o Ro. The results obtained in the present

study for intra-Permian oils and residual oils (see section 6.3.7.3) suggest that a more

likely maturity threshold is 0.8% Ro. When calculating MPI.values in the present

study, l-MP was nornalised to 9-MP in those samples for which 1-MP exceeds 9-

MP, which is very common in Eromanga-derived hydrocarbons because of their

araucariacean input. The resulting MPI and Rc data on the SFTE extracts (fraction

1), bulk sandstone and source rock extracts and DST oils (Table 6.1) were

investigated to determine their implications (if any) for secondary migration of

hydrocarbons in the study area.

As an internal check on data quality, vitrinite reflectance was measured in five coals

(Table 6.1). The resulting Ro values are in good agreement with their corresponding

Rc values, depending on which calibration is used, as shown below:

Sample WellÆormation Ro % Rc % (l) Pic% (2)

980546

980549

980s56

980560

980563

Dirkala-2 (Epsilon)

Garanj anie- I (Patchawana)

Wancoocha- 1 (Patchawana)

'Wancoocha-3 (Patchawarra)

Wancoocha-4 (Birkhead)

0.69

0.73

0.71

0.66

0.69

0.79

0.83

0.81

0'78

0.67

0.68

0.72

0.70

0.67

0.54

(l) Radke and Welte (1983) calibration (2) Boreham et al. (1988) calibration

Although based on a very small number of relatively immature coals, these data

appear to suggest that calibration (1) is appropriate for Jurassic samples, whereas
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calibration (2) should be used for Permian samples. However, the Permian DST and

residual oils are in fact more mature than the above coals, and fall in the range

(>0.8% Rc) where calibration (l) is applicable.

6.3.3 PneseurnnoN oF Rc Dara

The Rc data in Table 6.1 are projected onto a cross section of the study area (Figure

6.4) to illustrate the stratigraphic variation of oil maturity and allow its comparison

with reservoir maturity.

In general, the maturity of the DST oils increases with reservoir age. The

Patchawarra oil at Wancoocha-2 is the most mature (Rc: 0.82%). The Birkhead oils

at Dirkala-l (Rc : 0.7Io/o) and Wancoocha-2 (Rc : 0.69%) are somewhat less

mature, whereas those in the Murta Formation at Wancoocha-6, Dirkala-l and

Garanjanie-1 display the lowest maturity (Rc: 0.63-0.69%).

Similarly among the residual oils, there exists. a general trend of increasing Rc with

sample depth in the three fields with stacked reservoirs (Figure 6.4). However, within

individual reservoirs (e.g. the Hutton at Dirkala-l and Wancoocha-3; and the

Birkhead at Dirkala-l and Wancoocha-4) there is considerable variation in oil

maturity. This indicates that there is no unique source for all the reservoired oils in

this part of the Cooper and Eromanga Basins.

6.3.4 A GeueaausEl Mooru oF SEaaNDARY MtGRArtoN

In order to explain the distribution of Rc data in the geological setting shown in

Figure 6.4, a new model of oil generation, migration and accumulation is proposed

for the southwestern margin of the Cooper and Eromanga petroleum province

(Figure 6.5). In summary, petroleum reservoired in the study area is the result of

multiple sources and/or multiple charging. Petroleum in some units (notably the

Hutton Sandstone) is heterogeneous in its heavy-end maturity (Rc), indicating that

the reservoir is compartmentalised. Most Murta oils are mixtures of hydrocarbons

formed both in situ and elsewhere (e.g. in the Birkhead, Poolowanna, Toolachee or

Patchawarra
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AMPLIFIED VIEW OF
AN OLD UPWARD
MIGRATING OIL
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YOUNG KEROGEN
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Figure 6.5 Cartoon illustrating the essential elements of the proposed petroleum generation-
migration-accumulation scenario

Pw: Petroleum derived from Warburton Basin
Pc : Petroleum derived from Cooper Basin
Pe: Petroleum derived from Eromanga Basin
Migration Highway : migration pathway via sandstone caffier beds and/or

active faults
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Formations). Similar multi-sourcing situatiens are possible in Jurassic (Birkhead,

Hutton) oil accumulations, and may even have happened in Permian reservoirs

(Murteree, Patchawarra) if they received part of their hydrocarbon charge from the

underlying'Warburton B asin.

The following observations, based on the Rc data from the study area, support this

model:

1. Oils accumulated in the Murta Formation are more mature than local putative

source rocks. The average Rc value for intra-Murta source rocks at Dirkala is

O.62Vo, but that of the DST oil is 0.69%. This indicates that there has been an

input of more mafure hydrocarbons from a deeper source.

2. Source rocks in the Birkhead Formation at Wancoocha (Rc - 0.67%) are less

mature than the DST oil (Rc : 0.69%) and residual oils in adjacent sandstone

reservoir rocks or carrier beds (average Rc = 0.83yo), implying mixing of Cooper

(and maybe Warburton)-derived hydrocarbons in the BirkheadÆIutton reservoirs.

Particularly noteworthy are the two extraordinarily mature residual oils from the

base of the BirkheadÆIutton oil column at Dirkala (Rc: 1.06%) and Wancoocha

(Rc : l.l4%). These contain biomarker evidence (discussed in Section 6.5) of

having come (at least partly) from more mature source rocks in the underlying

Cooper (or perhaps V/arburton) Basin.

3. Residual oils in sandstones of the Patchawarra Formation are more mature than

the local interbedded coals. This is strong evidence that there must exist a deeper

petroleum kitchen, either in the underlying Warburton carbonate sequence or,

more likely, further north where the Patchawarra Formation is buried more

deeply (Figure 6.4). The latter scenario implies significant loteral secondary

migration.

4. The deepest core plug from the Patchwarra Formation in Thurakinna-3 also

contains residual oil with elevated maturities (Rc : 1.00-1 .04%). These values

are larger than that of the local coal in Thurakinna-2 (Rc :0.94o/o). This residual

oil could only come from a deeper source.
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5. V/hole-oil cryogenic GC-FID and GC-MS data (discussed in Chapters 4 and 5)

also provide evidence that many CooperÆromanga petroleum accumulations are

the result of mixed sourcing and multiple charging of the reservoir.

6.3.5 Lerenat VerunnoN oF Marunrv

In order to prove that the distribution pattern of Rc values illustrated in Figure 6.4

supports the above scenario of hydrocarbon generation, migration and accumulation

in the southwestern CooperÆromanga province, the oil and source rock maturities of

each formation are discussed, individually.

6.3.5.1 Murta Formation

In the Murta Formation, Rc values of three DST oils range from 0.630/o at

Wancoocha-6 to 0.69% at Dirkala-1, with ax average of 0.67%. This mean Rc value

is 0.04-0.080/o larger than those of the two samples of putative source rock in

Dirkala-3 (980547, 1399.4 m, Rc = 0.59io; and 980548, Rc : 0.63%o, 1407.6 m).

Both source rock samples are silty shales.

It is reasonable that the deeper source rock is slightly more mature than the shallower

one. However, the trend of maturity change with depth of the DST oils is not

obvious. The maturities of these three oils are consistent with their derivation from

intra-Murta source beds down dip from their respective well locations. For example,

the 'Wancoocha-6 (Murta) oil may have originated from a Cretaceous hydrocarbon

kitchen in the vicinity of the Dirkala field (Figure 6.4).

The fact that the DST oil is more mature than the local putative source rock at a

similar depth could also be explained as the result of the mixing of more mature

petroleum from a deeper source with less mature petroleum from a shallower source

rock. The Garanjanie-3 (Murta) oil accumulation is one that seems to have received

part of its charge from hydrocarbons produced in Cooþer (or Warburton) source

rocks. This would explain its anomalously low 1,7/x-DMP and l/9-MP values (see

sample 980568 in Figures 6.8b & c). These Permian (* Cambrian) hydrocarbons

migrated upwards into the Eromanga succession, possibly leaching the Birkhead

kerogen en route, and finally accumulated, together with petroleum expelled from
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the Birkhead and Murta source rocks, in the Murta reservolr.

Such upward migration of deeper-sourced hydrocarbons is evidenced by the

discovery in some sandstone samples of residual oils that are much more mature than

all the local organic materials (see the following discussion).

6.3.5.2 Birkhead and Hutton Formations

The distribution of Rc values in the Birkhead and Hutton Formations of the Dirkala

and Wancoocha fields (Figure 6.4) provides further evidence for the above petroleum

migration scenario summarised in Figure 6.5. Hydrocarbons from Cooper

(+Warburton) sources migrated upwards and mixed with petroleum generated in the

local Eromanga source rocks. The mixture accumulated in any Birkhead and/or

Hutton traps it encountered along the secondary migration pathways.

Three Birkhead DST oil samples were analysed, two from 'Wancoocha-2 (980570 &

980571) and the other from Dirkala-l (980564). The Rc values of the'Wancoocha

oils are 0.690/0, and that of the deeper Dirkala crude is 0.7lYo.

The two putative source rock samples, 980562 (siltstone) and 980563 (coal), are both

from the Birkhead Formation in Wancoocha-4. They have similar maturities (Rc :
0.68% and 0.67%o, respectively).

Among the fourteen Birkhead/flutton sandstone extracts, seven are from Dirkala-I,

five are from W'ancoocha-4, and two are from Wancoocha-3. Their Rc values fall

mostly in the range 0.69-0.81%. Notable exceptions are the two Hutton extracts from

the base of the residual oil columns in Dirkala-l (980545, Rc : 1.06%) and

Wancoocha-3 (980557, Rc : t.l4yo). Otherwise, there is no systematic trend of

changing maturity with depth.

The maturities of SFTE fraction I and the combined fractions 5 and 6 were measured

for plug 980513 (Dirkala-1, Birkhead). Rc value of the first fraction(0.74Yo)was

slightly higher than that of fractions 5 and 6 (0.71%). This is consistent with earlier

observations based on samples from the North Sea (Schwark et a1.,1997).

In the absence of appropriate experimental data, any interpretation of this maturity
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difference must remain somewhat speculative. It could be ascribed to "differential

adsorption" and/or multiple charging. The migrating petroleum "front" from any

kitchen comprises earlier generated, and hence less mature, hydrocarbons. They enter

the pore system of the carrier or reservoir bed where they wet the pore walls and

"pave" the migration conduit, thus corresponding to the bipolar layer or "adsorbed

oil" 1: fractions 5 & 6) in Figure 6.3. Later oil, generated in the source rock at

continuously increasing maturity levels, is of higher maturity when entering the

carrier bed and corresponds to the "free oil" (: fractions 1 & 2). Any differential

adsorption of the methylphenanthrene isomers would obviously affect the MPI and

Rc of these SFTE fractions. This phenomenon needs further investigation.

The position of the oil-water coniact (OWC) is known for one of the wells in this

study (Dirkala-l) and may be relevant to the interpretation of its Rc data displayed in

Figure 6.4. Core plugs 980511 and 980512 are from above the OWC andtheir

residual oils have Rc values of 0.81 and 0.79Yo, respectively. Plugs 980513, 980514

and 980515 come from below the OWC and contain oils that are less mature (Rc:

0.74, 0.73 &, 0.77yo, respectively). This pattern of Rc values seems to be controlled

by the buoyancy of oil relative to water. The later arrived (and hence maturer)

petroleum corresponds to the "free oil", which migrates above the OWC. The pore

system beneath the OS/C contains m'ore "adsorbed oil" which is composed mainly of

the less mature initial petroleum charge.

As shown in Figure 6.2, two of the three 'Wancoocha-4 (Birkhead) sandstones

(980541 and 980542) share the same Rc value for SFTE fraction I (0.75%) whereas

the bulk extract of another (980561) has an Rc of only 0.69%o. This is consistent

with the above interpretation because the latter sample, which lies above the other

two, is a mixture of "free oil" and less mature "adsotbed oil".

Two Wancoocha-2 (Birkhead) DST oils also share an Rc value of 0.69%. This value

is similar to those of the two source rock cores (980562, 0.68%; and 980563 ,0.67yo)

from the neighbouring well, Wancoocha-4, indicating that the oil is predominantly of

local intra-Birkhead origin.

As already indicated in Section 6.3.4, the two exceptionally mature residual oils from
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the base of the oil-bearing zones of the Hutton Sandstone in Dirkala-1 (980545, Rc:
I.06%) and Wancoocha-3 (980557, Rc : I .14%) are almost certainly mixtures of

migrated Permian and local Jurassic oil.

6.3.5.3 Permian Formations

Just like those of the Mufta, Birkhead and Hutton Formations, the Rc distribution

pattern in the Permian succession (Figure 6.4) also supports the idea that its

petroleum is out of place and has migrated from source rocks deeper in the Cooper

Basin.

In the Patchawarra Formation at Thurakinna, only one source rock sample (980552,

siltstone) \ilas measured. Its maturity (Rc : 0.94%) is lower than that of all the

residual oils (Rc:0.98-l .tl%). This can only be explained if the oil originated in a

deeper petroleum kitchen, probably located to the north of the Thurakinna field,

because sample 980552 is the deepest and most mature source rock in the study area

(Table 6.1, Figure 6.4).

Permian units in the other three up-dip field locations show similar Rc discrepancies

between oils and local source facies:

Field (Formation) DST Oil ResidualOil Source

Garanj anie (Patchawarra)

Dirkala (Epsilon/lvlurteree)

Wancoocha (Patchawarra)

0.89-0.97

0.80-0.81

0.82

0.83

0.79

0.82-0.95 0.78-0.81

6.3.6 VrnncatVeruanoN IN MATURITY

In all the three main petroleum-bearing sequences (Cretaceous, Jurassic and

PermiaQ within the study area, it is a common phenomerion that the residual oils are

more mature than the local putative souÍce rocks (as measured by Rc). This is

evidence for the idea of deeper-sourced hydrocarbons migrating upward, leaving

their traces in the carrier bed, and eventually mingling in the reservoir with locally

generated petroleum to form accumulations of mixed crude oil.
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The observed vertical variation of oil maturity in the three fields with more than one

reservoir (Figure 6.4) similarly provides evidence for the above petroleum

generation-migration-accumulation scenario. On the basin scale, Rc values of oils in

the younger Eromanga Basin are typically smaller than those of oils from the older

underlying Cooper Basin, indicating that the shallower basin did contribute

hydrocarbons to the petroleum reservoired in it. On a smaller scale (within one

reservoir-seal combination), larger Rc values (relative to that of the local DST oil) in

the residual oils may indicate that they are traces of the upward migration of deeper-

sourced hydrocarbons into shallower reservoirs.

Sometimes, an individual residual oil sample may have a similar Rc maturity to that

of the local putative source rock. This always happens when the reservoir is a thin

sandstone layer (or lens) within the source rock unit. Plug 980528 (Thurakinna-3,

Patchawarra, Rc : 0.98yo) is one such example (Table 3.3, Figure 6.4). The

sandstone in this case is only 5 cm thick and it occurs within an interval of siltstone

and coal, of which the Rc vaiue is 0.94%.

6.3.6.1 Garanjanie Area

Within the Garanjanie area there are two oil-bearing reservoirs, one in the

Patchawarra Formation and the other in the Murta Formation. The Murta DST oil at

Garanjanie-l is (Rc :0.68%o) is much less mature than the Patchawarra source rock

(980549, coal: Rc : 0.83%) and residual oil 980550 (Rc : 0.89%) in the same well.

It is also less mature than the Patchawarra residual oils from core plugs 980522 (Rc

:0.97o/o) and 980523 (Rc : 0.89%) at Garanjanie-2 (Figure 6.4). These Rc maturity

data provide no hint of any contribution of Patchawarra-derived hydrocarbons to the

Murta reservoir in this field (as mentioned in Section 6.3.5.1).

Particularly noteworthy are the comparative maturities of the Patchawarra coal at

Garanjanie-l (Rc : 0.83%), the underlying residual oil (Rc : 0.89o/o), and the two

shallower residual oils at Garanjanie-2 (Rc :0.97 and 0.89%). The latter two oils are

only 4.5 m apart and yet have quite different maturities. The less mature one comes

from a level ofthe reservoir that appears to have had less access (possibly because of

adjacent thin coal laminae or other permeability baniers) to hydrocarbons migrating
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from deeper source facies, elsewhere in the Patchawarra Formation (and/or source

rocks in the 'Warburton Basin).

6.3.6.2 Dirkala Area

Except for the residual oil from the base of the petroliferous interval in the Hutton

Sandstone at Dirkala-l (conventional core 980545: Rc: l.06Vo), there are no oil

samples that show abnormal maturities. The anomalously high maturity of this oil

has been discussed in Sections 6.3.4 &, 6.3.5.2.It indicates hydrocarbon migration

from kitchens in the underlying Cooper and/or Warburton Basins. Such vertical

migration into the overlying Eromanga Basin is possible here because the Dirkala

field is located beyond the zero edge of the Nappamerri Group which elsewhere

forms a regional seal (Figure 6.4).

Another phenomenon wortþ of mention is that the Murta DST oil in the Dirkala

field is maturer than the local source rocks (Table 6.1, Figure 6.4), indicating

hydrocarbon contributions from deeper sources (Cooper Basin). This has been

proved by whole-oil GC-MS, as discussed in Chapter 5. There, it has been pointed

out that the inconsistency between the light-end and heavy-end components in many

Murta oils - light ends are more mature than the heavy ends - is caused by the

contributions of gasoline-rich Cooper-derived crude oil.

6.3.6.3 Wancoocha Area

Within the Wancoocha field, all varieties of samples (viz. DST oils, conventional

cores of both sandstone and source rocks, and sandstone core plugs) were available

for the Birkhead/Hutton and Patchawarra intervals, and most yielded maturity and

source data.

Those from the Birkhead Formation are all from similar depth. They are ideal

samples for observing the effects of contributions from deeper-derived petroleum on

the distribution of maturity data. The maturity of the two Birkhead DST oils (Rc :

0.69%) is almost identical to that of the two source rocks (980562, Rc : 0.68%;

980563, Fic: 0.67Yo), indicating that they are of local origin. The residual oils in the

core plugs are appreciably more mature (Rc : 0.75-0.80%) and appear to be derived
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from more mature Jurassic source rocks.

In marked contrast, the maturity of residual oil in the Hutton Sandstone core 980557

(Rc : 1.14%) is the highest of all the measured samples in this study. This oil is even

maturer than the deepest Cooper Basin source rock within the study area. Petroleum

with this maturity is evidently not from the local source rock of the Birkhead

Formation. Neither could it possibly be derived from the Cooper sequence

immediately below it. It can only come from petroleum kitchens in deeper parts of

the Cooper (or Warburton) Basin. This is among the strongest evidence in support of

the model of secondary hydrocarbon migration summarised in Figure 6.5.

6.3.7 Oruen MnruntY PARAMETERS

The above secondary petroleum migration scenario is deduced from the Rc maturity

data. In order to see if other maturity parameters support this scenario, the

dimethylnaphthalenes, trimetþlnaphthalenes and triterpanes were quantified, and the

values of selected maturity parameters were calculated. The resulting maturity data

are compiled in Table 6.1.

Unfortunately, the abundances of mono- and tri-aromatic steroids in these oils are

inadequate for maturity calculations. Maturity parameters based on the isomerisation

of steranes and homohopanes were not considered because of their limitations at

maturities greater than0.8%o Rc (Peters and Moldowan, 1993). Ts/(Ts+Tm) data are

also unreliable because of the very low concentration of 22,29,30-trisnorneohopane

(peak Ts is difficult to identiff in some m/z 191 mass chromatograms). This explains

why the most commonly applied maturity parameters in research on the petroleum

geochemistry of the Cooper and Eromanga Basins are MPI (and the corresponding

Rc), DNR and TNR (Alexander et al., 1986,1996; Michaelsen and McKirdy, 1989,

le96).

According to data analysis, the correlation coefficients between Rc and DNR-I & 6

are smaller than 0.3, whereas that between Rc and TNR-1 is 0.85. There is no proper

explanation for the poor correlation between Rc and DNR. It may be caused by the

relatively low molecular weight of the dimethylnaphthalenes, which means that they
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are more prone to selective removal by water washing, a common phenomenon in

the Eromanga Basin.

Based on the results of data analysis, the distribution pattern of TNR-I among the

samples was selected for comparison with that of Rc. Figure 6.6 shows the

distributions of Rc and TNR-I across the strata sampled (with the stratigraphic age

increasing from left to right). Obviously, the two distributions are similar.

Patchawarra residual oil 980554, whose Rc value is l.lIYo,has a TNR-1 value of

1.10, one of the largest measured. Likewise, the two Huttonresidual oils (980545

and 980557) that are appreciably more mature than the other Jurassic oils also have

abnormally large TNR-1 values (1.63 and 2.45,respectively: Table 6.1, Figure 6.6b).

6.4 SOURCE-SPECIFIC BIOMARKERS

In order to find more support for the secondary petroleum migration scenario

introduced in Section 6.3, Eromanga-specific biomarkers, such as 25,28,30-

trisnorhopane and 25,28,30-trisnormoretane (Jenkins, 1 989), and the araucariacean

resin markers (viz. 1,2,5-trimethylnaphthalene, l-methylphenanthrene, 1,7-

dimethylphenanthrene and retene: Alexander et al., 1988) were investigated. Peak

areas of the target molecules in the relevant mass fragmentograms (m/z 170, 178,

191,192,206 &219) were integrated and the ratios 1,7-DMP/x-DMP, R"/9-MP, RÆ,

1-MP/9-MP, 125-TMN/136-TMN and (25,28,30-TNH + 25,28,30-TNM)/(Tm + Ts)

were calculated. Definitions of the first four ratios are given in Table 5.2, whereas

the last ratio is a measure of the abundance of Jenkins' Eromanga-specific (but

orphan) biomarkers relative to the combined concentrations of 22,29,30-

trisnomeohopane (Ts) and 22,29,30:trisnorhopane (Tm). All the biomarker data are

compiled in Table 6.1, and depicted in Figures 6.7 through 6.9. From the following

discussion, it can be seen that the proposed migration scenario is consistent with the

biomarker data.
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CHAPTER SIX

6.4.1 Rereuil9-MeruvtpryENAvTryReue & R=TSUilPUENANTHRENE

According to Alexander et al. (1988), retene is abundant in Eromanga-derived

petroleum, its concentration relative to that of the commonly occurring 9-

methylphenanthrene reflecting the contribution of hydrocarbons from Jurassic or

Cretaceous source rocks. Figure 6.7a shows the variation of this ratio with the host

formation (the stratigraphic age, as before, increasing from left to right). Figure 6.7b

is the equivalent plot for the ratio of retene to phenanthrene.

All the samples from the Cooper sequence (including DST oils, residual oils and

source rocks) have R/9-MP values <1.0, and R/P values <0.5. In contrast, the

majority of the Eromanga samples have values above these levels. This is not

surprising because retene is an araucariacean biomarker and therefore only occurs,

abundantly, in Jurassic and Cretaceous source rocks. The biomarker distribution

patterns illustrated in Figure 6.7 are consistent with the Cooper crude oils being

products of Permian (+ Cambrian) source rocks. On the other hand, the Eromanga

petroleums are either entirely of Jurassic and/or Cretaceous origin, or mixtures of

hydrocarbons from intra-Eromanga and Permian (È Cambrian) source beds.

The idea of a "migration highway" (Figure 6.5), via which hydrocarbons generated

from intra-Cooper (and/or Warburton) source rocks migrate directly into Eromanga

reservoirs, without meeting much local petroleum, finds some support in the low

retene contents of the two anomalously mature Hutton residual oils, 980545

(Dirkala-l) and 980557 (Wancoocha-3). Figure 6.7 shows that the R/9-MP values of

these two samples are also below 1.0, indicating that they are the purest Cooper

(and/or Warburton) products encountered in the Eromanga Basin. In fact, these two

residual oils are the most powerful evidence obtained in this study for petroleum

migration from the Cooper and"/or Warburton Basins into the Eromanga Basin.

Other samples Eromanga residual oils that have low retene contents are those from

core plugs 980513, 980514 and 980515 (Dirkala-I, Birkhead). However, in this case,

their maturities are similar to those of the local source rocks, suggesting an intra-

Eromanga origin.
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CHAPTER SIX

6.4.2 Oruen AneucnntAcaAN Slc¡l¡ruRes

The variation of three other aromatic biomarker ratios that reflect the contribution of

araucariacean resins to the source rock is illustrated in Figure 6.8. It is evident that all

of .them show a similar trend in which there is a fairly sharp distinction between

Erornanga samples on the left (high values) and Cooper samples on the right (low

values). However, it must be pointed out that some Eromanga samples may have

relatively low values of one or two araucariacean signatures, but have higher values

for the other signatures. For example, Murta source rocks 980547 and 980548 from

Dirkala-3, and Birkhead residual oils 980513, 980514 and 980515 from Dirkala-I,

have low values of R/9-MP and RÆ, but higher (otherwise normal Eromanga) values

of 1,7-DMP/x-DMP, l-MP/9-MP and 1,2,5-TMN/1,3,6-TMN.

Residual oils in the Hutton sandstone cores 980545 and 980557 are the only two

samples that are not only clearly more mature than indigenous Eromanga

sedimentary organic matter, but also have consistently very low levels of

araucariacean biomarkers. Thus, both their source and maturity characteristics

support secondary petroleum migration from the Cooper into the Eromanga Basin.

6.4.3 25,28,30-TNH &TNM / (Ts + TM)

Although of unknown origin, the two C27 triterpenoids 25,28,30-trisnorhopane and

25,28,3 0 -trisnormoretane have be en used as Eromanga- specif,rc biomarkers (Jenkins,

1989). Their combined concentration relative to that of Ts and Tm was calculated

from the m/z l9l mass chromatograms (in which they co-elute just after Ts) for all

but four of the samples in Table 6.1. The variation of the ratio across the formations

sampled is depicted in Figure 6.9.

It is very clear from Figure 6.9 that all the Cooper samples contain no detectable

amounts of the above two biomarkers. On the other hanà, their abundances in most

of the Eromanga samples are relatively high. Particularly significant is their low

concentration (or absence) in the two residual oils from the Hutton Sandstone (cores

980545 and 980557), whose maturities are extremely high relative to their Eromanga

host sediments. Once again, the source and maturity signatures of these oils are

24r
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CHAPTER SIX

consistent in indicating a predominant contribution from the Cooper (and/or

Warburton) Basin.

6,5 GENERATION.MIGRATION.ACCUMULATION MODEL

Figure 6.5 is a cartoon showing the essential elements of a generalised petroleum

generation-migration-accumulation scenario that is consistent with the source and

maturity data presented in this chapter. Carbonate in the Warburton Basin and coal,

shale and siltstone in the Cooper and Eromanga Basins are all putative source rocks

for the petroleum found in the study area. The presence of Cambrian carbonate

source beds in the underlying Warburton Basin sequence is inferred from their

intersection in other exploration wells (Gatehouse, 1986). These carbonates of the

Kalladeina Formation contain 0.25-I.4% TOC and, in the Gidgealpa area (Figure

3.1), have attained maturities in the range Rc : 0.9-1.3% (Roberts et al., 1990). The

local Cooper source rocks (coal and shale) are capable of producing petroleum with

Rc values that range from 0.8 to 0.95Yo, whereas those in the Eromanga sequence

(coal, shale and siltstone) have been expelling crude oils of somewhat lower maturity

(Rc: 0.6-0.7%).

Hydrocarbons generated in the Warburton organic-rich carbonates migrated upwards

into Cooper Basin and met the source rocks there, leaching them. Hydrocarbons from

both the Warburton and Cooper Basins mixed, and accumulated in the Cooper

reservoirs, forming petroleum with maturities intermediate between those of the

Cooper source rocks and the V/arburton-sourced hydrocarbons. Part of the mixed

(Cambrian and Permian) petroleum migrated further upward and met the source

rocks in Eromanga Basin, leaching out their liquid hydrocarbons and mingling with

them. The final mixture (comprising Cambrian, Permian, Jurassic t Cretaceous

hydrocarbons) accumulated in traps within the Eromanga Basin, forming crude oil

with Rc values larger than those of the Eromanga source rock(s) and smaller than

those of the Cooper and Warburton source rocks. The insert in Figure 6.5 shows an

enlarged view of the upward migrating older oil encountering a younger kerogen

particle, leaching and mingling with its newly expelled hydrocarbons. In the centre

of the diagram, a "migration highway" is shown to explain the occurrence of

extraordinarily mature residual oils in Cooper or Eromanga reservoir sandstones.
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This may happen when the upward migration pathway of the hydrocarbons bypasses

active younger (or less mature) source beds and other oil accumulations, or coincides

with faults. The two reservoirs on the right hand side of Figure 6.5 are the results of

this kind of migration-accumulation scenario. Residual oil in the Patchawarra

Formation at Thurakinna-2 (Cooper Basin) and residual oils 980545 and 980557 in

the Hutton Sandstone at Dirkala-1 and Wancoocha-3 (Eromanga Basin) belong to

this category.

6.6 SUMMARY

From the bulk and molecular compositions of a suite of DST oils, SFTE extracts of

sandstone core plugs, and conventional Soxhlet and ultrasonic extracts of sandstones

and source rocks, a secondary petroleum migration scenario has been deduced for the

Thurakinna-Garanjanie-Dirkala-Wancoocha area of the CooperÆromanga petroleum

province. This scenario is composed of the following aspects:

1. Crude oils occurring in the CooperÆromanga petroleum system are sourced from

both the Cooper and Eromanga (and possibly also 
'Warburton) Basins.

2. It is quite common for Eromanga-reservoired petroleum to be a mixed charge

from Eromanga and Cooper (+ Warburton) source rocks.

3. Some Cooper petroleum accumulations could be mixtures of hydrocarbons from

both the Cooper and 'Warburton Basins, particularly if they contain compounds

characteristic of carbonate source rocks (e. g. benzothiophenes).

4. Cooper-derived hydrocarbons migrate laterally within Permian carrier beds,

remaining in Permian reservoirs only when proper structures are encountered.

5. Faults and/or basin-margin pinchouts provide migration paths along which

Permian petroleum can escape into the overlying Eromanga sequence.

6. There the Cooper-derived hydrocarbons may accumulate by themselves or

mingle with indigenous Eromanga petroleum. This is depicted in Figure 6.5

where the concepts of "migration highways" and leaching of younger source
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rocks by more mature, upward migrating petroleum are emphasised.

7. Around the basin-margin pinchouts, Eromanga-derived hydrocarbons can

migrate laterally, via the Late Triassic-Early Jurassic unconformity (Figure 2.1),

into Cooper reservoirs.

This migration model is consistent with aromatic maturity data (MPl-<lerived Rc,

TNR-I) and biomarker data (notably the araucariacean signatures based on 1,2,5-

trimethylnaphthalene, 1 -metþlphenanthrene, l,7-dimetþlphenanthrene and retene;

and the abundance of 25,28,30-trisnorhopane and 25,28,30-trisnormoretane). It is

also supported by the discussion in Chapters 4 &' 5.

Fluids (saline water and petroleum) are distributed in the pores of sandstone carrier

beds and reservoirs layer by layer. From the pore wall to the centre of the pore space

these are: water (containing dissolved inorganic salts), "adsorbed oil" and "free oil".

Based on the analytical results of this study, the main type of inorganic salt is NaCl;

"free oil" is similar to the DST oil recovered from the same reservoir; and "adsorbed

oil" is enriched in polar components (i.e. resin and asphaltenes).

Petroleum must occupy more than half of the available pore volume to form an

interconnected pathway for secondary migration. Petroleum losses en route during

secondary migration are estimated to have been 1440%. These estimates are

consistent with the bulk chemical compositions of the residual oils in these sandstone

cores; the difference between the chemical compositions of crude oil under

subsurface and surface conditions, as reported in the literature; and the available core

analysis data on residual water and oil saturation.

For the flrrst time in SFTE experiments, inorganic salt was identified in the extracts

of oil-bearing sandstone core plugs. Detailed analysis of the metal ions in the

residual pore water could prove to be helpful in oil-to-source correlation and

reconstructing secondary migration pathways.

Finally, IatroScan was shown to be an efficient tool for calibrating SFTE yields,

especially when there are dissolved inorganic salts in the aqueous phase of the

residual fluids.
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CHAPTER SEVEN

GONGLUSIONS

The principal findings of this regional investigation of crude oil composition in the

southwestern CooperÆromanga Basin are summarised below.

7.1 NEW COMPOSITIONAL PARAMETERS

Thirteen new petroleum geochemical parameters were created based on

thermodynamic considerations and the existing literature. Most of them proved to be

effective in describing and grouping Cooper/Eromanga oils and condensates

according to their source affrnity and maturity.

7.2 MIXING MODEL

The novel mixed sourcing model described in Chapter 5 is not only theoretically

more comprehensive than existing approaches (i.e. those based on biomarkers and

isotopes) but also consistent with the geology of the study area, as presently

understood. Both the abundance and specified property (chemical and/or isotopic) of

the light and heavy fractions are mathematically taken into account. Digital imitation

of this model fits the actual geochemical data very well. The model therefore

provides a logical and satisfactory explanation for much of the gross variability of

crude oil composition observed throughout the southern Cooper and Eromanga

Basins. Crude oils occurring in the CooperÆromanga petroleum system originated

from source rocks in both the Cooper and Eromanga (and possibly also Warburton)

Basins.

7.3 NEW INSIGHTS ON SECONDARY OIL MIGRATION

Comparison of the bulk and molecular compositions of DST oils, residual oils in

sandstones and source rock bitumens from the Thurakinna, Garanjanie, Dirkala and

'Wancoocha fields (Chapter 6) threw new light on the process of secondary migration

and reservoir filling in the CooperÆromanga petroleum province. Cooper-derived

hydrocarbons migrate laterally within Permian carrier beds (over distances of up to 8
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km: McKirdy et al., 2000), remaining in Permian reservoirs only when intact

structures are encounterecl. Faults and/or the zero edge of the Nappamerri regional

seal near the basin margin provide escape routes along which Permian petroleum can

migrate into the overlying Eromanga sequence. This has occurred at Garanjanie,

Dirkala and Wancoocha where examples of individual Eromanga reservoirs charged

by both Permian and Jurassic hydrocarbons were documented. Moreover, the oil

column in the Hutton and Birkhead reservoirs exhibits a gross stratigraphic

segregation, with less mature oil of Jurassic origin at the top and more mature oil at

the base. At 'Wancoocha and Dirkala, the latter oil is of mixed Permian-Jurassic

origin.

For the first time in SFTE experiments, inorganic salt was identified in the extracts of

oil-bearing sandstone core plugs. Such material was previously treated as high-

molecular-weight wax. This finding is significant for understanding the

petroleum lwater fluid distribution in a sandstone pore and for calibration of the

SFTE yields. Identification of the cations in the residual pore water is potentially

useful in oil-to-source correlation and reconstructing secondary migration pathways.

The conceptual distribution of petroleum and aqueous fluids within a typical

sandstone pore was revised. From the wall to the centre of the pore the sequence is

thought to be: water (containing dissolved inorganic salts), "adsorbed oil" and "free

oil". The "free oil" is similar to the DST oil recoïered from the same reservoir

whereas the "adsorbed oil" is enriched in polar resins and asphaltenes. In this part of

the Cooper/Eromanga Basin, some 1440% of the total oil expelled from the source

kitchen(s) is estimated to have been lost as residual oil in the carrier beds en route to

the trap.

Finally, a special petroleum generation-migration-accumulation play was identified

in the Sturt-Taloola arca on the southwestern flank of the Patchawarra Trough. Here

hydrocarbons generated within the source facies of the Poolowanna Formation, the

basal unit of the Eromanga Basin sequence, migrated downwards into the underlying

older Cooper Basin where they accumulated in a basin margin pinch-out of the

P atchawarra Formation.
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APPENDIX ONE

Figures showing variation of compositional ratios with reservoir strata.

Based on GC-FID measurements of 115 oils and condensates from the

Cooper and Eromanga Basins.
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Figure A.le Variation of II with reservoir formation



5

4

7

6

3

2

0

$"$$$..
$o-

FORMATION

Figure A.Lf Variation of I with reservoir formation
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Figure A.1g Variation of F with reservoir formation
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Figure A.lh Variation of U with reservoir formation
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Figure A.1i Variation of R with reservoir formation
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Figure A.lj Variation of A with reservoir formation
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Figure A.1k Variation of A' with reservoir formation
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Figure A.Ll Variation of B with reservoir formation



3

2

2.5

1.5

0.5

0

m

- \o"
\J.

FORMATION

Figure A.Lm Variation of B' with reservoir formation
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Figure A.ln Variation of X with reservoir formation



3

2.5

2

1.5

k

3.5

0.5

0

Ì_Ì$"$"".
FORMATION

Figure A.1o Variation of X' with reservoir formation
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Figure 4.1-p Variation of New 1 with reservoir formation
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Figure A.1q Variation of New 2 with reservoir formation
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Figure A.1r Variation of New 3 with reservoir formation
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Figure A.1s Variation of TPI (New 4) with reservoir formation



APPENDTX TWO

APPENDIX TWO

Database and figures showing changes of aromatic compositional ratios

with reservoir strata. Based on GC-MS analysis of 72 DST

oils/condensates from the Cooper and Eromanga Basins.
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Table 4.2 Database of some aromatic hydrocarbon ratios in Cooper and Eromanga crude oils

Formation Ben/Tol
U

BenÆhe Ret/Phe PheÆr RetÆr
S

xYolL037
xYotL039
xYolL042
xYolL047
xYolL068
xYolL079
XYOILOs4
xYolL018
xYolL020
xYolL027
xYolL030
xYolL054
xYolL087
xYolL095
xYolL121
xYoll123
xYolL029
xYolL041
xYolL086
xYolL013
xYolL019
xYolL024
xYolL070
xYolL090
XYOILI lO
xYolL122
xYolL025
xYolL026
xYolL028
xYolL062
xYorL063
xYolL073
xYolL074
xYolL077

Murta
Muda
Murta
Murta
Murta
Murta
Muda
Namur
Namur
Namur
Namur
Namur
Namur
Namur
Namur
Namur
Westbourne
Westbourne
Westbourne
Adori
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Birkhead
Hutton
Hutton
Hutton
Hutton
Hutton
Hutton
Hutton
Hutton

0.046
0.024
0.033
0.045
0.111
0.068
0.100
0.178
0.182
0.187
0.133
0.168
0.156
0.090
0.139
0.138
0.009
0.118
0.028
0.135
0.167
0.086
0.105
0.151
0.029
0.002
o.142
0.029
0.172
0.187
0.130
0.194
0.185
0.180

0.811
2.290
2.361
1.356
1.814
2.253
3.288
6.324
2.173
2.868
3.049
2.657
3.588
0.829
2.807
3.172
2.262
0.118
2.668
6.334
5.161
0.634
1.280
4.574
1.587
0.386
1.832
3.271
3.730
2.607
3.263
14.244
7.278
4.695

2.755
2.533
2.549
2.603
2.051
2.436
1.784
2.302
2.438
2.278
2.093
2.102
2.842
2.824
2.163
2.660
2.603
3.317
2.693
2.336
2.331
2.843
3.033
2.734
2.980
2.394
3.080
1.952
2.877
3.054
2.921
3.252
3.011
2.540

0.041
0.046
0.065
0.062
0.058
0.047
0.1 13
0.126
0.070
0.158
0.154
0.113
0.058
0.007
0.054
0.041
0.009
0.037
0.020
0.170
0.1 10
0.010
0.040
0.065
0.006
0.000
0.034
0.005
0.062
0.050
0.048
0.364
0.134
0.186

0.072
0.094
0.126
0.086
0.087
0.1 15
0.285
0.180
0.1 15
0.185
0.240
0.190
0.068
0.003
0.145
0.061
0.006
0.007
0.013
0.261
0.1 16
0.010
0.o22
0.064
0.003
0.000
0.021
0.012
0.060
0.045
0.034
0.197
0.097
0.293

1.769
2.062
1.945
1.384
1.506
2.417
2.528
1.424
1.649
1.171
1.560
1.687
1.158
0.489
2.693
1.503
0.704
0.195
o.621
1.535
1.060
1.015
0.540
0.981
0.512
0.787
0.618
2.374
0.976
0.897
0.710
0.543
o.722
1.570

2.018
2.196
2.151
2.155
1.329
1.689
1.953
0.114
1.484
0.400
0.796
1.750
1.910
2.530
1.832
1.362
0.796
2.554
0.470
1.181
0.081
0.763
1.816
0.901
2.529
0.572
0.754
0.395
2.576
2.133
0.185
1.580
0.924
0.147

0.057
0.063
0.064
0.064
0.127
0.076
0.102
0.259
0.435
0.700
0.199
0.209
0.093
0.028
0.031
0.172
0.530
0.1 15
0.544
0.514
0.576
0.163
0.192
0.095
0.026
0.230
0.321
0.049
0.114
0.127
1.841
0.166
0.040
1.322

0.1 15
0.137
0.137
0.139
0.169
0.129
0.199
0.029
0.645
0.280
0.158
0.366
0.178
0.070
0.056
0.235
0.422
0.295
0.256
0.607
o.047
0.124
0.350
0.085
0.066
0.132
o.242
0.019
0.293
0.270
0.340
o.262
0.037
0.195

0.152
0.163
0.162
0.160
0.205
0.227
0.264
0.231
0.263
0.247
0.087
0.258
0.302
0.365
o.327
0.345
0.164
0.107
0.169
0.248
0.223
0.246
0.185
0.265
0.233
0.251
0.195
0.319
0.286
0.267
0.226
0.300
0.234
0.189



Table 4.2 Database of some aromatic hydrocarbon ratios in Cooper and Eromanga crude oils (continued)

xYolL093
xYotL107
xYotL108
xYotL109
xYotl113
xYotL023
xYotL061
xYotL064
xYorL021
xYotL065
xYotL081
xYotL014
xYotL015
xYolL022
xYolL0s9
xYotL069
xYotL072
xYolL075
xYotL083
xYotL089
xYotl111
xYoll114
xYotl115
xYotl116
xYoll118
XYOILl20
xYotL001
xYotL004
xYolLOsT
xYotL058
xYotL066
xYotL067
xYotL071
xYotL076
xYorL082
xYotL085

Poolowanna
Poolowanna
Poolowanna
Poolowanna
Poolowanna
Nappamerri
Nappamerri
Nappamerri
Toolachee
Toolachee
Toolachee
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Patchwarra
Tirrawarra
Tirrawarra
Tirrawarra
Tirrawarra
Tirrawarra
Tirrawarra
Tirrawarra
Tirrawarra
Tirrawarra
Tirrawarra

0.005
0.111
0.121
0.109
0.060
0.244
0.333
0.317
0.302
0.298
0.084
0.077
0.100
0.141
0.313
0.168
0.362
0.014
0.079
0.229
0.049
0.075
0.050
o.044
0.046
0.1 14
0.135
0.156
0.229
0.212
0.267
0.275
0.007
0.005
0.262
0.305

0.573
5.381
4.508
4.375
1.073
8.957
16.494
13.88s
20.377
15.323
7.610
9.682
20.474
1.351

25.851
17.342
35.785
8.979
6.098
14.563
1.764
2.533
2.686
1.527
2.893
20.755
9.643
8.635
13.707
15.374
15.994
13.945
1.219
1.071

16.483
16.253

2.065
1.752
1.777
1.780
2.016
2.450
2.235
3.042
1.882
2.154
2.013
2.656
2.695
3.128
1.971
2.005
1.607
1 .914
3.441
1.955
1.892
1.846
1.853
1.979
1.878
2.025
2.073
2.156
2.135
2.082
2.126
2.163
2.573
2.712
2.115
1.825

0.000
0.070
0.062
0.060
0.021
2.990
2.951
1.430
1.300
0.268
o.144
0.020
0.011
0.020
1.254
0.983

0.022
0.011
0.722
0.015
0.023
0.017
0.011
0.018
0.416
0.214
0.226
0.529
0.581
0.788
0.775
0.001
0.000
0.758
1.038

0.001
0.138
0.127
0.137
0.050

32.459
46.O07
2.032
24.396
2.026
1.591
0.125
0.032
0.135
4.436
10.550

0.139
0.078
9.310
0.023
0.057
0.040
o.022
0.039
2.366
0.429
0.490
1.804
1.207
1.912
1.772
0.001
0.001
1.715
3.443

1.706
1.974
2.040
2.284
2.360
10.854
15.590
1.421

18.761
7.563
11.045
6.122
2.769
6.706
3.538
10.730
15.464
6.365
6.795
12.898
1.593
2.494
2.282
2.027
2.159
5.689
2.002
2.170
3.411
2.078
2.425
2.288
1.763
1.767
¿-¿o I

3.316

0.654
0.627
0.632
0.686
0.588
0.058
0.025
0.094
0.009
0.001
0.007
0.004
0.003
0.002
o.044
0.010
0.309
0.004
0.005
0.006
0.242
0.889
0.821
0.312
0.841
0.336
0.016
0.017
0.031
0.017
0.019
0.027
0.028
0.023
0.020
0.002

0.226
0.038
0.036
0.047
0.031
0.536
0.552
1.071
1.037
4.873
0.784
1.710
2.904
1.157
o.877
0.756
0.428
0.910
1.471
o.467
0.207
0.051
0.057
0.170
0.057
0.123
1.828
1.858
0.982
1.721
1.881
1.508
1.436
1.102
1.642
5.304

0.148
0.024
0.023
0.033
0.018
0.031
0.014
0.101
0.009
0.005
0.005
0.007
0.008
0.003
0.039
0.007
0.132
0.004
0.008
0.003
0.050
0.045
0.o47
0.053
0.048
0.041
0.030
0.031
0.030
0.029
0.036
0.041
0.040
0.026
0.032
0.013

0.307
0.362
0.368
0.347
0.370
0.248
0.275
0.210
0.302
0.252
0.275
0.210
0.187
0.315
0.267
0.275
0.313
0.312
O.1BB
o.272
0.343
0.337
0.355
0.343
0.340
0.238
0.316
0.311
0.286
0.282
0.268
0.291
0.310
0.299
0.273
0.233
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Figure A.2az Benzene/Toluene
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Figure A.2b: Toluene/Propylbenzene
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Fi gu re A.2c: Propyl benzene/lsopropyl benzene
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Figure A-2d= Benzene/Naphthalene
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Figure A.2e= Benzene/Phenanthrene



o@
(osc{o@

(o$c\.lo
ñl-F

F
r

E

E

L



3.0

2.5

2.0

1.5

1.0

0.5

0.0

Figure A.2g: Retene/Phenanthrene
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Figure A.2h: o-Xylene(m+p)-Xylenes




