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Abstra'ct

This research outlines an evaluation procedure for stratigraphic trap exploration by employing

sequence stratigraphy, 3D seismic data visualisation and quantitative risk analysis with case

studies in an actual exploration basin.

Open-file Moorari and Pondrinie 3D seismic survey datasets chosen to test the procedure

come from the Cooper-Eromanga Basin, onshore Australia, encompassing the Permian

fluvio-lacustrine, Patchawarra, Epsilon, and Toolachee formations and the Jurassic fluvial,

Poolowanna Formation. Employing an integration of sequence stratigraphic concepts applied

to non-marine basins and advanced 3D seismic data visualisation, eight stratigraphic trap

prospects were extracted to be included in an exploration inventory.-

In the Merrimelia 3D seismic survey dataset, the potential oil reservoir capacity of fluvial

point bar sandstones in the Birkhead Formation was calculated (12.6 to 25.6 MMbbl in place),

although the point bars were conf,rmed as water-wet and an effective stratigraphic trap was

not included as prospect for the exploration inventory.

The geologic chance factors for an effective stratigraphic trap include the followings within

each depositional systems tract: reservoir, top-, lateral- and bottom-seal. Additionally, the seal

effectiveness of the adjacent depositional systems tracts and the appropriate spatial

arrangement of these factors form part of the geologic chance factors. The confidence values

for the existence of geologic chance factors were estimated according to sequence

stratigraphic contexts, and multiplied to calculate the chance of geologic success of each

prospect varying 4 to 34Yo. For probabilistic reserves estimation, geologically reasonable

ranges were estimated for each reserves parameter employing Monte Carlo simulation to

calculate the reserves distribution, ranging 3.9 to 2l.2bcf as mean values.

When a series of possible exploration portfolios, including single or multiple prospects from

the prospect inventory are plotted in terms of the chance of geologic success vs. the mean

value of the reserves estimate, an efftcient exploration frontier emerges. The portfolio

vllr



candidates on the eflicient exploration frontier were assessed with regard to expected net

present value (ENPV) using a simple pre-tax cash flow model for the gas producing in the

Cooper-Eromanga Basin. The results indicate that appropriate portfolios include multþle

prospect exploration targeting the lowstand systems tract plays by single or multiple

exploration wells.
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Chapter 1 - Introduction

Chapter 1

Introduction

1.L Risk analysis in the petroleum exploration business

Petroleum exploration is an investment and the aim is to achieve a profitable return. However,

there are many aspects that introduce uncertainty and therefore increase the risk of losing

capital (Figure 1.1.1). In order to control the prof,rtable return, many oil companies are

increasingly assessing their petroleum exploration projects with quantitative risk analysis

(Rose, 1992a& b; Alexander & Lohr, 1998; McMaster, 1998; Kubota et al., 1999; Nakanishi,

2000; Rose,2001).

The aim:
profitable return

lnvestment

getro\eut t¡gr/orati"7 $$$

\

$+ Figure 1.1.1. Concept of an investment
in the petroleum exploration business.
The aim of the investment is a profitable
return. However, there are many aspects
that introduce uncertainty and therefore
increase the risk of losing capital.
Quantitative risk analysis is an approach
to assess the chance of success/failure,
potential gain and potential loss, in order
to control the profit from the exploration
businesses.

The risk:
losing capital

Risk and Uncertainty are not synonymous (Rose, l9S7). Risk connotes the threat of loss

(Figure 1.1.2). Risk decisions weigh the level of investment against four considerations:

. Net financial assets.

. Chance of success/failure.

. Potential gain.

. Potential loss.

The last three considerations must rely on estimates, made under uncertainty, of the range of

probabilities that some condition may exist or occur (Rose, 2001). Every exploration decision

involves considerations of both risk and uncertainty. Risk comes into play in deciding how

1

Development planning
with uncertainties

-

Geotechnical evaluatio
with un

Production planning
with

Oil price estimation
with uncertainties



Chapter I - fnfuoduction

much we are willing to pay for additional data or mineral interests, considering the high

impact of front-end costs on project prof,rtability. Uncertainty is intrinsically involved in all

geotechnical predictions about the range of magnitude of the inferred mineral deposit, the

chance of discovery and the cost of finding and developing it. Therefore, once prospects have

been identified, the problem in serial exploration decision making is to be consistent in the

way we deal with risk and uncertainty, and to perceive uncertainty accurately and reduce it

where possible (Rose, 2001).

Uncertainty:
range of possible occurrence

I

Ghance of Failure

RiSk; tosins capital

Ghance of Success

getting
profitable return

Figure 1.1.2. Relationship between
uncertainty and risk. An uncertainty where
we cannot determine which case will
happen, may cause a failure of a business
identified as a risk.

The different state of the uncertainties must be recognised according to the difference stage of

the exploration business (Figure 1.1.3). In an exploration stage (i.e. drilling a wildcat to a

prospect which has not been penetrated by a well), the major uncertainty is the existence of

hydrocarbon accumulations and the potential reserve size. These uncertainties are involved in

the geotechnical expectation of the existence of geologic factors which determine the

hydrocarbon accumulation. Exploration experience shows that there is a considerably low

chance of frnding economically viable hydrocarbon accumulation, however the risk capital for

prospect exploration is normally low (e.g. license acquisition fee, costs of seismic survey,

exploration wells) when compared with the risk capital in the development stage. Risk

analysis for the prospect exploration therefore should be prepared for managing the chance of

success and the potential total gain from a series of exploration progtams relative to the

investment. This research will focus on the exploration stage for stratigraphic trap prospects'

In contrast with prospect exploration, the development stage (where wells have penetrated and

confirmed hydrocarbon accumulation), the uncertainties lie rather in economic expectations

(e.g. recoverable factor, development plan, production costs, oil price) than in geotechnical

2



Chapter 7 - Introduction

expectations. This is because the chance of finding hydrocarbons is recognised as one

hundred per cent and the range of the in-place reserve size is reduced in this stage'

Importantly, the risk capital to construct production facilities can be large enough to make a

significant risk for a major damage to the financial situation of the corporation if failure

occurs; hence the risk analysis must be prepared to demonstrate not only the potential gain but

also the sensitivities of the uncertainties to the maximum negative cash flow in the front-end

of the business which must be within the risk tolerance of the corporation.

ln lhe explorofion stoge ln lhe developmenl sloge

Uncertainty
in geotechnical evaluations to

determine the amount of hydtocarbon

ll

Ghance of Failure of
finding any hydrocarbon

RiSk; lost ot l¡cense acqu¡3¡tion fee, seism¡c survey
and explorat¡on well cost (normally small amount)

UncertaintY
in evaluations related with the economics of the prc¡ect

(e.g. recoverable factor, development plan,
production cost, oil Price)

I

I chance of
I Economic
I F.irur.I *,.*,
I lost of production
I fec¡llt¡es cost

l(normallv bi9 amounr)

Chance of
Fa¡luro of
t¡ndlng

C h ance

enough

Success

getting
profitable

return

Ghance of Econom¡c Success

getting profitable return

between an exploration stage and a development
this research), major uncertainties exist in the
hydrocarbon. Contrary to the exploration stage,
onomics of the project in the development stage.

lmportantly, the amount of the risk capitalwhich shculd be decided to invest in each stage is different;

hence the-focus of the risk analysis must be changed according to the stage of the project.

Although extensive scientific and geotechnical work is essential to successful petroleum

exploration, risk analysis should be managed in terms of monetary value, because the ultimate

aim of exploration is not merely to discover hydrocarbons, but to make a profitable return on

the investment capital. Comparing exploration opportunities based on the monetary value

allows the construction of an appropriate portfolio including global investment chances (i.e.

be able to compare, in monetary value, 100 million bbl of oil in East Siberia and 100 bcf of

gas in onshore Australia). Many oil companies now use expected monetary value (EMV), or

expected net present value (ENPV) which has been derived from EMV and used in this thesis,

to manage exploration investments (Rose, 1992a; Alexander & Lohr, 1998; McMaster, 1998;

Johns et al., 1998; Kubota et a1., I999;Nakanishi, 2000; Rose, 2001). ENPV is the summation

of the products of the chance of success and the monetary mean value of the success case, and

the chance of failure and the monetary mean value (usually negative) in the failure case'

3



Chapter I - Introduction

Investment in a project of which the ENPV is more than zero is usually recognised as a

rational decision.

A good way to control the proflrtability from the exploration business is to invest into as many

types of projects as possible, which have been consistently assessed by risk analysis and have

positive ENPV. Total profit uncertainty is reduced as mean value as a result of multiple

projects, even though each project has a fluctuation in its profitability. As in coÍlmon stock

business or fmancial ventures, a risk-reward optimisation can be applied to petroleum

exploration to determine an appropriate exploration portfolio from project inventory

(Bemstein, 1996; Rose, 2001). By employing the appropriate portfolio construction, a

corporation can make a reasonable decision for exploration investment to reach their

economic objectives.

4



Chapter 7 - Introduction

1.2 Stratigraphic traps: the targets to diversify exploration risk

One of the ways to diversiff risk capital is to invest globally in many projects which have

positive ENPVs. It is often difficult, however, for corporations to deal effectively with many

projects where opportunity is limited (e.g. anon-accessible area for the corporation to operate,

lack of funds). An alternative approach is to diversifr the risk by investing into as many

exploration play types as possible within a limited area (Figure 1.2.1). Corporations have

tended to dislike nominating stratigraphic trap plays into their inventory particularly in the

early stage of exploration, even if they should invest in as many play types as possible. Such

behaviour is caused by recognising the higher risk of frnding hydrocarbons in stratigraphic

trap exploration than in conventional trap exploration.

Divers¡fyi ng risk capital

to a variety of
pro¡ects g lobally

to a var¡ety of
play types

in a limited area
OR

$$

$$

Figure 1.2.1. Concept of diversification of risk capital

However, recent advances in geoscience, especially the development of sequence stratigraphy

and 3D seismic data techniques, have greatly contributed to diminishing geologic uncertainty.

Furthermore the economic impacts of the discoveries in stratigraphic traps have been

significant. If we can identiff the stratigraphic trap prospects effectively, we should expect

outcomes which are the same as global investments into many areas.

To demonstrate the impact of the stratigraphic trap discoveries, a series of fields which have

5
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Chapter 1 - Introduction

stratigraphic trap components were selected from Brazil, USA, Canada and Australia and

categorised into a sequence stratigraphic setting to show examples of stratigraphic hap

variation.

Lowstand systems tract setting

A submarine channel and fan complex play is represented within the lowstand systems tract

setting. As examples of the play type, the Marlim freld and the Albacora field are located in

the Campos Basin, offshore Brazil in water depths ranging from 250 to more than 2000m. The

areas cover 350km2 and 235krÊ and the reserves are assumed to have over 14.1 and 4.5

billion barrels of oil in place respectively (Candido & Cora,1992). The Marlim and Albacora

turbidite reservoirs, Eocene to Miocene Marlim Sandstone, are associated with a submarine

channel / fan complex on the slope to the basin floor of the shelf system on the passive margin

(Figure 1.2.2). The eastern portions of both fields are dominated by lobe-type sandstones with

great lateral continuity. To the northwest, these sand bodies become elongated, presenting

geometry and facies typical of channel deposits. These sandstones thin out laterally to the

mudstones on the slope or the basin floor, and make mounds which themselves resulted from

the differential compaction between sandy and muddy deposits. The distribution of the

reservoir and seal rocks result in the mound and the stratigraphic trap combination. Peres

(1993) describes that the Oligocene submarine-channel system, which makes extremely large

stratigraphic trap fields, resulted from a relative fall of sea level, causing the subaqueous

exposure of the shelf sediments resulting in sediment reworking in a shallow, high-energy

marine environment and the transportation of the shelf sediments to the slope and the basin

floor.

6
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Figure 1.2.2. Net isopach map of the Campos Basin Oligocene sandstones interpreted from seismic
daia and well log data (modified after Peres, 1993). Dashed line represents the turbidite
contemporaneous éhef edge, and the heavy solid line divides the sandstones into two systems:

ESS-64 on the north and tVlãrl¡mnl¡acora on the south. The map also shows the relationship between

the deep-water sandstones and the outer shelf and lower slope/basin-plain submarine canyons.

Combined lowstand systems tract and transgresive systems tract setting

An incised valley fill play is given as an example for the combined lowstand systems tract and

transgressive systems tract setting. As an example of the play type, "the Clinton-Weatherford

Upper Red Fork Trend" is located along the north flank of the central Anadarko Basin, in

onshore Oklahoma, USA. The primary pay in the play is the Middle Pennsylvanian upper Red

Fork sandstone that forms a continuous east-west-trending depositional system (Clement,

1991). The producing area includes portions of Southwest Geary West Bridgeport, Libbie,

South Hydro, South Weatherford, East Clinton, Clinton, Stafford, and Foss fields. The total

combined areal extent of these fields is 194 km2 and the estimated ultimate recovery in the

upper Red Fork is 480 bcf of gas and 10.5 million bbl of condensate. The Upper Red Fork

sandstone is deposited in the fluvial channel environment within the east-west elongated

incised valley on the Middle Red Fork alluvial plain and shelf (Figure 1.2.3). The incised

fluvial channel sandstones are trapped laterally against impermeable older, marginal marine

ry



Chapter I - fntuoduction

shales and siltstones or contemporaneous terrigenous shale fill (clay plugs) and vertically by

younger alluvial shale and/or abnormally pressured marine shale valley fill. This incised

valley fill sequence \¡/as caused by the falling relative sea level associated with the left-lateral

compressional deformation at this time, followed by marine flooding during a relative rise in

sea level.
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Figure 1.2.3. Upper Red Fork Basin after structural uplift along Corn-Eakly, Ft. Cobb anticline in late middle Red Fork time

(Clement, 1991) Sediment transport and progradation were deflected westward along the north side of the anticline.

Isolated sandbodies developed within a forced regression are identified as another possibility

for a stratigraphic trap in a lowstand-transgressive systems tract combination. Rapid fall of

relative sea level causes a seaward shift of the shoreline leading to isolated sandbodies in the

lowstand delta (Posamentier et a1.,1992; Posamentier & Allen, 1999; Posamentier & Morris,

2000; Plint & Nummedal, 2000), of which the landward edge contacts the previous highstand

offshore mud (Figure 1.2.4). The subsequent rise in relative sea level causes marine flooding

associated with a transgressive surface of erosion (ravinment surface) and evenfually sealed

with marine muds covering the lowstand delta, thus constructing a stratigraphic trap. An

example is the Joarcam Field in Alberta, Canada (Posamentier & Chamberlain, 1993). The

reservoir consists of prograding shoreface deposits of the Lower Cretaceous Viking Formation,

trending northwest-southeast with 4km wide and 40km long (Figure 1.2.4). Deposition of the

areally restricted regressive shoreface sand occurred during a relative sea-level stillstand

following an interval of relative sea level fall. The landward edge of the shoreface sands is
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Chapter 1 - Introduction

detached from the sandbody of the previous highstand systems tract. The shoreface

progradation ended when a relative sea-level rise caused shoreline transgression, and was

enveloped by offshore muds. Pressure data shows that the lowstand shoreface sandstone is

separated from the other sand units, suggesting a stratigraphically isolated sandbody

(Posamentier et al., L992;Posamentier & Chamberlain, 1993).

I

T¡5
{Ravi¡.m€nr surl.cc)

r0 {,1E,20w{

b)

Figure '1.2.4, The lowstand systems tract reservoir in the

Joarcam Field, Alberta, Canada, linearly trending

northwest-southeast. The updip and downdip limits of the

sandy facies was controlled by northeastward prograding

wedge in the lowstand stage (Posamentier and Chamberlain,

1 993).
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Chapter 1 - Introduction

Transgressive systems tract setting

A transgressive barrier-island type is identified as the stratigraphic trap example in the

transgressive systems tract. The V/embley field is located in Alberta, Canada, with in-place

reserves of 56 million bbl in oil and 665 bcf in gas. The Triassic Halfivay Formation of the

field contains two stacked sandstone intervals (Willis & Moslow, 1994). The lower reservoir

comprises a regressive shoreface and tidal-inlet channel sandstones which were deposited by

a southwesterly prograding barrier-island system in the highstand systems tract (Figure

1.2.6a). The upper Halfinay sandstone is the transgressive barrier-island formed by shoreface

retreat during the marine flooding event, and the distribution is restricted to an area adjacent

to the paleo-landward limit of the ravinment surface in the flooding (Figure I '2'6b). The

upper and lower Halfinay sandstone reservoirs are separated both stratigraphically and

hydrostatically by lm of lagoonal dolomitic mudstone throughout the field area' The

transgressive barrier island sandstones aÍe 2-6m thick, up to 2krn wide, and form

paleo-shoreline trending tens of kilometres in length. The stratigraphic trap consists of the

lateral seal caused by updip pinch-out of the sandstones in backbarrier mudstones and the top

seal is provided by nonmarine mudstone and evaporites which buried the abandoned

transgressive barrier in the following highstand stage.
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Figure 1.2.6. lsopach maps of the main reservoir of the Halfway Formation in Wembley Field (Willis & Moslow, 1994). a) lsopach
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and oil-water (OWC) contacts are shown
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Chapter 1 - Introduction

Transgressive sheet sandstones can make stratigraphic traps. The Newburg and South

Westhope fields, located along the eastern margin of the Williston Basin, North Dakota, USA,

have a stratigraphic trap component in the transgressive sheet sands as a part of their oil

producing reservoir (Le Fever &,Le Fever, l99l). The reservoir is located in the lowest unit

of the Triassic Spearfish Formation and the thickness varies from 3 tol2m. The sandstones are

onlapping on the unconformity against the Mississippian Berenston Beds limestone and

anhydrite, and ultimately pinches out up-dip towards the north-east and are overlain by

impermeable marine shale. What is remarkable is that the oil pay zones vary according to the

lithology of the underlying Berenston Beds, such as the impermeable rocks which can work as

bottom seals of the stratigraphic trap system (Figure. I.2.7).
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Figure 1.2 trapping situations present in_Newburg and South

Wésthope Berentson production, the Midale beds produce

locally tirro rom the SPearfish

Formätion, condary anhYdrite,

or shale is would be sourced

from beds downdip. (B) The two producing zones are in contact, and the perforations cross the

unconformity surfaðe.'1ó¡ eerorations are oñly in the Spearfish Formation. The Spearfish is sourced

downdip by fractures or by contact with the Berentson beds.

11



Chapter 1 - Introduction

Another example is a delta progradation within an overall transgression. The Glenn Pool field

is located in onshore Oklahoma, USA. The field is near the centre of the Northeast Oklahoma

platform, which is situated between the Ozak uplift to the east, the Nemaha Ridge to the west,

and the Arkoma Basin to the south (Figure 1.2.8). The field covers approximately lllkm2 and

it is estimatedthat the field will ultimately produce over 400 million bbl (Kuykendall &

Matson, 1992). The primary reservoir is the Middle Pennsylvanian age Bartlesville sandstone.

The stratigraphic trap of the Bartlesville reservoir resulted from the updip (eastward)

pinch-out, deltaic sandstones into laterally sealing siltstones and shales and overlying marine

shales. This sandstone was deposited during overall transgression onto the existing shelf,

intemrpted by episodes of regression that were marked by southward progradation of deltas

during stillstand sea level stages (Al-Shaieb et aI., l9S9). The general character of the

Bartlesville sandstone may change greatly within a relatively short distance, and the sandstone

has been interpreted as deltaic distributaries, some or all of which may be incised by a fall in

relative sea level (Shelton, 1973).
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Figure 1.2.8. Generalised
depositional framework of the
Bartlesville-Bluejacket (Glenn)
sandstone and location of
producing fields (black).
(Kuykendall & Matson, 1992)

A fluvial channel and floodplain complex can also form stratigraphic traps. This occurs more

in intervals deposited during increased alluvial accommodation space (rising relative base

level), which is characterised by low channeVfloodplain ratios and isolated sandy channel fills

(Figure 1.2.g, modified after Legarreta et al, 1993; Posamentier & Allen, 1999)' The Dirkala

and Dirkala South fields are located in the southern Cooper and Eromanga Basin, South

Australia. The reservoir is the Jurassic Birkhead Formation which consists of fluvial channel

and floodplain deposits. The reservoir distribution is restricted by the fluvial channel pattern

(Figure 1.2.10). The lateral change from the channel fill facies to the floodplain mudstone

exists updip toward the north-west along the structural nose and causes the pinchout

stratigraphic trap (Mackie & Gumley, 1995). The reserves size has not been disclosed.
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Chapter I - Introduction

1.3 Sequence stratigraphy and stratigraphic trap exploration

The concept of a depositional systems tract provides a predictive framework for the spatial

distribution of sedimentary facies. Sequence stratigraphy can therefore be used to evaluate the

distribution of reservoirs and seals more systematically and with less uncertainty than

lithostratigraphic approaches (V/eimer & Posamentier, 1993; Posamentier & Allen, 1999).

Especially for stratigraphic traps which have complex reservoir and seal components, spatial

integration of sedimentary environments with sequence stratigraphic concept is a powerful

tool to extract effective stratigraphic trap prospects'

Before sequence stratigraphy was established, MacKenzie (1972) comprehensively described

the stratigraphic trap fields in USA. This paper contains important messages to characterise

the stratigraphic traps and suggested the possibilþ of usage of the sequence stratigraphic

concept to evaluate the stratigraphic traps.

Although the updip lateral change is commonly from reservoir sandstone to impermeable

shale, the lithologic contrast need not be so great, and the key is not contrast in permeability

but rather in capillary-pressure characteristics. It means that the capacity of the barrier is

determined by the "critical throaq" the tightest part of the particular channel way that requires

the least pressure for the passage of oil through it (Figure 1.3.1). However, no data is often

available about the capillary-pressure characteristics of reservoir and seal rock of a prospect.

Hence, it must still be necessary to assume the distribution of the capillary-pressure

characteristics from the lithologic distribution derived from the well data or seismic data.

Figure 1.3.1. MacKenzie (1972) represented that
the key for stratigraphic traps is not contrast in
permeability but rather in capillary-pressure
characteristics determined by the "critical throat".
Howeve¡ it must still be necessary to assume
the distribution of the capillary-pressure
characteristics from the lithologic distribution. That
is because welldata are not often available, which
directly indicate the capillary-pressure of
objectives in a prospect.Crilicot |l¡9q¡
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Evaluating the lithologic distribution of the reservoir and seal rocks, the complex seal

components of the stratigraphic trap should be defined as genetic stratigraphic events.

MacKenzie (1972) described that, except for isolated lenticular sandstone enveloped in shale,

most primary stratigraphic traps in sandstone have some structural elements; the configuration

of the trap boundary is commonly governed by tilting or gentle arching as well as by

stratigraphic variation. In such cases, three types of seal components: the top seal, the lateral

seal and the bottom seal must be recognised, because all components must be present for the

existence of the updip stratigraphic-trap barrier (Figure 1.3.2). The three seal components- the

top, lateral and bottom seals- should be defined by the sealing potential of the rocks which

were deposited after, contemporaneously, and before deposition of the reservoir facies. This

definition for the seal rocks based on chronostratigraphic intervals leads us to a

sedimentologically reasonable expectation of the chance of the existence of seals for the

stratigraphic trap, and these intervals should be evaluated as genetic intervals in the sequence

stratigraphy.

. geologic chance factor for an effective stratigraphic trap

Figure 1.3.2. Schematic section showing the concept of three seal components for a stratigraphic trap:
top seal, lateral seal and bottom seal. These three are defined by the sealing potential of the rocks
which were deposited after, contemporaneously, and before deposition of the reservoir facies.
Sequence stratigraphy is a tool to assess the chance of existence of each seal rock defined based on
chronostratigraphic intervals.

The consideration in MacKenzie's paper about the potential of stratigraphic traps in

transgressive settings versus the regressive settings, suggests the importance of the application

of sequence stratigraphy to the evaluation of the stratigraphic traps. In parts of the Upper

Cretaceous in the Rocþ Mountain area, the deltaic distributary channels landward and updip

from shoreline sandstone are deposited during overall regression. These deltaic deposits

probably would be relatively poor barriers to the updip migration of hydrocarbons. In contrast,

lagoonal mudstones landward and updip from shoreline sandstones are deposited during

. appropr¡ate spatial arrangement of reservoir and sealtsr
tractstemsng syof
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overall transgression. This situation may provide relatively good barriers to the updip

migration of hydrocarbons (Figure 1.3.3). This suggests that the chance of a stratigraphic trap

would be strongly controlled by the relative sea level change. Such a spatial variation of the

distribution of the potential reservoir and seal rocks, controlled by the relative sea level

change, should be evaluated as genetic intervals of sequence stratigraphy (e.g. lowstand

systems tract, transgressive systems tract, highstand systems tract).

Following MacKenzie, sequence stratigraphy was established and has been effectively applied

to explain the complex components of the reservoir and seal of stratigraphic traps. The

application of sequence stratigraphy may lead to a sedimentologically reasonable risk

assessment for the stratigraphic trap exploration.
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Figure 1.3.3. One schematic cycle in Rocky Mountain Upper Cretaceous showing deltaic distributary
channels landward and updip from shoreline sandstones deposited during overall regression (below),
and lagoonal mudstones landward and updip from shoreline sandstones deposited during overall
transgression (above) (MacKenzie, 1972).
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1.4 Designing an evaluation procedure for stratigraphic trap exploration

The purpose of this research is to design an evaluation procedure for stratigraphic trap

exploration by employing sequence stratigraphy and quantitative risk analysis. A series of

case studies, using open file well data and 3D seismic data, were selected in the Cooper

Eromanga Basin, South Australia. The approach used is as follows:

. Select case study areas based on available data and diversrty of potential stratigraphic

traps.

. Conduct a facies analysis in well data.

. Develop a sequence stratigraphic framework suitable for an alluvial setting.

. Conduct 3D seismic data visualisation and identiff potential stratigraphic trap prospects.

. Assess the chance of geologic success for selected prospects.

. Assess the probabilistic reserves distribution for selected prospects.

. Determine an effrcient exploration frontier for the prospect inventory using risk-reward

optimisation.

. Assess the chance of economic success, reward in the case of success, and determine the

ENPV for the portfolio candidates.

. Construct an appropriate portfolio for stratigraphic trap exploration in the prospect

inventory.

18
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1.5 Publications

Several chapters included in this thesis have been progressively published in a series of papers

as follows:

NAKANISHI, T., 2000 - Quantitative Geologic Risk Evaluation and Expected Net Present

Value Evaluation in JNOC's Projects. Journal of the Japanese Association for Petroleum

Technology, 65 (3), 217-228,for section 2.1 of Chapter 2 (Appendix B).

NAKANISFII, T. AND LANG, S.C., 2001a - The Search for Stratigraphic Traps Goes On-

Visualisation of Fluvial-Lacustrine Successions in the Moorari 3D Survey, Cooper-Eromanga

Basin. APPEA Journal, 4l(1), 115 - I37,fot Chapter 5 (Appendix C).

NAKANISHI, T. AND LANG, S.C., 2001b - Visualisation of Fluvial Stratigraphic Trap

Opportunities in the Pondrinie 3D Survey, Cooper-Eromanga Basin. Proceedings of the

Eastern Australasian Basin Symposium 2001, PESA, 301-310, for Chapter 6 (Appendix D).

NAKANISHI, T. AND LANG, 5.C., 2002 - Towards an Efficient Exploration Frontier:

Constructing a Portfolio of Stratigraphic Traps in Fluvial-lacustrine Successions,

Cooper-EromangaBasin. APPEA Joumal, 42(l),131-150, for Chapter 9 (Appendix E).
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Chapter 2 - MethodologY

Chapter 2

Methodology

In this chapter, key tools for the evaluation procedure for stratigraphic trap exploration

employed in this research will be introduced.

2.1 Quantitative geologic risk evaluation and ENPV evaluation in JNOC's

projects

2.1.1 Introduction

Many international petroleum companies improved their exploration performance by using

quantitative risk analysis during 1990s (Rose, 2001). The improvement in performance by

companies adopting the quantitative risk analysis has been traced and reported by several

authors including Rose (1997 &, lggï), Alexander & Lohr (1998), Johns et al' (1998),

McMaster (1998), Kubota et al. (1999), and Rose (2001). Japan National Oil Corporation

(JNOC) implemented a quantitative risk analysis procedure to evaluate all their exploration

projects in 1998, and as an example of the evaluation procedure, quantitative geologic risk

analysis and ENPV (expected net present value) evaluation adopted by JNOC will be outlined

(Nakanishi,2000, Appendix B). The risk evaluation used for the case studies in this research

generally follows this procedure.

2.1.2 ENPV: Expected Net Present Value

In any risk business, not only oil and gas exploration, expected value is used as an indicator

for the decision to invest in projects. The expected value is the summation of the products of

the chance of success and the monetary value of a successful case, and the chance of failure

and the monetary value in the case of failure (Figure 2.1.1). An investment into a project of

which the expected value is no more than zero is usually recognised as an economically

unreasonable investment.
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Profit in success

$50million

Costs in failure
$l0million

Chance of success
3Oo/o

Chance of failure
70%

Figure 2.1.1. Concept of expected value

Three cases are expected in a prospect evaluation: economic success (profit achieved),

geologic success and economic failure (lost money), and geologic failure (lost money). ENPV

is one of the expected values, the summation of the products of chance and the monetary

value of each situation (Figure 2.1.2). One of the hurdles for approval of a project is that the

ENPV should be more than zero.

Expected Value
=30%x$50mill ion-70%x$ I 0mil lion
=$Smillion

ENPV(expected net present value)=
Chance of geologic failure x Exploration cost NPV in geologic failure

+Chance of geologic success and economic failure x
Exploration cost NPV in geologic success and economic failure

+Chance of economic success x Profit NPV mean

Profit NPV meanExploration cost NPV in geologic success

and economic failure

Exploration cost NPV in geologic failure Appraisalwells

Wildcat

Chance of economic success

ogic successGhance of

ic success and economic failuChance of geolog

failu¡eGhance of geologic

Figure 2.1.2. of expected net present value (EN
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OChance of geologic failure = 73.5o/o
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ENPV = OPfg x @Exploration cost NPV in geologic failure
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+@Pse x @Profit NPV mean in economic success,

=73.5o/ox (-2.0) + 2.8o/o x (-4.0) + 23.7o/o x Í.7a=$1.lgMM

Figure 2.1.3. ENPV calculation flow chart

Probabilistic NPV distribution
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Information required to calculate ENPV

The flow chart of ENPV calculation is shown in Figure 2.1.3.

Chance of geologic success

Chance of geologic success is defmed as the chance that a well encounters mobile

accumulated hydrocarbons. A mobility of hydrocarbons is usually recognised from a well test,

so the chance of geologic success is practically defined as the chance that a well encounters

enough accumulated hydrocarbons to sustain flow.

For a subsurface accumulation of hydrocarbons, fle geologic factors need to exist:

. Thermally mature source rocks.

. Hydrocarbon migration.

. Reservoir rocks.

. Structural or stratigraphic closure.

. Hydrocarbon containment.

The chance of geologic success is calculated from the multiplication of confidence values of

all five factors, which have a range from 0 to I (Figure 2.I.4). Consequently, the chance of

geologic success is from 0 to 1 in range, and if any one of the confidence values of the

geologic factors is zero, the chance of success is zero. The multiplication (not summation)

shows all five of the factors must be met for hydrocarbon accumulation' The chance of

geologic success estimation detail is shown in Section 2.1.3- below.

of the
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Probabilistic reserues distribution

The probabilistic reserves distribution of a prospect is an estimate of the range of recoverable

reserve size of hydrocarbon in the geologic success case where mobile accumulated

hydrocarbons are discovered. The probabilistic reserves distribution (Figure 2.1.5) is the

product of parameters each of which has a reasonable range with respect to a geologic and

engineering setting:

. Productive area.

. Average net pay thickness.

. Average porosity.

. Average hydrocarbon safuration ratio.

. Recoverable ratio.

. Formation volume factor.

Monte Carlo simulation is employed for multiplying these parameters to make the

probabilistic reserves distribution. The probabilistic reserves distribution estimation detail will

be taken up in Section2.\.3 below.

Productive Net pay
thickness

@, (1-Sw),
recoverable ratio, FVFarea

X X

Reserves
Probabil istic estimates

of parameters

=Productive area Monte Carlo
simulation

x Average net pay
thickness

Probabilistic
reseryes distribution

x Average poros¡ty [^l Reserves mean value
=2'1.12MMbbl

x Average hydrocarbon
saturation

x Recoverable ratio ZN
ZNx Formation volume

factor

r-\

\-

!

^/ reserves

ure 2.1.5. The robabilistic reserves
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I)evelopment and production scenario, cash flow model and minimum economic reserves

The minimum economic reserves are defined as the reserves from which the profit NPV (net

present value) will be estimated as zero. To assess the minimum economic reserves, a plot of

reserves vs. profit NPV should be made (Figure 2.1.6). The development and production

scenarios will be made according to three reserves cases, P90 case (90% probability the

occurrence is more than this level, i.e. small reserves), Pmean case, and P10 case (10%

probability the occurrence is more than this level, i.e. large reserves) in the prospect reserves

distribution. The cash flow models for each scenario will generate three points on the plot of

reserves vs. profit NPV. The curve of best fit through to the three points will show the

minimum economic reserves as the point along the curve where NPV equals to zero.

Estimating probabilistic reserves distribution
P90

Pmeano
oú
Dg P10

feserves

Making development and production scenarios,
and cash flow mode lin each case

P90 case Pmean case P10 case

PL PL

PL

PL: pipe line lFl : platform o : well hydrocarbon accumulation are

Determining minimum economic reserves in NPV-reserves plot

reserves
o
u,o

o
Ø

Pl 0 case

reserves
P90 case

M ¡nimu m

economlc

reserves
NPV

reseryes
Pmean case

ure 1.6. Determini economic limit reserves
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Chance of economic success, profft IrIPV mean in the economic success case

Economic success is defined as r¡/hen the profit NPV is more than zero. The chance of

economic success requires the probability of the profit NPV to be more than zero. The profit

NPV mean is recognised as the mean value of the profit NPV in the economic success case.

To assess the chance of economic success and the profit NPV mean, the probabilistic reserves

distribution needs to be converted to the profit NPV distribution (Figure 2.1.7). The profit

NPV dishibution is given by substitution of reserves distribution for the function of the fitting

curve on the reserves vs. profit NPV plot. The area greater than zeto NPV on the profrt NPV

distribution curve means economic success, hence the chance of economic success is the

product of the chance of geologic success and the probability of greater tharrtzeto NPV on the

profit NPV distribution. Note that if the relationship between the reserves and NPV is linear,

it is straightforward to calculate the chance of economic success and the profit NPV mean in

the economic success case. These are respectively the product of the chance of geologic

success and the probability of more than minimum economic reserves, and the NPV in the

mean reserves case.

The profit NPV mean is the mean value of the profit NPV distribution that is truncated less

than zerc and more than Pl value. The approach normally followed is to truncate the profit

NPV distribution to more than Pl value to calculate the profit NPV mean, because P0 value

(logical maximum) of a lognormal distribution shows infinity (Figure 2.1.7)

2.1.7.
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Chance of geologic failure, chance of geologic success and economic failure, and exploratory expenditure

The failure situation of a project is categorised by two cases (Figure 2.1.8), the case of

geologic failure (a well does not encounter mobile accumulated hydrocarbons) and the case of

geologic success and economic failure (a well encounters mobile accumulated hydrocarbons,

but the amount is insuffrcient to make a positive profit).

The chance of geologic failure is 100% minus the chance of geologic success. The costs of

geologic failure comprises all the exploratory expenditure (i.e. licence acquisition cost,

seismic data acquisition cost, dry hole cost, study cost, administration cost).

The chance of geologic success and economic failure is the product of the chance of geologic

success and the probability equal to or less than zero NPV on the profit NPV distribution. The

exploratory expenditure comprises all costs of assessing whether the reserves are adequate to

lead to economic success (i.e. appraisal well cost, feasibility study cost should be added to the

expenditure in case of geologic failure).

Chance of geologic failure and explorat¡on cost NPV

Exploration cost
(licence acquisition cost, seismic survey, wildcat, administration cost, et.al. e.g. $-2MM)

Ghance of geologic success and econom¡c failure, and exploration cost NPV

Chance of geologic success and economic failure
(chance of geologic success x
probability of geologic success and economic failure area

=26.5T" x 1 0.8Yo=2.8o/o)

NPVdistribution

-l

NPV

Economic failure area
=1O.8o/o

Exploration cost to recognize economic failure

(exploration cost in geologic failure +

appraisal wells, feasible study, e.S. $-4MM)

Economic
limit
(NPV=0)

Economic success area
=89.2%

Chance of geologic failure
(100% - Chance of geologic success = 73-5%l

Figure nation of the chance failure and loss in ure cases.
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ENPV calculation

ENPV can now be calculated using the following equation.

ENPV:

(Chance of geologic failure) x (exploratory expenditure NPV in geologic failure case) +

(Chance of geologic success and economic failure) x (exploratory expenditure NPV in

geologic success and economic failure case) +

(Chance of economic success) x (profit NPV mean in economic success case).

Figure of ENPV ca

The utility of ENPV

ENPV is an economic indicator that incorporates geologic risk. ENPV can be used as an

economic hurdle including geologic risk to approve investment in a project. ENPV can

provide an assessment of appropriate entrance fee for a project because the expenditure for

licence acquisition (i.e. number of obligation wells, sign bonus etc.) is sensitive to ENPV.

ENPV allows quantitative comparison with the other projects. By recognising ENPV or the

parameters for ENPV calculation (i.e. chance of economic success, profit NPV mean,

exploratory expenditure) for all projects in the organisation with a consistent evaluation

procedure, projects can be compared with each other quantitatively (high risk/ high return or

ENPV(expected net present value)=

Chance of geologic failure x Exploration cost NPV in geologic failure

+Chance of geologic success and economic failure x
Exploration cost NPV in geologic success and economic failure

+Chance of economic success x Profit NPV mean=$l.l9MM

Profit NPV mean ($11 .74MM)Exploration cost NPV in geologic success

and economic failure($-4MM)

($-zExploration cost NPV in geologic failure Appraisalwells

Wild cat

Ghance of geologic failure (73.5%) ic success (26.5%)Chance of

Chance of geologic success and economic failure
(26.5% x 1

Chance of economic success
5o/o x 89.2o/o=23.7 olol
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low risk/ low return). ENPV allows construction of an appropriate investment portfolio. The

parameters for ENPV calculation can be the indicator to assess prospects to include in the

organisation's investment portfolio.

2.1.3 Geologic risk evaluation

Chance of geologic success

The chance of geologic success is the chance that a well encounters mobile accumulated

hydrocarbons, as defined above. Hence the chance of geologic success means the probability

of finding hydrocarbons in suffrcient quantities to sustain flow.

The geologic chance factors, which need to exist to result in an accumulation of mobile

hydrocarbons in a prospect can be categorised into five factors (Figure 2.1.4). These factors

are recognised as geologically independent. Each factor is given a confidence value, the range

of which is from 0 to 1, according to a degree of confidence about the geologic factor's

existence (Figure 2.1.10). As a scale for assessing the confidence value, if enough dataare

available to be confident that the factor's existence is certain, a value of I for the factor can be

assigned. If enough data are available to be confident that the factor's non-existence is certain,

a value of 0 for the factor can be assigned. If no information is available, or the factor's

existence or non-existence is an even chance, a value of 0.5 for the factor can be assigned

(Rose, 7992a & 2001). The way to assess confidence values for geologic factors will be

discussed more in Chapter 9.

=¡-
lt
(E
.cr
o¡-
o-

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
o.2
0.1

0.0

certain

likely

eve n

likely not Figure 2.1.10. The probability scale for
assessment of the confidence value of the
geologic chance factor (modified after Rose
2001). The way to assess confidence values for
geologic factors are discussed more in Chapter 9.certainly not
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The chance of geologic success is calculated from the multiplication of the confidence values

of all five factors. Consequently, the chance of geologic success has a range from 0 to 1. This

means that if any one of the confidence values of the geologic factors is zero, the chance of

success is zero. The multiplication (not summation) shows all five of the geologic factors

must be met for hydrocarbon accumulation.

Each of the five geologic factors has several sub-components that must be considered in

aniving at a confidence value estimate for the parent chance factor (see below). Because

several sub-components can be dependent, the confidence value for the geologic chance factor

must be assessed with concern about such dependencies between sub-components. For

example, in the case of estimating the hydrocarbon migration chance factor, disadvantage in

"effrciency" such as vertically long distance migration from the kitchen to prospect could be

compensated by advantage in "migration path" via many normal faults.

The estimates of the confidence value for the geologic chance factors must be done from the

viewpoint of hydrocarbons suffrcient to sustain flow from a prospect, not with concerns about

whether the amount of hydrocarbons is economically enough or not. Note that geologic

success means finding mobile accumulated hydrocarbons.

The geologic chance factors and sub-components are as follows:

. Thermally mature source rocks

Quantity: The quantþ of source rock needs to be of adequate volume.

Thermal maturity: The source rock needs to be thermally mature to generate

hydrocarbons.

. Hydrocarbon migration

Migration path: Pathways along which hydrocarbons can migrate need to exist between

kitchen area and the closure location.

Efficiency: The locations of kitchen and closure are adequate for efficient hydrocarbon

migration and accumulation.

Timing: The timing of source rock maturation and closure construction is adequate for

hydrocarbon migration and accumulation.
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. Reservoir rocks

Storage capacity: The storage capacity of the reservoir rock is adequate in volume.

Porosity and Permeability: The porosity and permeability is enough for hydrocarbons to

sustain flow.

. Structural or stratigraphic closure

Existence of trapping geometry: The closure exists and is of adequate aÍea and vertical

relief to contain a volume of reservoired hydrocarbons sufftcient to support flow.

. Hydrocarbon containment

Effectiveness: An effective seal rock in both quality and thickness need to be present.

Preservation from subsequent spillage: Accumulated hydrocarbons need to have been

preserved without suffering from subsequent spillage.

Probabilistic reserves distribution

Reserves estimation of a prospect must be assessed as a range, because prospect reserves are

the products of many natural factors with much uncertainty and any scientific approach so far

cannot find one true answer (Figure z.lJl).In a prospect reserves distribution assessment,

the range and form of the probabilistic distribution must be included.

Pmean

P99

(maximum)

0 reserves

E
otg)g

P1

range
Figure 2.'l.11
distribution.

Probabilistic reserves

Range of probabilistic reserves distribution

Reserves can range from the amount which can barely sustain flow (ust enough for geologic

success) to the maximum amount which reservoir can contain within closure (Figure 2-1.12)-

The range can also vary according to the exploration stage of the prospect. One prospect in a

form
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virgin exploratory area caî be assessed as the range described above; however, the reserves

range of another prospect in a matured exploratory area can be more naffowly estimated than

that of the virgin area because of the surrounding evidence (Figure 2.1.13). Practically, such

reserve size parameters are given a range, and multiplied in Monte Carlo simulation to

determine reserves distribution.

From apracticalstandpoint, the minimum reserves case (which means geologic success) is set

as p99 value of the reserves distribution, and the maximum reserves case is set as Pl value of

the reserves distribution, because the P100 is the logical minimum, and P0 value is the logical

maximum within a lognormal distribution for the reserves distribution of zero or infinity

respectively. The mean value of the reserves distribution is therefore the mean between P99 to

Pl.

Figure 2.1.12. Range of reserves. of anticlinal stratigraphic trap combination

of submarine fan-channel sYstem. ln this case, the range of reserves can be from accum ulation at only

Range of reserves :

"EnOiugh oil Or gas tO Susta¡n flOw " to "Closed reservoir volume"

1000m

1050m

Leakage through
channel sand

1000m

t05Om

1100m

1150'm

Sand pinch out

1100m

1150m

Structural
spillpoint

1150m

tl25m

a

115Ûm

1125ú

Stratigraphic traPSubmarine
"¡'a.¡a.rrrt¡channel system

Minimum case
(only geolog¡c success case)

Maximum case

reservoir r :|!:iiltiJ"
distribution z.

the top of the anticlinal portion to accumulation in the whole of the closed reservoir
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=
G

Frontier Discovered

Step out

reserves Figure 2.1.13. A variation of a rage of
reserves according to exploration stage.

Form of probabilistic r€serves distribution

Natural multiplication of independent, random variables yields lognormal distributions. Most

important geotechnical parameters involved with oil and gas occurrence are lognormal

(Megill, 1984; Capen, Igg2). The empirical data shows that actual field size distribution in a

basin or in a play usually shows lognormal distribution (Figure 2.I.14-l). Such constancy on

the field size distribution must indicate that prospects, of which the reserves chances have

lognormal distribution, are explored and result in the lognormal field size achievement

(Figure 2.1.14-4). Parameters to calculate reserves, productive area and average net pay

thickness must be independent, random geologic variables, hence these parameters must be

assessed using lognormal distribution (Figure 2.1 .l 4-2, I 4'3).

The distribution of reserves or parameters not having a lognormal distribution may exist in a

particular sort of basin or play type, however it is necessary to have confidence based on

statistical verification with enough data in order to adapt non-lognormal distribution.

33



Chapter 2 - MethodologY

+lltlIIl]I ulllll-

,fÌa .

i |llt
ilil| ilil - _

1ilil

2) accumulation area distribution example 6-1
1 ) field size distribution

3)net thickness

100,0

PS

PS

PM

Pæ

P95

PS

m
ru

æ5

m
m

(n)

Pø

PS

P?O

m

m
F'
m

1.0 1,m.0

Figure 2.1.14.1)-3) Examples of field size, hydrocarbon accumulation and net pay thickness distribution achievement in a basin

on the cumulative log probability graph. The lineal order of plots indicates the distribution is lognormal. 4) Simulation results from

one hundred pseudo-prospects, each of which has lognormal reserves chance. Lognormal distribution constancy on the field size

achievement must indicate that each prospect, of which the reserves chance has a lognormal distribution, are explored and result

in the field size achievement.

Reality check for reserves estimation

A realþ check for reserves estimation must be done systematically in each evaluation. If it

does not seem to be real, the estimation is re-assessed. For example, JNOC is using reality

checks as follows (Nakanishi, 2000):

. Reality of P99 (minimum case) of reserves distribution

The minimum case (P99) of reserves distribution need to be checked to ensure it is not

too large. For example, if a prospect in an exploratory virgin area is estimated as

l¡MMbbl for the minimum case, then the estimate is probably too optimistic and requires

a re-estimation of the parameters.

. Reality of the range of reserves distribution

The reserves distribution needs to be checked to ensure it has an appropriate range

relative to the exploration maturity of the prospect area. Practically, a Pl0/P90 ratio check

t

l
.<
tI
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'+rI'

+ lil-,

l+t- l]
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derived from some major oil companies' empirical values is used to determine the range

(Table 2.1.l,Rose, 1997).

. Comparison with an achieved field size distribution

Comparison with an achieved freld size distribution for a basin, or the same play type of

the objective prospect, must be done to confirm the estimation is not too optimistic or

pessimistic.

fable 2.1.1. P10/P90 ratio reality check for distribution range.

120 -65055-17010-1205-25P10/P90 ratio

Rank wildcat in new
play or new basin

Rank wildcat in
proven trend

Wildcat in known
productive trend

Step-oul
extension

Wellcategory

Post-audit

A comparison between estimates and results helps the organisation to improve the risk

analysis skill. From the comparison, optimistic and pessimistic assessments can be recognised,

and future works should be concentrated on solving the problem. Figure 2.1.15 illustrates the

post audit methods used by JNOC (Nakanish, 2000).

1) Comparison of geologic chance of success 2) Comparison of reserves
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Figure 2.1.i5. Examples of post audit for prospect evaluations (note that the data is not real) . 1) Comparison of chance of

geologic success. The achievements plotted in the non-bias zone indicate that appropriate estimations for chance of geologic

success of prospects have been performed. This example suggests the eslimations of 40-50% geologic success were too

pessimistic. 2) Reserves comparison in p50 case of probabilistic reserves estimates- lf the plots are equally divided by the
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2.1.4 Consistency - the challenge for the future

The risk analysis procedure shown above is typically for one prospect. However, real

exploration projects usually have a more complicated scheme, for example, multiple prospects,

multiple licence areas and so on. Consequently, some dependencies between objectives take

place (i.e. geologic factor dependency among prospects or multiple development scenarios

dependent on a success pattern in multiple prospects). Most important issue is consistent risk

analysis for all such projects. For example, JNOC is employing decision tree analysis to

evaluate complex projects (Nakanish, 2000), but the workload for maintaining a consistent

approach is huge. The key issue for risk analysis is to diminish the workload in evaluating

complex projects without losing consistency.
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2.2lntegration of sequence stratigraphy and 3D seismic data visualisation

2.2.L Sequence stratigraphY

The development of sequence stratigraphy has been of great importance to the petroleum

exploration industry. prediction of the spatial and temporal distribution of reservoir, seal, and

source facies has been improved by use of the sequence stratigraphic approach. Enhanced

understanding of reservoir compartmentalization and continuity has been an outgrowth of

development of those concepts, and in some instances new and different exploration plays

have been developed in consequence of sequence stratigraphic analyses (V/eimer &'

Posamentieg lgg3; Posamentier & Allen, 1999)'

L THOSTRATIGRAPHYA)

Gfl

FORMAIION C

Member Bl

100 m

e

SEOJEI..ICE

FORMATION B

Member 82

FORMATION A

8) CHRONOSTRAIIGRAPHY

LOWSTAND SYSTEMS IBACT

UNCOMFORMITY B

HIGHSTAND SYSTEMS TRACf

TRANSGRESSIVE SURFACE

UNCOMFORMITY A

HIGHSTAND SYSTEMS TBACT\\
\ rR¡¡rscRessrve sYsrEMS TFAcr

\
LOWSIAND SYSTEMS TFACT

Figure 2.2.1. Schematic illustration of the
different approaches of "classical"

units based on chronostratigraphy and
focuses on the significance of surfaces
separating major sedimentary successions.

MAXIMI.'M FLOODING SURFACE

Sequence stratigraphy is the study of rock relationships within a chronostratigraphic

framework of cyclical, genetically related strata bounded by surfaces of erosion or

nondeposition, or their correlative conformities (Figure 2.2.1, Posamentier et al', 1988; Van

'Wagoner et al., 1988, Posamentier & Allen, 1999). The methodology pioneered by Vail et al.

(1977) offers the potential for documenting the depositional and erosional history of a basin

relative to the tectonic setting, eustasy and rate of sedimentation. The sequence is the
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fundamental stratal unit for sequence-stratigraphic analysis. Mitchum (1977) defined a

depositional sequence as: "a stratigraphic unit composed of relatively conformable succession

of genetically related strata and bounded at its top and base by unconformities or their

correlative conformities". In this thesis this definition for the depositional sequence is used

although other time-stratigraphic-based approaches have been offered (Galloway, 1989)'

Sequences can be subdivided into systems tracts (Posamentier et a1., 1988; Posamentier &

Vail, 1988; Van Wagoner et al., 1990). A systems tract consists of a sedimentary succession

with a specific type of stacking pattern. Systems tracts generally are deposited during a

specific phase of relative sea level (or relative base level in alluvial environment), though the

precise timing of deposition of systems tracts is a function of the local balance between

sediment flux and rate of change of accommodation (Posamentier &' Allen, 1999)'

Constructing sequence stratigraphic architecture including systems tracts in a basin or a

specific prospect area, therefore, leads us to a genetically reasonable expectation of the

existence of reservoir and seal rocks assuming spatial and temporal distribution of

sedimentary succession.

The key to the analysis, as applied in case studies used in this research, lies in the use of

seqgence shatigraphic concepts in non-marine environments. The concept of sequence

stratigraphy which has been developed in marginal marine and shelf setting, has also been

increasingly adopted in the non-marine environment (Legarreta et al., 1993; Wright &

Marriott, 1993; Shanley & McCabe ,1994;Allen et a1.,1996; Howell & Flint, 1996; Legarreta

& uliana, 1998; Posamentier & Allen, 1999;Lang et al., 2000; Lang et a1.,2001; Lang et al.,

2002). The concept is outlined below following Posamentier & Allen (1999)'

A basic and important shatigraphic first principle is that "water flows downhill seeking the

lowest topographic location". All rivers flow down topographic gradients, and alluvial

systems always form above sea level (unless the alluvial system drains into a body of water

below sea level). Sea level, therefore, represents the lowest level or base level to which a river

adjusts its flow.

Fluvial accommodation is a critical factor that controls sedimentation and resulting facies and

stratal architecture in a fluvial environment. In a fluvial setting, accommodation comprises the
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space between the surface of the existing fluvial or coastal plain and the position in space of

the fluvial equilibrium prof,rle (Figure 2.2.2). The fluvial equilibrium profile represents the

profile that a river strives to attain in order to maintain equilibrium between the alluvial

gradient at every point and the water and sediment load it is transporting. Equilibrium is

achieved, when the velocity of the river at any point along its profile is sufÏicient to transport

the available sediment load through the system without net sediment lost or gained through

deposition or erosion. If disequilibrium conditions occur, the river will attempt to re-establish

the equilibrium slope by erosion (Figure 2.2.2C) or aggrading the alluvial plain (Figure

2.2.2D).
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Figwe 2.2.2. Schematic depiction of positive and negative fluvial accommodation (Posamentier & Allen' 1999)' A) and B)

illustrate an equilibrium fluvial profile anchored at sea level (i e., base level). Everywhere along this profile, the sediment grain

size is in equilibrium with river flow, so that as much sediment leaves the fluvial system at the mouth and is discharged onto the

shelf, as enters the system from the hinterlands. C) lf the equilibrium profile falls below the alluvial profile, the river is out of

equilibrium and incises into the substrate in order to re-establish an equilibrium profile. ln this instance, the space between the

profile of the river and the equilibrium profile forms negative subaerial accommodation. D) lf the equilibrium profile rises above

the alluvial profile, the river aggrades its floodplain in order to re-establish equilibrium. This aggradation gives rise to

sedimentation on the alluv¡al plain as the river fills the subaerial accommodation. E) ln foreland basins, flexural loading because

of crustal overthrusting can cause "backward" rotation of alluvial profiles, thereby creating accommodation that increases in the

landward direction. F) Tectonic uplift can cause negative accommodation to exist, thereby leading to alluvial erosion'
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Two important notions concerning the equilibrium profile are its shape (i.e., gradient and

for-) and its position in space regarding controlling fluvial accommodation. The shape of the

fluvial equilibrium profile is controlled by hydrologic and sedimentary factors such as water

discharge, sediment volume, and sediment calibre as well as substrate erodibility. The coarser

the sediment load, the steeper the equilibrium profile, as the river requires a higher flow

velocity to transport the sediment. One of the most common factors causing a change in the

position of the alluvial profile is tectonic tilting (figures 2.2.28, 2.2.2F and 2.2.3). Localised

tectonic subsidence or uplift along a fluvial profile also can induce local fluvial incision and

deposition (Figure 2.2.4).
a) Svi
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Thermal Conlraction t I I
c)

Figure 2.2.3. Effects of regional subsidence patterns on

acóommodation patterns (Posamentier & Allen' 1999) ln
foreland basins (A), accommodation increases landward
(i.e., toward the o in passive marg¡ns
(B), subsidence increase seaward.
Ìhese variable a s favour fluvial (A)

and shelf aggradation (B) respectively C and D) On the
basis of subsidence and eustasy, profiles can be

subdivided into two zones Zone A is defined as the part of
the profile where the rate of subsidence is always greater
than the rate of eustatic fall. ln this zone no interval of
relative sea-level fall occurs; consequently, if the shoreline
is restricted to this zone, lowstand deposits do not form
there Zone B is defined as the part of the profile where the
rate of eustatic fall for a short period is greater than the rate

of subsidence. ln this zone, relative sea-level fall does
occur, and if the shoreline lies in this zone, lowstand
deposits are formed (modified after Posamentier & Allen'
1999)

Figure 2.2.4. Schematic depiction of the effects of
localised subsidence or uplift on accommodation in the
Nonmarine environment (Posamentier & Allen, 1999). A)
Where subsidence or sag occurs, positive accommodation
is created. lf sedimentation rate keeps up with the rate of
subsidence, then the space is filled with predominantly
alluvial deposits. lf, however, the rate of subsidence
exceeds the rate at which sediment is supplied, then the
continental equivalent of transgression occurs: a lake
forms as the fluvial profile is flooded, and lacustrine
sedimentation ensues. B) Where uplift occurs, a negative
accommodation situation exists and fluvial incision through
the uplifted area follows, as the fluvial system seeks to
re-establish its equilibrium profile (modified after
Posamentier & Allen, 1999).
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The position in space of the equilibrium profile is determined primarily by the level of the

body of water into which the river debouches (i.e. base level). Ultimate base level is

synonymous with relative sea level. It is common under certain circumstances that temporary

base levels may exist for periods of time, and these can be lake level, or even another river. In

practical terms, base level is represented by the level that a river attains at its mouth, and

constitutes the surface to which the equilibrium profile is anchored (Figure 2.2.2A). The

concept of anchoring of the profile at the level of the river mouth is critical to understanding

potential accommodation change. If this point moves in space either landward or seaward, or

up or down, the alluvial equilibrium profile responds in kind, and can result in a

corresponding increase or decrease of accommodation with concomitant fluvial aggradation

or incision and consequently fluvial stratal patterns.

Some examples of the correspondence of the fluvial accommodation to the spatial position of

the equilibrium profile are demonstrated below. If a shoreline progrades under conditions of

relative base level stillstand or slow rise, a coastal plain is formed with an alluvial plain

following behind (Figure 2.2.5). As the shoreline migrates seaward, it becomes increasingly

diffrcult for the river to maintain flow across the coastal plain, because the low gradient of the

coastal plain is unable to maintain flow velociry and the river profile becomes

understeepened. This reduction of fluvial flow velocity results in a re-establishment of a

steeper gradient and raising the equilibrium profile at each point upstream from the

seaward-migrating river mouth. Consequently, regression of the shoreline is associated with

upstream fluvial aggradation under condition of relative base level stillstand and slow rise.

'Where a rapid rise in base level results in transgression and landward migration of the

shoreline, an alluvial plain at equilibrium does not necessarily need to be modified (Figure

2.2.6). Effectively, unless there is a change in the nature of the fluvial sediment supply or

stream discharge concomitant with transgression, relative base level rise and transgression do

not in themselves result in fluvial aggradation or incision. The fluvial system is, however,

aggaded to the base level as a result of new accommodation in a body of water. If sediment

supply is adequate, then a delta can prograde in the body of water to establish a new

equilibrium profile and a new positive alluvial accommodation is produced. 
'When a relative

base level fall exposes the sea (or lake) floor whose slope is greater than that of the fluvial

equilibrium profile (Figure 2.2.7A), the mouth of a river is shifted to the base of the
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oversteepened section. The fluvial equilibrium profile that begins at this new river mouth

location extends upstream from this position. As a consequence, fluvial incision occurs as the

fluvial system strives to re-establish equilibrium. If the slope of the exposed sea floor is equal

to or less than that of the equilibrium profile (Figure 2.2.78 and2.2.7C), the river respectively

remains in equilibrium or even aggrades, although the former situation can be observed in

some instances whereas the latter seems quite rare.
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Figure 2.2.5. Schematic cross sections through tl e alluvial and coastal plain behind a prograding

sh-oreline underA) relative sea-levelstillstand cãnditions and B) relative sea-level rise (Posamentier.&

Àllen, lggg). As the shoreline progrades, the fluvial equilibrium profile migrates seaward in order to

keep'up witn the shoreline. Witir farther seaward extension of the fluvial profile, the sediments of the

distal alluvial plain become finer grained and the profile gradient decreases
eq antly more accommodation is generated per unit

is stillstand (A). Also, note that in both instanc

ac s in the lower reaches of the stream, as the equil

and is characterised by a progressively lower gradient (modified after Posamentier & Allen, 1999).
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Figure 2.2.6. Fluvial equilibrium profile shown before and after a period of rapid relative sea-level rise

(Posamentier & Allen, 1999). When sea level rises
the coastline without concomitant coastal aggradati
is insignificant seaward or upward shift of the equili
is created. Steady-state conditions are maintained
fluvial system is ággraded to the sea at point A (at time 1), and then to point B at time 2.
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Figure 2.2.7.Three scenarios of fluvial response to_relative sea-level fall (Posamentier & Allen, 1999).
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Variation of fluvial sediment supply, expressed as sediment flux and grain size, is another

major parameter that determines the patterns of basin fill in siliciclastic basins. The primary

controls on sediment supply include climate, the relief of the fluvial drainage basin, lithology

of the substrate, and vegetative cover (Blum, 1993). Changes of sediment supply can be

caused by tectonism, climatic changes, or more local effects such as stream piracy, as well as

mechanisms intrinsic to the fluvial systems (Wescott, 1993). Variations in sedimentary supply

can control stratal patterns in two ways (Schlager, 1993): l) for a given rate of change of

accommodation (e.g., as a result of relative base level variations or tectonism), the

stratigraphic architecture is largely a function of the calibre and volume of local sediment

influx (i.e., very different stratal patterns form at the same time in different parts of the basin

in response to different local rates of sediment influx), 2) the volumes and rates of sediment

supply can directly modiff accommodation through the effect of isostatic and flexural effects

of sediment loading (e.g., changes in subsidence rates and patterns brought about by sediment

loading, modification of the fluvial equilibrium profile associated with changes in the grain

size and sediment flux).

A variety of sediment stacking patterns in fluvial environments form corresponding to cyclic

variations in fluvial accommodation (figures 2.2.8 and2.2.9). The sequence boundary results

from a base level fall or a tectonic tilt of the fluvial profile. Depending on the depth of

incision, either isolated incised valleys or a sheet of amalgamated fluvial channels are formed

above the sequence boundary. As fluvial accommodation again increases after the formation

of the sequence boundary the channel sands become increasingly isolated within fine-grained

overbank and floodplain sediments. When the rate of increase of accommodation exceeds the

rate of sediment supply, the alluvial plain is transgressed by a lacustrine environment and a

lacustrine environment and a lacustrine maximum flooding surface forms. As the rate of new

accommodation added diminishes above the maximum flooding surface, an

upward-coarsening succession is formed, comprising increasingly amalgamated lacustrine

deltaic or fluvial-channel sands. As described, lowstand, transgressive, and highstand systems

tracts can be identified. The fluvial section above the sequence boundary constitutes the

lowstand; it is overlain by lacustrine deposits, which can be amalgamated into a transgressive

systems tract. Regressive highstand lacustrine delta and fluvial sediments then cap these

deposits.
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Figure 2.2.9. Hypothetical illustration of a vertical section within a nonmarine sequence (modified after Legaretta et al., 1993;

posament¡er & Allen, 1999) The sequence is formed by cyclic variations in fluvial accommodation; the sequence-boundary

unconformity results from a base-level fall or a tecton¡c tilt of the fluvial profìle. Depending on the depth of incision, either isolated

incised valleys or a sheet of amalgamated fluvial channels are formed above the sequence boundary As fluvial accommodation

again increase after the formation of the sequence boundary, the channel sands become increasingly isolated within fine-grained

overbank and floodplain sediments. When the rate of increase of accommodation exceeds the rate of sediment supply' the

alluvial plain is transgressed by a lacustrine environment and a lacustrine maximum flooding surface forms As the rate of new

accommodation added diminishes above the maximum flooding surface, an upward-coarsening succession is formed,

comprising increasingly amalgamated lacustrine deltaic or fluvial-channel sands As shown, lowstand, transgressive, and

highstand systems tracts can be identified. The fluvial section above the sequence boundary constitutes the lowstand; it is

overlain by lacustrine deposits, which can be amalgamated into a transgressive systems tract Regressive highstand lacustrine

delta and fluvial sediments then cap these deposits'

2.2.2 3D seismic data visualisation

3D seismic data visualisation techniques are outlined by Kidd (1999)' 3D seismic data

visualization has two basic types: map-based (or surface visualisation) and volume-based (or

volume visualisation). Surface visualisation results from mapping individual horizons, and

then reinterpreting them collectively in 3D space as a 3D model. This requires two

interpretation steps and the data represent only a portion of the 3D volume. Surface

visualisation is the logical outcome of conventional interpretation'

Volume visualisation is based on a different attribute of the data; transparency. In voxel-based

volume visualisation (Figure 2.2.10), each data sample is converted into a voxel (a three

dimensional pixel with dimensions approximating the bin spacing and sample interval). Each

voxel has a value that corresponds to the parent 3D volume, an RGB (red, green, blue) colour

value and an opacity variable that allows the degree of transparency to be regulated. Therefore,

ISB

HIGHSTÁND

LOWSTANT)

: :
:

:

SB \) LOWSTAND

ACCOMMODATION /
SEDIIVIENT SUPPLY
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SYSTE[4S
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each seismic trace is converted to a column of voxels. The data are scaled to eight-bit and

displayed as a histogram representing the distribution of the voxel values (Figure 2-2.11).

Data parameters such as phase, frequency, and seismic signatures should be reviewed prior to

detailed visualisation. This is critical for guiding the application of transparency and in

designing visualisation strategies for specifi c interpretation problems.

Seismic Trace Voxel Trace

----->

Anplitudr

Figure 2.2.10. Seismic sample to voxel
relationship. Each data sample is converted into a
voxel (a three-dimensional pixel) which has a

colour that corresponds to the parent 3D volume
(Kidd, 1ege).

Figure 2.2.11. The seismic data are displayed as
a ñistogram presenting the distribution of the voxel
values in opacity editor window (Kidd, 1999).
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Time
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Horizon
Keyed

Objective

Scanning

3D

Mapping

Allocation of
colour and opacitY

Figure 2.2.12. Seismic volume visualisation
workflow (Kidd, 1999).

A generalised volume visualisation workflow is illustrated in Figure 2.2.12. Starting at the top,

survey parameters and data scaling are inspected and corrected if necessary. Poor data scaling

(i.e. where the data's full dynamic range is severely under-utilised) or excessive clipping

greatly reduce the effectiveness of volume visualisation. Next, data arc prepared for opaque

2D slice overviews by setting defaults, parameters, and colours so that the data represent a

setting similar to those in conventional interpretation. Then, scanning is performed along all

three primary axes for both 3D regional and prospect-specific overviews. After an objective is

identified, a focusing strategy; time windowed (Figure 2.2.13), detection (Figure 2.2'14), or

horizon keyed (Figure 2.2.15), isolates the objective as preparation for application of opacþ.

In shallow-dipping strata, time windowed visualisation is very eflective for evaluating

geology (Figure 2.2.13). Detection is based on the physical connectivity of voxels within a

user-defined amplitude range (Figure 2.2.14). The result can be immediately evaluated for

internal amplitude variations or to generate surfaces. Horizon keyed focusing strategies are

the most accurate method for evaluating an interval because they only include data within the

zone of interest (Figure 2.2.15). Employing horizon keyed focusing, deep-dþing strata can

be detected accurately. A single horizon can be used to create a bulk-shifted interval.
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Figure 2.2.13. Volume visualization of a
fluvial channel belt using a time-windowed
strategy (Kidd, 1999). Within the volume
focussed by time window, the positive
amplitudes were represented as red and
yellow. The negative amplitudes were given
transparency to make invisible from the view.

Figure 2.2.14. An example of detection
focussing strategy (Kidd, 1999). Voxels
connected within a user-defined amplitude
range were detected from the seismic volume
(a to c), and transparency was allocated
according to amplitude value (d).

Figure 2.2. keYed
focussing Kidd'
1999). Wav de (a)

was focused by the window of 2Omsec to
48msec above the continuous key horizon.
Dune-like features were revealed by
allocating transparency to negative
amplitudes in the volume (c) and interpreted
as deep-water contourites.

; 

-ai3ç

50



Chapter 2 - MethodologY

After focusing, opacity is applied to voxel values. The opacity can be set according to the

amplitude which each voxel posses. The opacity curve is managed in the opacþ editor to

give an appropriate transparency to enhance a specific geologic feature (Figure 2.2.16). Fot

instance, high opacity is allocated in the high positive amplitude, and high transparency is set

less than the zero amplitude to enhance the high ends of the amplitude variation. Allocating

transparency to voxels allows a viewer from outside of the volume to survey the three

dimensional distribution of a series of voxels. The colour allocation according to the

amplitude also can be shifted in the opacity window to enhance to demonstrate avariation of

a particular amplitude zone (Figure 2.2.17). These processes of allocating the opacity and the

colour are iterated until the geologic features are optimally enhanced in the focusing interval.

Figure 2.2.17. Application of colour and
traisparency shift to enhance to demonstrate
a variation of a particular amplitude zone
(Kidd, 1999).
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2.2.3lntegration of sequence stratigraphic concept and 3D seismic data visualisation

Three dimensional demonstration of the seismic amplitude variation focusing on the

sequence stratigraphic genetic intervals is a powerful tool to extract stratigraphic trap

opportunities (Figure 2.2.18). TYi"g genetic surfaces to seismic events, the sedimentary

environment interpreted in the well log data is inter- or extrapolated into 3D seismic space.

The geologic feature displayed as seismic amplitude variation can diminish uncertainty in the

interpretation in the non-well area and even in the wells. The distribution of the sedimentary

environment, which is chronostratigaphically bundled by genetic surfaces, represents spatial

arrangements of potential reservoir and seal rocks for stratigraphic trap.
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In summary to perform stratigraphic trap extractions in this research, the process is followed

as below:

. Sedimentary facies analysis in well data.

. Identification of genetic surfaces in well data.

. Identification of systems tracts in well data.

'Tying genetic surfaces into seismic event.

. Focusing objective interval in 3D seismic data'

. Allocating colour and opacity in 3D seismic data to visualise geologic features.

. Representation of spatial distribution of sedimentary environment.

. Representation of spatial distribution of potential reservoir and seal rocks.

. Extraction of stratigraphic trap opportunities.
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A risk evaluation procedure should be applicable to exploration opportunities in any area,

whether it is mature or virgin regarding exploration. The amount of data and geotechnical

ideas obtained for an objective is then evaluated with a degree of confidence. The aim of this

research, however, is to design an evaluation procedure for stratigraphic trap exploration,

which includes sequence stratigraphy, 3D seismic data visualisation, quantitative risk analysis

and portfolio construction. This study also demonstrates the impact of the evaluation

procedure on managing an exploration business.

Figure 3.1. Major structural elements of the southern Cooper Basin (modified after Thornton, 1979;

Chapter 3

Case Study Areas and Available Data
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Apak et al., 1997) and the locations of study areas.
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Relatively mature exploration with conditions as below are suitable:

. An area where hydrocarbons have been already discovered, in order to concentrate

discussions in the reservoir and seal, particularly for stratigraphic traps and avoid issues

regarding hydrocarbon generation and migration risks.

. An area which is developed, in order to get a relatively realistic cash flow model.

. An area where some wells have penetrated, in order to do sedimentary facies analysis and

sequence stratigraphy construction.

. An area where 3D seismic survey has been acquired, in order to apply the visualisation

technique.

. An area where the well and seismic data are not confidential so that they can be

published.

Based on the above criteria, three sets of 3D seismic survey data, the Moorari, the Pondrinie

and the Merrimelia 3D seismic surveys and well data were selected from the southern

Cooper-Eromaîga Basin in South Australia (Figute 3.1). The open file data (courtesy of

PIRSA) includes the final migrated stack 3D seismic survey data, wireline logs and well

completion reports in the seismic survey areas, and reservoir properly data from the PEPS

database ofPIRSA. The specifications ofthese 3D seismic ðataate summarised in figures 3'2,

3.3, 3.4 and 3.5 and tables 3.1, 3.2 and 3.3. The seismic data are displayed in this thesis

according to Brown's (1999)'European polarþ convention', i.e. the main lobe of a zero

phase reflection from an isolated positive reflection coefftcient is represented by a trough.
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Chapter 3 - Case Study Areas and Available Data

2.0"10^9 as 16bit loading / 8.8*10^8 as Sbit loadingSuqqested clip value
1 .1 067*1 0^8Av. Abs. amplitude
1.5913*10^8RMS amplitude
3.5892.10^9Peak amplitude

Amolitude information

All coordinates in meters, UTM projection, Central Meridian 141 degrees
east. lnlines are rotated by 9.87986 degrees anticlockwise from AGD84

srid east. GDA94 coordinates were computed from the AGD84 values.

Note
418.117 .98 / 6,955,505.36417 .995.41 I 6.955,327 .411230 I 1463
408,995.32 / 6,953,91 6.51408,87 2.7 3 / 6, 953,738. 551230 / 1000

41 9,593.58 I 6,947,032.92419.47 1 .02 I 6,946,854.95800 / 1463

410,47 0.93 I 6,945,444.0741 0,348.35 / 6,945,266.10800 / 1000

x / Y (GDA94)x / Y (AGD84)lnline / Crossline
Gorner coordinates

CMp no. =Modulo ((tnline-750),600)+ (Crossl ine-949)
Composite ¡e. =(lnline*1 0000)+Grossline
X and Y coordinates are in meters, UTM projection, Central Meridian 141

deoree East, AGD84 datum (ANS spheroid)

Note
32 bit inteser221 -224Bin centre Y
32 bit integer217 -220TraceBin centre X

32 bit integer201 - 204TraceComposite no.

32 bit integero21 -024TraceCMP no

32 bit integer197 -200TraceCrossline no.

32 bit inteqer205 -208Tracelnline no.

32bit inteqer193 - 196Tracelnline no.

32 bit inteqer005 - 008Binarylnline no.

FormatBvte ranqeHeaderAttribute
Header information

All inlines padded with dead traces to qive 464 traces Per fileNote
20mGrossline interval
20mlnline interval
4 msecTime sample interval
1000 - 1463Grossline range
0800 - 1230lnline range
0 - 4000 msecTime ranqe
IBM floating pointSample format
Mean Sea LevelDatum
0 msecTime of first sample
4244 bvtes (includinq trace header)Record lenqth
SEG-Y one in-line file, single EOF between filesFormat
SGb ExabyteMedium
PIRSASource
Santos LtdCompany
Final 3D misrated stack with spectral whiteningProcessing
1994Date

Woolkina-1,2, Quartpot-1, Cardam-1Moorari-1,2,3,4,5,6,7, 8,9, 1 0,Govered wells
Moorari Field, Woolkina FieldGovered fields
Moorari3DSurvey

Table 3.1. Specifications for Moorari 3D seismic data
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3.0*10^4 as 16bit loading I 1.3*10^4 as Sbit loadingSuggested clip value
1 .5437*10^3Av. Abs. amplitude
2.2442"10^3RMS amplitude
2.9314"10^4Peak amplitude

Amplitude information

All coordinates in meters, UTM projection, Central Meridian 141

degrees east. lnlines are rotated by 56.76 degrees clockwise from
AGb84 grid east. GDA94 coordinates were computed from the

AGD84 values

Note
75 .51 626.2 75 10.0 / 6 804.11422 I 2528

397.3 t 750.5 519.8 / 964 .41422 I 1768
260j l6 515.9 382.6 t 943 9368 I 2528
969.9 / 6 2 092.41 954 818.1368 / 1 768

IY D84 IY DA94lnline / Crossline
Corner coordinates

X and Y coordinates are in meters, UTM projection, Central Meridian

141 deqree east, AGD84 datum (ANS
Note

32 bit integer205 - 208TraceBin centre Y

32 bit inteoer201 -204TraceBin centre X
32 bit inteqero21 - 024TraceCrossline no.

32 bit inteqer009 - 012Tracelnline no

32 bit integer005 - 008Binarylnline no.

FormatByte ranqeHeaderAttribute
information

lnlines contain only live traces, so number of traces per file varies.Note
17.5 mGrossline interval
17.5 mlnline interval
4 msecTime sample interval
1768 -2528Grossline range
0368 - 1422Inline ranqe
0 - 4000 msec
IBM floatinq pointformat
Mean Sea LevelDatum
0 msecTime of first sample
4244 bfres (including traceRecord length
SEG-Y one in-line file, EOF between filesFormat
SGb ExabyteMedium
PIRSASource
Santos LtdGompanv
Finalfiltered 3D migrated stackProcessinq
1997Date

Packsaddle -1,2,3,4,5, Pondrinie-1,2,3,4, 5,6,7,8,9, 1 0,11,12,13,1 4,1 5,

Nardu-1, Napowie-1,2, Yalchirrie-1
Covered wells

Packsaddle Field, Pondrinie FieldGovered fields
Pondrinie 3DSurvev

Table 3.2. Specifications for Pondrinie 3D seismic data
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2.4"10^4 as 16bit loading I 1.1*10^4 as Sbit loadingSuggested clip value
9.3229*10^2Av. Abs. amplitude
1.4790*10^3RMS amplitude
2.3186"10^4Peak amplitude

Amplitude information

All coordinates in meters, UTM projection, Central Meridian 141

degrees east. lnlines are rotatedby 37.4 degrees anticlockwise from
AGD84 grid north. GDA94 coordinates were computed from the
AGD84 values

Note
41 9.331 .45 / 6,938,035.0341 9.208.89 / 6,937,857.051328 I 708
426.846.17 I 6,928,205.97426,723.63 I 6,928,027 .981328 I 001

400,897.08 I 6,923,940.91400.77 4.50 I 6,923,7 62.890002 I 708
408.411.81 I 6,914,112.03408,289.25 / 6,91 3,934.000002 / 001

X / Y (GDA94)X / Y (AGD84)lnline / Crossline
Gorner coordinates

CMP no. =(lnline*1 O00)+CrosslineNote

32 bit inteoero2't -o24TraceCMP no.

16 bit inteqer189 - 190TraceCrossline no.

16 bit integer187 - 188Tracelnline no

FormatByte rangeHeaderAttribute
Header information

lnlines contain only live traces, so number of traces per file variesNote
17.5 mGrossline interval
17.5 mlnline interval
4 msecTime sample interual
001 - 708Crossline ranqe
0002 - 1 328Inline range
0 - 4000 msecTime ranqe
IBM floatinq pointSample format
Mean Sea LevelDatum
0 msecTime of first sample
4244 bvles (including trace header)Record lenqth
SEG-Y one in-line file, sing le EOF between filesFormat
5Gb Exabytelllledium
PIRSASource
Santos LtdCompany
Finalfiltered 3D miqrated stackProcessing
1 993Date

Merri mel ia- 1,3,4,5,6,7,8, 9, 1 0, 1 1,1 2,1 3,'l 4,1 5,17,1 8,2O,22,24,25 ,26,
27,28,29,30,31,32,33,35,36,37, Meranji-1,2,4,7,9,13,15, Meranji
South-1, Pelican-1 ,2,3,4,5, Pelican South-1, Narie-1,2, Massy-1,
Ficus-1, Correa-1, Bindah-1, Cooba-1

(wells which wireline logs are available and drilled to Birkhead level are listed)

Covered wells

Merrimelia Field, Meranji Field, Swan Lake Field, Pelican Field,
Bindah Field, Massy Field, Ficus Field, Narie Field

Govered fields
Merrimelia 3DSurvey

Table for Merrimelia 3D seismic
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Chapter 4 - General Geolog:ic Setting and Petroleum Systems of the Southern Coopet-Eromanga Basin

Chapter 4

General Geologic Setting and Petroleum Systems of
the Southern Cooper-Eromanga Basin

4.1 Stratigraphic and Tectonic Setting

The Cooper Basin is a northeast-trending Permian-Triassic basin covering approximately

130,000km2 in northeastem South Australia and southwestern Queensland (Figure 4.1.1). The

basin unconformably overlies the Cambrian-Devonian Warburton Basin, and Carboniferous

igneous rocks. These Permian-Triassic strata are unconformably overlain by

Jurassic-Cretaceous successions of the Eromanga Basin (Apak et à1., 1997). Major

northeast-trending folds and associated faults mainly occur in the southern Cooper Basin of

South Australia. These features include two NNE-oriented intra-basinal highs, the

Gidgealpa-Merrimelia-Innamincka (GMI) and the Nappacoongee-Murteree (NM) trends, plus

three major depocenters, the Patchawatra,Nappamerri, and Tenappera troughs, which are now

gently folded synclines (Thomton, 1979; Hill & Gravestock,lgg5; Apak et al., 1997). All

these structures were controlled by reactivation of basement structures during the Permian to

Middle Triassic (Apak et al., 1997). The Moorari field area- case study l- is on a structural

high bounded on a fault traversing the Patchawarra Trough (Figure 4.1.1, also see figures

Figure 4.1.1. Major structural elements of the
southern Cooper Basin (modified after
Thornton, 1979;Apak et al., 1997)

] Ma¡or eemian Gas Field

Q Pemian sediments Abs6nt

i41 "
1@km

QusrlåDd
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5.2.3,5.2.4 and 5.2.5). The Pondrinie field and Merrimelia Field areas- case study 2 and3-

are located on the GMI structural high trend (Figure 4.1.1, also see figures 6.2'3, 6.2.4 and

6.2.5 for the Pondrinie field area, aîd figures 7.2.3,7.2.4 and7.2.5 for the Merrimelia field

area ).

Initial sedimentation within the Cooper Basin consisted of glacial deposits of the Merrimelia

Formation, interfingered by glaciofluvial braded outwash sandstones of the Tirrawarra

Sandstone (Hill & Gravestock, lgg5, Moussavi-Harami,1996, Alexander 1998, Figure 4.1.2).
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Seggie (lgg7) highlighted a continuous lacustrine shale interval and placing an unconformity

(sequence boundary) between the distributary channels and the overlying fluvial channel

deposits in the Tirrawarra Sandstone. The overlying Patchawarra Formation is dominated by

meandering stream, peat swamp/mire, deltaic and lacustrine deposits, consisting of sandstone

and shales, together with coals. In particular, a coaly interval in the mid-Patchawarra (VC

coal) lies on top of the palynostratigraphic unitPP2.2.l, and forms the boundary between the

upper and middle units of the Patchawarra Formation throughout most of the southern Cooper

Basin. Apak et al. (1993) demonstrated the absence of the palynostratigraphic unit PP2.2.2

above the VC coal in the structurally high areas and suggested the presence of uplift and

erosion at the end of pP2 .2.2 time. The upper Patchawarra Formation is conformably overlain

by the Murteree Shale and Epsilon Formation, which record a lacustrine transgression and

regression within the Cooper Basin. In the southern Cooper Basin, the continued interplay of

the lacustrine environments is reflected by the overlying Roseneath Shale and Daralingie

Formation, but in the case study areas these units and the upper part of the Epsilon Formation

were eroded during the Daralingie uplift in the Late Permian (Apak et al., 1993)' The

overlying Toolachee Formation was deposited above the regional unconformity in fluvial,

peat swamps and lacustrine environments, and comprises sandstone, shale and coal. The final

phase of sedimentation within the Cooper Basin, the Late Permian-Middle Triassic,

Nappamerri Group, conformably overlies the Toolachee Formation and consists dominantly

of interbedded shales and sandstones deposited in fluvial and lacustrine environments (Hill &

Gravestock, 1995).

The base of the Jurassic-Cretaceous Eromanga Basin succession is marked by an irregular

regional unconformþ characterised by incised valleys (Wiltshire, 1982; Alexander &

Sansome, 1996), which is overlain by the Poolowanna Formation. The Poolowanna

Formation comprises fluvial sandstones interbedded with shales and discontinuous, thin coals.

The distribution of this unit is strongly controlled by the irregularity of the basal Jurassic

unconformity surface. The Poolowanna Formation is overlain by the Hutton Sandstone which

comprises a thick succession of quartzose sandstones. In the Surat Basin, eastern of the

Eromanga Basin, the base of the Hutton Sandstone has been interpreted as a regionally

conformable, though locally disconformable, erosional contact. The relatively abrupt

transition from lacustrine to high enegy fluvial environments implies a basinal tilt to the east.
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Wiltshire (1982 & 1989), however, proposed alternative interpretation of a transition from the

Evergreen lacustrine environment (the Poolowanna Formation equivalent) to the Hutton

fluvial environment with no significant tectonic input. In this research, the possibility that the

Hutton Sandstone base is an erosional surface in the Eromanga Basin area will be discussed

from the integration of sequence stratigraphy and 3D seismic data visualisation. Earlier

models have assumed the Hutton fluvial transport to the east and northeast from westerly

sediment sources (e.g. Moore et aI.,1986; Watts, 1987), reaching the sea via the Surat Basin

in Queensland. Wiltshire (1989) suggested that braided streams transported the sand into the

basin, where aeolian and lacustrine processes distributed sand across the basin. The Hutton

Sandstone is overlain by the Birkhead Formation which comprises silts, muds and coals

deposited in a lacustrine ('Lake Birkhead') and coal swamp environment, cut by meandering

fluvial channels (Paton,1986). The transition from clean Hutton Sandstone to Birkhead

Formation is markedby an influx of volcaniclastic sandstones in Queensland (\ù/atts, 1987)

and in South Australia, which was distant from any volcaniclastic source (Gravestock, 1982).

This reflects a change in provenance to an active mobile belt off the east coast of Australia

during deposition of the Birkhead Formation (Watts, 1987; Whitford et al., 7994; Boult et al.,

1998). Boult et al. (1998) demonstrated the lateral change of thickness and the amount of

influx of volcaniclastic sandstones in the Birkhead Formation, and suggested that the

Birkhead Formation was deposited on an unconformþ which lies on the top of the Hutton

Sandstone. The Birkhead Formation is overlain by a Late Jurassic-Early Cretaceous

non-marine and marine succession (Alexander & Sansome, 1996).

4.2Petroleum systems

4.2.1 Source rocks and migration

In the Cooper Basin, the Toolachee Formation is the richest source unit (Boreham & Hill,

1998). The Patchawarra Formation is considered the other major source unit (Jenkins, 1989),

especially the lower beds of shale and coal (Hunt et a1., 1989). The lacustrine Murteree and

Roseneath Shales appear to have little source potential. Together, the petrographic and

geochemical evidence supports coal and associated inertinic dispersed organic matter (DOM)

as the effective source rocks of generating gas and minor oil, albeit ìn low yields (Hunt et al.,

1989). At maturþ levels of 0.7-0.95olo measured vitrinite reflectance (Ro), initial generation
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from the richer facies led to partial frlling of reservoirs with wet gas and oil. Burial history

study (Deighton & Hill, l99S) demonstrates that most hydrocarbons from the Permian source

rocks were generated in the mid-Cretaceous. The generated oil and gas migrated and was

contained by the Permian-Triassic reservoirs (figures 4.2.2, 4.2.3 and, 4.2.4, Bowering &

Harrison, 1986; Boreham & Hill, l99S). Faulting along anticlinal trends or basin margin

pinchouts can provide migration paths for Cooper Basin-derived hydrocarbon into the

reservoifs in the Eromanga Basin (Heath et al., 1989; Passmore, 1989).

The source rocks in the Eromanga Basin are the coals and carbonaceous shales of the

Birkhead Formation, the organic-rich shales and siltstones of the Murta Formation, and the

highly carbonaceous shales of the Poolowanna Formation (Michaelsen & McKirdy, 1996).

These units display a wide range of source richness and quality, but all contain varying

quantities of type IIIII (oiVgas-prone) and Type II (oil-prone) organic matter. Burial history

study (Moussavi-Harami, 1996) suggests that the Jurassic source rocks are likely to have

reached the initial stage of hydrocarbon generation in the late Early to Late Cretaceous and

became fully mature in the Late Cretaceous to early Tertiary. The generated oil migrated and

was contained by the Jurassic-Cretaceous reservoirs (figures 4.2.2,4.2.3 and 4.2.4, Boult et al.,

1986; Boreham & Hill, 1998).

4.2.2 Reservoirs

Nearly all units of the Permian and the Triassic successions in the Cooper Basin contain gas

reservoirs except the lacustrine shale intervals of the Murteree Shale and the Roseneath Shale.

Major oil accumulations were discovered in the Merrimelia Formation, Tirrawarra Sandstone

andNappamerri Formation (Figure 4.2.1;Yew & Mills, 1989)'

In the Eromanga Basin in South Australia, nearly all units from the Poolowanna Formation to

Murta Formation contain oil reservoirs, with the exception of the Adori Sandstone (Alexander,

1996). The Hutton Sandstone has proved to be the most productive onshore unit within the

Jurassic-Cretaceous. In Queensland, the Cadna-owie Formation (Wyandra Sandstone

Member) has produced oil, although no economic discoveries have been made in South

Australia.
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4.2.3 Traps

Exploration in the Cooper-Eromanga Basin has led to the discovery of oil and gas in both

structural and structuraVstratigraphic traps, however the hydrocarbon potential of the basin

has largely been addressed by drilling the crest of the major anticlines. The chance of

stratigraphi c trap in this basin has been described by several authors (Stanmore & Johnstone,

1988; Stanmore, 1989; Taylor et al., 1991). Stanmore (1939) reviewed hydrocarbon

discoveries in the Cooper Basin and identified three non-crestal traps, a) reservoir sandstones

are truncated below an erosional unconformrty and sealed by shale, coal, and/or impermeable

sandstone, b) reservoir sandstones are replaced laterally by shale and/or impermeable

sandstone, usually due to structurally controlled updip facies change, which provide the seal

to the trap, c) faults provide an updip or lateral barrier to hydrocarbon movement.

Most of the oil trapped in the Eromanga Basin has migrated to the attics of low amplitude,

dip-closed anticlines or domes. However, stratigraphic trap components related to

reservoir/seal interfaces are also recognised in some fields (Gravestock, 1996). Mackie and

Gumley (1995) described a stratigraphic trap comprising fluvial channel sandstones up-dip

thinning out into shales of the Birkhead Formation in the Dirkala Field (Figure 1.2.10).

4.2.4 Seals

The principal regional seal in the Cooper Basin comprises the Arrabury Formation (the lowest

unit of the Nappamerri Group) (Figure 4.2.2). The Anabury seal separates Jurrasic freshwater

aquifers from more saline Permian brines but mixing occurs towards the seal edge in the basin

margin (Dunlop et al., 1992). 
'Where the regional seal is thin or absent, multiple oil and gas

pools are stacked in Permian-Mesozoic structures (Gravestock et al., 1998)' Beneath the

Daralingie unconformity are two important Early Permian regional seals, the Roseneath and

Muteree Shales. The Roseneath Shale is the top seal of the Epsilon Formation and the

Murteree Shale seals the Patchawarra Formation (Gravestock et a1., 1998). At a prospect scale,

most of the effective Permian seals are intraformational. The impermeable seal is typically a

succession ranging from 3 to 20m thick of carbonaceous siltstone and shale beds with thin

coal seams or altematively, it may consist of thick, 10-20m coal seams with thin interbedded

shale. These fine-grained carbonaceous lithologies effectively cap the reservoirs (Gravestock

et al., 1998).
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In the basal unit of the Eromanga Basin, shales within the Poolowanna Formation are

intraformational seals, but the occulïence of stacked oil pools in fields indicates they are not

wholly effective. Seal effectiveness is reduced by their limited areal extent, thickness and

siltstone mineralogy (Alexander, 1996). Extensive lacustrine shale intervals, the Birkead

Formation and Murta Formation, exist. However, the seal efficiency of these intervals is low

(Boult et a1.,1998) and controlling the thickness of Hutton andNamur oil columns less than

20m (Heath et a1.,1989). As a result, no reservoir is filled to spill point.
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Chapter 5

Case Study L: Moorari 3D Seismic Survey Area

5.1 Introduction

The Moorari 3D seismic survey area was selected as the fust case study, and six stratigraphic

trap prospects were recognised in the Permian succession and the basal Jurassic Poolowanna

Formation.

5.2 Moorari / Woolkina fÏelds

The Moorari 3D seismic survey area is located in northeastern South Australia in the

patchawarra Trough of the southern Cooper Basin (Figure 5.2.1). The seismic survey covers

the locations of the Moorari Field and the Woolkina Field. The Moorari field is an anticline

with a four-way dip closure, bounded to the west at Early Permian level by a NNE striking,

westward dipping fault (figures 5.2.3, 5.2.4 and 5.2.5). The accumulation of oil was

discovered in the Tirrawarra Sandstone in I97l with the drilling of Moorari-1 on the anticline.

Accumulations of gas and condensate were also discovered in the Patchawarra and Toolachee

formations and Nappamerri Group. The field was appraised in the downthrown fault block to

Figure 5.2.1. Major structural elements of the
southern Cooper Basin (modified after
Thornton, 1979; Apak et al., 1997) and the
location of the case studY area.
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the west (Moorari-2), but the well proved to be unsuccessful and was plugged and abandoned.

Further eight appraisal and development wells (Moorari-3,4,5,6,7,8,9 and l0) were drilled on

the upthrown block from 1980 to 1994 which developed oil and gas accumulations in the

Tirrawarra Sandstone, Patchawarra and Toolachee formations and the Nappamerri Group.

The Woolkina Field is on a small structural culmination to the south of Moorari Field (Figure

5.2.3). V/oolkina-l was drilled in 1982 and intersected the oil accumulation in the Tirrawarra

Sandstone. The saddle between Woolkina and Moorari was successfully appraised in 1988 by

the drilling of Woolkina-2, which intersected oil in the Tirrawarra Sandstone and gas in the

Patchawarra Formation.

euartpot-l was drilled in l98S on a structural high, west of the Moorari Field, but was

plugged and abandoned after no commercial accumulation was discovered. Cardam-l was

drilled in 1998, on the eastern flank of the Moorari structural high, in order to test a

stratigraphi c trap in the Patchawarra Formation. The well discovered several gas

accumulations in the Patchawarra Formation, and was cased and suspended'
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5.3 Prospect extraction in Permian succession

5.3.1 Sedimentary facies analysis

Six sedimentary facies are interpreted in the Patchawarra Formation, the Murteree Shale, the

Epsilon Formation and the Toolachee Formation, based on wireline logs, cuttings and core

descriptions (figures 5.3. l, 5 .3 .Ia, 5.3. I b and 5.3 .2).

Fluvial channel facies (FC)

The fluvial channel facies consists of sandstone with thin shale. The basal contact is sharp

below a fining upward succession comprising 3 to 5m thick cross-bedded or rippled sandstone

(figures 5.3.1 and 5.3.1a), gradually changing upward into shale or coal of the floodplain

facies (FP). The fluvial channel facies can be relatively continuous stacked, amalgamated

sandstones more than lOm thick, but the sandstone may change laterally into shale or coal

representing floodplain and peat swamp/mire (Figure 5.3.2).

The sharp basal contact represents the erosion surface of the channel, and the fining upward

succession represents the infrlling process as the channel was filled by sandy bars and then

abandoned (Miall, 1992).

Crevasse splay channel facies (CSC)

The crevasse splay facies consists of interbedded sandstone and shale. The sandstone typically

has sharp basal contacts, with a frning upward succession of I to 3m thickness, characterised

by parallel lamination, ripple and climbing ripple cross-lamination, gradually changing

vertically into fine-grained floodplain facies. This facies is laterally discontinuous and

changes into the fluvial channel facies or floodplain facies in a given genetic interval (figures

5.3.1 and 5.3.2).

The relatively thin fining upward succession represents rapid deceleration of flow within a

shallow channel. The interbedded sandstone and shale suggests that floods from the main

channel occurred intermittently. This facies are predominantly located between the fluvial

channel facies and floodplain facies, forming part of the channel margin complex on the

floodplain.
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Ftoodplain-crevasse splay complex (FP-CS)

The floodplain-crevasse splay complex comprises interbeds of fine-grained sandstones and

shales including ripple and parallel laminations (figures 5.3.1 and 5.3.1b). It sometimes

includes thin coal beds. Each sandstone bed is less than 2m thick and is typically blocky or

often shows a coarsening upward succession. The facies often changes laterally into the

fluvial channel facies or crevasse splay channel facies (Figure 5.3.2).

The sandstone beds in this facies are crevasse splay lobes on the floodplain. The coarsening

upward nature of the sandstones suggests the progradation of the lobes into floodplain lakes

as crevasse delta mouth bars.

Floodplain and peat mire facies (FP)

The floodplain and peat mire facies consist of shales with intercalations of coals and thin

sandstones or thick coal (figures 5.3.1 and 5.3.1b). This facies changes laterally and vertically

into the floodplain-crevasse splay complex facies adjacent to the main channel belt (Figure

s.3.2).

Areas of the floodplain away from the clastic input accumulated peat in raised mires or forest

swamps.

Lacustrine delta facies (LD)

The lacustrine delta facies comprises a coarsening upward succession from 10 to 25m thick,

changing vertically from thick lacustrine offshore shale at the base to sandstone at the top,

sometimes with coal intercalations. Laterally, this facies is continuous throughout the study

area in the Epsilon Formation (figures 5.3.1 and 5.3.2).

The coarsening upward succession is interpreted as the progradation of a lacustrine delta. The

lower shale part of this facies is deposited on the prodelta environment and the upper sandy

part is deposited in the delta front or partly in the distributary channel. Coal represents both

abandoned channel fills and emergent lower delta plain.
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Lacustrine offshore facies (LO)

This facies consists of thick shale, sometimes with thin intercalations of coal and underlies the

lacustrine delta facies (figures 5.3.1 and 5.3.2).

It is interpreted as the distal facies of the lacustrine delta system, with the thin coals

representing dehital organic materials washed into the lake, or possibly floating swamps

(McCabe, 1984).
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5.3.2 Sequence stratigraphy

Three second order sequences (sequence I0, 20 and 30) were identified in the Patchawarra

Formation, the Murteree Shale, the lower Epsilon Formation and the Toolachee Formation in

the Moorari Field area (figures 5.3.1, 5.3.2 and 5.3.3). V/ithin these sequences, higher order

cycles are evident but are not discussed here because the Moorari field data is restricted in

area, anda more regional discussion is represented to develop this aspect further in Chapter 8.

Sequence L0

Sequence l0 comprises the top of the Tirrawarra Sandstone and the lower Patchawarra

Formation, consisting of fluvial deposits (figures 5.3.1 and 5.3.2). Seggie (1997) described the

sequence stratigraphy of the Tirrawarra Sandstone in the Moorari area, highlighting a

continuous lacustrine shale interval which represents a maximum flooding surface, and

placing a sequence boundary (SB10) between the highstand distributary channels and the

overlying fluvial channel deposits that are mapped as part of the lithostratigraphic Tirrawarra

Sandstone. SBl0 is interpreted in the 3D seismic data as a peak corresponding approximately

to the top of the Tirrawarra Sandstone (Figure 5.3.3).

The top of the sequence l0 (5820) is marked by the absence of palynostratigraphic unit

PP2.2.2. Paþostratigraphic surveys in the Moorari area (Apak, 1994; Moorari-9 well

completion report) show that PP2.2.2 is absent above the VC coal in the structurally high area.

On the flank of the structure, however, shale correlative to unit PP2.2.2 is found overlying the

VC coal (see Moorari-2 and Cardam-l in Figure 5.3.2). Apak et al. (1993) described the

absence of PP2.2.2 unit in the GMI trend area and suggested that this absence was caused by

erosion at the uplift event at the end of PP2.2.2 time. The thick peat that developed the VC

coal was perhaps resistant enough to withstand erosion so that most of the coal remains over

the structurally high area. The resistance of peat to erosion is a common phenomenon in coal

measures (McCabe, 1984). SB20 is interpreted in the 3D seismic data as a peak horizon

corresponding to the top of the VC coal (Figure 5.3.3). The thin interval between the SB20
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and the top of the VC coal on the flank of the structural high is below the resolution of the

seismic data.

Sequence l0 is divided into a lowstand systems tract (LSTIO) and a transgressive systems

tract (TST10). LSTI0 comprises stacked and amalgamated fluvial channel fill sandstones of

the upper Tirrawarra Sandstone. The sandstone is laterally continuous and is interpreted as the

fluvial deposits of a period of low accommodation space. TST10 consists of floodplain and

crevasse splay deposits of the lower Patchawarra Formation. The shaly succession and the

lateral discontinuity of the facies in this section suggest that these sediments were deposited

during a period of increasing accommodation space caused by rising relative base level

(Posamentier & Allen, 1999). The coarsening and thickening upward succession through

TSTI0 probably suggests a decreasing rate of base level rise. However, a significantly

continuous shaly interval cannot be readily identified in this section, hence the maximum

flooding surface is interpreted to be above the VC coal and eroded by SB20 (i.e. the highstand

systems tract is missing). The main fluvial channel, which could generate crevasse splays on

the floodplain in TST10, cannot be seen on the structurally high area penetrated by the wells.

A possible location for the main fluvial channel lies on the flank of the structure and will be

discussed later in this report.

Sequence 20

Sequence 20 includes the upper Patchawarra Formation, the Murteree Shale and Epsilon

Formation (figures 5.3.1 and 5.3.2). The base of the sequence is characterised by SB20, as

described above. The top of the sequence is defured by a sequence boundary (SB30), which is

the unconformity at the base of the Toolachee Formation, caused by the Daralingie uplift.

Sequence 20 is divided into a transgressive systems tract (TST20) and a highstand systems

tract (HST20), separated by a maximum flooding surface (MFS20). MFS20 is characterised

by the finest-grained lacustrine offshore shale interval which is laterally continuous in

sequence 20 (Figure 5.3.2). MFS20 represents the most rapid relative base level rise in the

area.

TST20 comprises fluvial deposits in the lower portion and lacustrine deposits in the upper
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portion. The fluvial deposits include fluvial channel, crevasse splay and floodplain facies.

Though the fluvial facies is not so continuous laterally, relatively coarse facies (CSC and

FP-CS facies) are dominant in the lowest part of TST20. Such a facies distribution suggests

that accommodation space was increasing slowly after the development of SB20 in this area

(Posamentier & Allen, 1999). The fluvial deposits are overlain by lacustrine deposits,

consisting of lacustrine delta sandstones and shales. The lacustrine succession shows one

cycle of the delta progradation locally, with an overall fining upward succession topped by

MF52O.

HST20, which overlies MFS20, consists of sandstones, shales and coals associated with the

lacustrine delta progradation typical of the Epsilon Formation. The coarsening upward

succession of this delta is apparent throughout this area (Figure 5.3.2). The Epsilon coal,

which sits at the top of the upward coarsening succession, is interpreted as peat deposition on

the emergent inter-distributary zone of the lacustrine delta plain. The lateral continuity of the

coarsening upward succession associated with the coal, suggests that delta progradation

occurred during relatively stable base level. In the structurally high area, the upper section of

the delta was eroded by 5830, hence the relatively thick section is preserved only on the flank

area of the structural high.

SB30 is picked on the seismic data midway between the overlying zero crossing and a

prominent trough corresponding approximately to the top of the Epsilon Formation (Figure

5.3.3). MFS20 is interpreted as an entirely continuous amplitude trough. Between these two

horizons, the Epsilon coal appears as an amplitude peak (see the peak reflection between

SB30 and MFS20 on the eastern flank of the Moorari high in Figure 5.3.3). Though the peak

reflection disappears in the structurally higher area (because the thickness of the coal becomes

too thin for seismic resolution), the deltaic sediments associated with the coal still exist over

the high area.

Sequence 30

The lower part of sequence 30 comprises fluvial sandstones, shales and coals of the Toolachee

Formation, which overlies SB30 (figures 5.3.1 and 5.3.2). The total section consists of shaly

deposits with some laterally continuous coal and floodplain facies. The fluvial channel facies
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is relatively thick but laterally discontinuous. The lateral discontinuity of the fluvial channel

deposits on the sequence boundary suggests that this section is the transgressive systems tract

overlying the sequence boundary produced by increasing accommodation space associated

with rising relative base level (Posamentier & Allen, 1999), and inundating the structural high.

The lowstand systems tract of the basal Toolachee Formation is not represented in the study

area.

5.3.3 3D seismic data visualisation and prospect extraction

The interpretation of the sedimentology and the sequence stratigraphy of the Permian

succession were applied to the 3D seismic data, and the various types of potential

stratigraphic traps were high-lighted by employing the sequence stratigraphic concepts and

the 3D seismic visualisation.
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Figure 5.3.3. Sequence stratigraphic interpretation on an arbitrary seismic section across the Moorari
high through the wells shown in Fig 6. For each well, a sonic log and a synthetic seismogram are
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'.4Jt'

a-¡-
\ .f l.çftltf

Ê('r

ì*ì

I

aF,'À

90



Chapter 5 - Case Study 1: Moorari 3D Seismic Survey Area

Prospect T10: Isolated fluvial channels in the transgressive systems tract of the lower

Patchawarra X'ormation

Visualisation

The amplitude trough (green horizon, Figure 5.3.4), in TSTI0 on the eastern flank of the

Moorari high, is possibly a reflection of the base of a coal bed, and the lateral change of the

amplitude shows the variation of the coal thickness on the eastern flank of the Moorari high.

figures 5.3.5a and 5.3.5b show the amplitude distribution of the trough in TST10. The low

amplitude area, which represents thin coal distribution, is sinuously elongated north to south.

The high amplitude areas show thick coal, and are sitting on both sides of the elongated

low-amplitude area. The amplitude pattern suggests the existence of a fluvial channel \ rithin

the floodplain or peat mire in the transgressive systems tract (Figure 5.3.6). The channel could

have aggraded in response to the increasing base level, resulting in an isolated sand body. This

channel probably fed sediments across the peat mire and floodplain of TST10 in the Moorari

high area.

Possible stratigraphic trap

The sinuously elongate, low amplitude distribution suggests an isolated fluvial channel

sandstone body among the peat mire or floodplain deposits þrospect Tl0). The amplitude

trough containing the fluvial channel is dþpi"g northwards. The southern extension

(structurally up-dip) of the channel is outside the 3D seismic data, hence there is uncertainty

in the geometry of the channel, causing a risk of hydrocarbon leakage along the sand body

extending southwards. However, a gas accumulation in a crevasse splay sandstone in the

equivalent interval has been confirmed at Cardam-l and it suggests the possibilþ that a gas

accumulation may exist in the channel sandstone in the flank area of the Moorari high.
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Figure 5.3.6. Schematic diagram of the fluvial
channel and floodplain environments including
peat in TST10 on the eastern flank of the Moorari
high (compare to Fig. 5.3.5b).

Prospects L20F. and L20SW: Fluvial sand bodies in low accommodation intervals in the

lowstand systems tract of the upper Patchawarra Formation

Visualisation

The onlap of the amplitude trough above SB20 can be observed against the Moorari high

(figures 5.3.3 and 5.3.7). The amplitude trough is located on SB20 and beneath the TST20

section confirmed in the wells over the structurally high area, hence the amplitude trough may

show the existence of a lowstand systems tract (LST20) on the flanks of the Moorari high.

Figure 5.3.8 shows amplitude trough distributions of LST20 above 5820. The LST20

amplitude trough is restricted to the low areas above SB20 on the eastern and southwestern

flanks of the Moorari high. LST20 represents a low accommodation interval relative to

sediment supply and hence stacked fluvial sand bodies can be expected (Allen et al., 1996;

Posamentier & Allen, 1999).

Possible stratigraphic trap

The bottom, top and lateral seals of LST20 are the floodplain shaly sediments of the
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transgressive systems tracts above and below (TSTI0 and TST20). LST20 on the eastern

flank of the Moorari high is dþing northwards þrospect L208, Figure 5.3.9). The southern

extension (structurally up-dip) of LST20 is outside the 3D seismic data area, hence there is an

uncertainty in the trapping geometry. However, the gas accumulation in the crevasse splay

sandstone of TST20 close to SB20 (Cardam-l well completion report) suggests a gas

accumulation in the interval identified as LST20. On the southwestem flank of the Moorari

high, another part of LST20 may exist þrospect L20SW). This part of LST20 appears to be

isolated and dipping up towards the structural high, hence there may be a stratigraphic trap

opportunity southwest of Woolkina-I, west of the fault.
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Prospect H20: Highstand lacustrine delta of the Epsilon Formation below the regional

sequence boundary

Visualisation

The amplitude peak between the MFS20 horizon and the regional unconformþ (5830) thins

out against the Moorari high (Figure 5.3.10). The amplitude peak corresponds to the Epsilon

coal associated with the lacustrine delta progradation in HST20 (Figure 5.3.11). Figure 5.3.12

shows the Epsilon coal amplitude peak distribution above MFS20, and the gamma ray log

motifs characteristic of the Epsilon delta. A thin coal remains over the structural high area, but

the amplitude peak has disappeared due to the thinning of the coal below seismic resolution.

On the other hand, another amplitude peak appears to thin out in a stratigraphically shallower

interval than the Epsilon coal amplitude peak on the northwestem flank of the Moorari high.

This upper Epsilon amplitude peak represents the upper coal bed associated with the

lacustrine delta. The upper Epsilon lacustrine delta and coal appears to be eroded by SB30 on

the northwestern flank of the Moorari high, because the coal corresponding to the shallower

amplitude peak does not appear in the wells (frgures 5.3.11 and 5.3.12).

Possible stratigraphic trap

The upper Epsilon delta sandstone eroded by SB30 on the northwest flank of the Moorari high

is a possible shatigraphic trap þrospect H20). The two-way-time structure map of the

amplitude peak (Figure 5.3.12) shows the upper Epsilon delta is thinning out and dþing up

towards the Moorari high. The top and the bottom of the delta sandstone are sealed by

lacustrine offshore shales. However, the delta sandstone may be in contact with the fluvial

sandstone of the Toolachee Formation above the SB30 (which will be described later) and this

represents a hydrocarbon leakage risk through the juxtaposition of the sandstones (Figure

s.3.11).
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Figure 5.3.10. Epsilon coal amplitude peak in seismic section showing lateral thinning-out against the Moorari high (cross line

1172, see the locat¡on in Fig. 5.3.12). The thin lower Epsilon coal extends over the high in well data, though the amplitude peak

disappears (see Fig. 5.3.12 and text).
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Figure 5.3.11. Schematic section of HST20 on cross line 1172 (see Fig. 5 3.10), showing a possible Epsilon stratigraphic trap on

the northwest low side of the Moorari high.
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Chapter 5 - Case Study 1: Moorari 3D Seismic Survey Area

Prospect T30: Isolated fluvial channels in the transgressive systems tract of the

Toolachee Formation

Visualisation

Lenticular negative amplitudes (amplitude troughs) are identified above SB30 on the seismic

section (Figure 5.3.13). The negative amplitudes coffespond to the stacked fluvial channel

sandstones among the floodplain shale and coal in TST30 of the Toolachee Formation, which

appear in Cardam-I. Figure 5.3.14 shows the distribution of the negative amplitudes

employing the detection-focussing-strategy (see Chapter 2 for visualisation technique), and

the two-way-time structure of SB30. The distribution tends to sit on the southeastern and

northwestern sides of the Moorari high. Though such fluvial sandstones are recognised in

V/oolkina-l ,2 and Moorari-I, the intervals between the coal beds which include the sandstone

are too thin to appear as negative amplitudes because they are below seismic resolution. The

amplitude distribution and facies map from well data suggest that there is an elongate fluvial

channel belt lying in an approximately east-west direction on the southern flank of the

Moorari high, and there is a possibility of another channel belt to the northwest of the high.

Possible stratigraphic trap

In TST30 of the Toolachee Formation, Cardam-l conflrmed a fluvial channel sandstone, but it

was water saturated. Woolkina-l discovered a gas accumulation in a sandstone, whereas

V/oolkina-2 confirmed water-saturated sandstone down-dip. The lenticular negative amplitude

on the northwestern side of the Moorari high may be a fluvial channel sandstone belt, and

presents the possibility of a stratigraphic trap (prospect T30). The fluvial sandstone could be

enveloped and sealed by floodplain shale and coal. However, it is diffrcult to confirm the

isolation of the sand body because the amplitude trough extends outside the seismic survey

area (Figure 5.3.15),

w lenticular negative amplitude
E

lea-..*è '-¡õ'
Figure 5.3.13. Seismic section showing lenticular negative amplitudes (amplitude troughs) corresponding to fluvial channel

sandstones in TST30 of the Toolachee Formation (inline 988, see the location in Fiq. 5.3.14).

11 1rüat
*+.a" .¡_

101



f

ñ
tû!çt
G

Þt

ù'
h
CD

C,)ct

\
|.{

\¡
ò
À!

È

þ
!i.(¿

!
ã.
CD

\
.ñ

I
d

\e

F¡gure 5.3.14. Lenticular negative amplitude distribution
chãnnel sandstone distribution represented in Cardam-1.

(purple) in TST 30 on SB3O in the Toolachee Formation, showing a possible fluvial
lhe'sañdstones in Woolkin a-1 ,2 and Moorari-1 are too thin to appear as a negative

amplitude because they are below seismic resolution



C
hapterS

-C
aseS

tudY
1: M

oorari 3D
 S

eism
ic S

urvey A
teac)(¡)
E

(¡)

o.o-39ñEttö(¡)

o(UELolLq)c)o(UooFc)oo(OfDU
)ooC
.)

FaF.=Eo)=oc)
Ef=6-E(ÛÈ(E.9cooo-(t'
E(¡)
L()ttc)E(g=oIF,rt

"i¡oo.9IL

103



ChapterS-CaseStudy 1: Moorari 3D Seismic Survey Area

5.4 Prospect extraction in Poolowanna Formation

5.4.1 Sedimentary facies analysis

A similar definition of facies as in the Permian interval is used for the Poolowanna Formation.

Four sedimentary facies are recognised, all representing fluvial environments including fluvial

channel, crevasse splay channel, floodplain-crevasse splay complex and floodplain (frgures

5.4.1 and 5.4.2, see the facies definitions in section 5'3'l).
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FACIES FC: fluv¡al channel FP: floodplain & peat mire

CSC: crevasse splay channel FP-CS: floodplain-
crevasse splay comPlex

Figure 5.4.1. Sedimentological and sequence
stratigraphic interpretation of the Poolowanna
Formation based on well data, Moorari-1.

5.4.2 Sequence stratigraphy

The Poolowanna Formation lies at the base of the Jurassic-Cretaceous Eromanga Basin. It

unconformably overlies the Permian-Triassic Nappamerri Group. The sequence boundary

(5340, figures 5.4.1 and5.4.2) is an erosional surface characterised by an irregular, incised

valley system (Wiltshire, 1982; Alexander and Sansome, 1996). The Poolowanna Formation

is overlain by the Jurassic Hutton Sandstone, a thick succession of stacked fluvial channel

sandstone. Visualisation of the 3D seismic data suggests that incision occurs at the base of the

Hutton Sandstone (5850, this will be discussed later).
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ChapterS-CaseStudy 1: Moorari 3D Seismic SurveY Atea

The poolowanna Foflnation comprises fluvial channel and floodplain deposits (Figure 5.4'l).

The fluvial channel facies laterally changes into crevasse splay and floodplain deposits

(Figure 5.4.2). The laterally discontinuous fluvial sediments above the sequence boundary

were deposited during increasing accommodation caused by the rising of relative base level,

and are assigned to a transgressive systems tract (TST40).

Within the poolowanna Formation, laterally continuous shale-prone intervals are identified

that lie on top of a fining upward abandoned channel succession or its correlative floodplain

deposits (Figure 5.4.2). The extensive abandonment of the fluvial channels suggests a

widespread, elevated relative base level leading to the development of the shaþ interval that

can be identified as a flooding surface.

The lower part of TST40 is characterised by fluvial channel and crevasse splay channel facies

(Figure 5.4.2). The channel deposits appear to have frlled the incised topographic relief above

the Nappamerri Group.

The upper section of TST40 consists of fluvial channel, crevasse splay and floodplain

deposits (Figure 5.4.2).In particular the sequential combination of the floodplain facies and

the floodplain-crevasse splay complex facies often shows an upward coarsening succession,

which includes thin coal and sandstone intercalations within the shale. This is interpreted as a

progradational succession of a crevasse splay delta system infrlling a relatively shallow

floodplain lake. From well log motifs, the proximal fluvial facies (FC) lies in the southwest

whereas the distal facies (CSC, FP-CS and FP) lies in the northeast (figures 5.4.2 &, 5.4-4).

The distribution of the facies suggests that the crevasse splay delta system prograded from the

southwest near to the main fluvial channel belt; however, most of the wells are drilled in the

floodplain area to the northeast.

There is a limitation to the seismic interpretation of the sequence boundary (SB40) because

the high amplitude reflection is controlled by the contrast in acoustic impedance between

coals and non-coal successions. The coal in TST40 of the Poolowanna Formation is not

always sitting on 5840, hence mapping the coal is not necessarily showing the topographic

features of the sequence boundary. In the seismic data, nevertheless, the typical amplitude
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Chapter 5 - Case Study 7: Moorari 3D Seismic SurveY Atea

peak and trough combination can be tied to the Poolowanna coal, and the amplitude trough is

then picked as the intra-poolowanna horizon (Figure 5.3.3). The peak and trough show lateral

discontinuity of the amplitude that corresponds to the coal distribution pattern in the

Poolowanna Formation (Figure 5'4'3).

5.4.3 3D seismic data visualisation and prospect extraction

Prospect T40: Crevasse sptay channels and crevasse splay delta complex of the

transgressive systems tract of the Poolowanna Formation

Visualisation

Employing the horizon-keyed strategy (see Chapter 2 for the visualisation technique), the

distribution of positive amplitudes (amplitude peak) immediately above the intra-Poolowanna

horizon was displayed in Figure 5.4.4. The window for the display was set from the

intra-poolowanna horizon to l6msec above the horizon to encompass the zone of the interest'

Three types of positive amplitude seismic facies, which show variations of coal distribution,

are identified above the intra-Poolowanna horizon (Figure 5.4.3). The first seismic facies type

shows a positive amplitude restricted to a channelised morphology of the intra-Poolowanna

horizon (Figure 5.4.3a). The distribution of this positive amplitude displays a meandering

channel pattern in the southwest of the study area (Figure 5.4.4). The two-way-time structure

map of the intra-Poolowanna horizon (Figure 5.4.5) shows that the channelised morphology

extends along the high positive amplitude pattern (compare Figure 5.4.4). The stacked fluvial

channel sandstones exist in the upper part of the Poolowanna Formation in the wells (W-1 and

e-1, see Figure 5.4.4) beside the meandering pattern, hence such a meandering pattern of the

positive amplitude suggests fluvial channels abandoned and plugged by mud and peat in the

channel belt.

The second seismic facies type is made up of a combination of a channel-like and sheet-like

positive amplitude distribution. It is characterised as the extension of the high amplitude sheet

on both sides of the channel (Figure 5.4.3b). This seismic facies type is located in the middle

of the seismic survey area (Figure 5.4.4). The channel-like facies extends from the

and chanses into the sheet-likesouthwestern channel belt to the middle of the survey area,
LO7



Chapter 5 - Case Study 7: Moorari 3D Seismic Survey Area

facies which distributes like a lobe in front of the channel. The well data, in the upper

Poolowanna Formation, shows channel fill deposits adjacent to the sinuous channel-like

amplitude (V/-2) and crevasse splay delta progradations occur in a lobe shaped amplitude area

(M-1,3,4,7,8,9, l0).

The third seismic facies type is the sheet-like positive amplitude distribution incised by the

base of the Hutton interval (Figure 5.4.3c). The incision appears in the northeast of the survey

area, where the high amplitude disappears leaving a valley-like gap extending northwest to

southeast (figures 5.4.4 and 5.4.5). It suggests that the base of the Hutton Sandstone is an

erosive boundary caused by relative base level fall. The visible incision in the seismic data

only appears in this portion of the study area; however, the base of the Hutton Sandstone is

sharp over the Poolowanna Formation, suggesting it may be a regional erosion surface (Figure

s.4.2).

W
a) inline 960

b) inline 997

c) inline 1187

h orizo n- k eve d
visualisation window (1 6msec)

50msec

intra Poolowanna horizon 1km

Figure 5.4.3. Three types of amplitude seismic facies above the intra-Poolowanna horizon: a) high positive amplitude which is

restricted to the channelised morphology of the intra-Poolowanna horizon, b) combination of channel-like and sheetlike

dishibution of positive amplitude, c) sheet-like amplitude distribution incised by the base of the Hutton Sandstone (see the

location of the sections in Fig. 5.4.4). The distribution of the positive amplitudes within the visualisation window is displayed in

Figure 5.4.4.
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ChapterS-CaseStudy 1: Moorari 3D Seismic Survey Area

As described above, the amplitude distribution can be related to the lateral changes in fluvial

environments in the upper Poolowanna Formation. The amplitude variation does not show the

morphology of the sequence boundary (5840) but rather the fluvial system within the

transgressive systems tract (TST40). The reason that the sequence boundary between the

Poolowanna Formation and the Nappamerri Group (5840) cannot easily be discriminated on

seismic is because there is no signifìcant difference in the acoustic impedance.

The facies distribution map of the upper Poolowanna Formation is shown in Figure 5.4.6-

Based on seismic facies mapping at Moorari 3D seismic survey, Salter (1998) suggested that

the Poolowanna Formation consisted of a river-dominated delta in a shallow and extensive

lake. In this thesis, however, a crevasse splay complex (channels and mouth bars) was

interpreted on a floodplain, adjacent to the main fluvial channel belt.

Possible stratigraphic trap

All wells in the study area penetrate the Poolowanna Formation, but no hydrocarbons of

economic interest have been discovered. A possible reason for failure in the Poolowanna

Formation could be hydrocarbon leakage through the contact between the Poolowanna

sandstone and the Hutton Sandstone caused by the Huffon incision.

The sheet-like positive amplitude in the northeastern area has not been penetrated by a well,

and the positive amplitude distribution is a response to the crevasse splay delta of the second

seismic facies type þrospect T40). It is possible that the crevasse splay channel (the upper

Poolowanna in Moorari-2,5, and 6) which extends from the crevasse splay delta complex in

the centre of the survey area could feed the sediments there. However, the Hutton incision on

the crevasse splay delta could cause hydrocarbon leakage.

For future exploration and development of the Poolowanna Formation, the fluvial channel and

floodplain complex shows significant lateral variations of reservoir and seal properties which

correspond to the change in environmental facies. If the thinning-out of the channel belt

against the floodplain can be located, this may present a good opportunþ for a stratigraphic

trap. The crevasse splay complex is another potential reservoir, but the crevasse splay delta

mouth bar sandstones tend to be thin. However, if the crevasse channel network, which is
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interconnected with the crevasse splay complex, can be located where it was not completely

plugged by mud, the crevasse channel could be a higher permeability conduit to gather

hydrocarbons from the crevasse splay complex'
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Chapter 6

Case Study 2: Pondrinie 3D Seismic Survey Area

6.1 Introduction

The second case study covers Pondrinie 3D seismic survey atea, and includes two

stratigraphic trap prospects recognised from the upper Permian Toolachee Formation and the

basal Jurassic Poolowanna Formation.

6.2 Pondrinie / Packsaddle fÎelds

The pondrinie 3D seismic survey area is located in northeastern South Australia on the

packsaddle ridge, part of the Gidgealpa-Menimelia-Innamincka structural high trend of the

southern Cooper Basin (Figure 6.2.1). The seismic survey covers the locations of the

pondrinie Field and the packsaddle Field. The Pondrinie and Packsaddle structural high is an

anticline with a four-way dip closure, bounded to the northwest by an ENE striking,

southward dipping reverse fault produced by inversion tectonics (figures 6-2.3, 6.2.4 and

6.2.5;Apak et al. 1997).

Figure 6.2.1. Major structural elements of the
southern Cooper Basin (modified after
Thornton, 1979; Apak et al., 1997) and the
location of the case studY area.
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Chapter 6 - Case Study 2: Pondrinie 3D Seismic Survey Area

Gas was discovered in the Patchawarra Formation in 1970 with the drilling of Packsaddle-l

on the eastern side of the Pondrinie and Packsaddle high. Packsaddle-2 and 3 were drilled to

explore the Patchawaffa gas accumulation in the eastem flank of the upthrown block of the

fault, but no economically producible hydrocarbons were proved. From 1984 to 1996, thirteen

exploration and appraisal wells (Packsaddle-4, 5, Pondrinie-L,2,3, 4, 5, 6,7, 8,9,10, 1l)

were drilled on the top and southeastern flank of the upthrown block, and gas was discovered

within the Nappamerri Group, Toolachee Formation, Tirrawarra Sandstone and the

Merrimelia Formation. In 1991, Nardu-l was drilled on the northwestern flank of the block to

evaluate an erosional pinchout play of the Permian succession, but the succession was absent.

In the downthrown block of the fault, two exploration wells (Yalchinie-l and Napowie-l)

were drilled from 1991 to lgg3, with Napowie-l discovering a gas accumulation in the

Epsilon Formation. After Pondrinie-ll was drilled, 3D seismic data was obtained lrl'7997.

The 3D seismic enhanced the successes of several appraisal and development wells.

Napowie-2 was drilled in the downthrown block as an appraisal well for the Epsilon gas

accumulation discovered in Napowie-l, and confirmed that the Epsilon Formation was absent

but discovered a gas accumulation within Toolachee Formation.
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Figure 6.2.2. Generalised stratigraphic
column of the Cooper-Eromanga Basin in

northeast South Australia (modified after
Moussavi-Harami, 1996; Alexander, 1998)
and objective intervals in the Pondrinie case
study.

Economic gas accumulations occur within the Merrimelia Formation, Tirrawarra Sandstone

and Toolachee Formation in the structurally high area of the upthrown block. The reservoirs

show lateral facies changes including wedging-out of sandstone into shale or thinning toward

the structural high. These facies changes have produced a combination stratigraphic-structural

trap to be developed over the high. The laterally continuous shale-prone interval of the

Nappamerri Group is the regional seal for these reservoirs. In the downthrown block, the

shale-prone interval of the Patchawarra Formation is a seal for gas accumulation in the

Epsilon Formation and Patchawarra Formation.
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6.3 Prospect extraction in Toolachee Formation

6.3.1 Sedimentary facies analysis

The same definition of facies as in the Permian interval in the Moorari Field area is used for

the Patchawarra Formation, the Murteree Shale, the Epsilon Formation and the Toolachee

Formation in the Pondrinie area. Six sedimentary facies such as fluvial channel, crevasse

splay channel, floodplain-crevasse splay complex, floodplain and peat mire, lacustrine delta

and lacustrine ofßhore, are interpreted based on wireline logs, cuttings and core descriptions

(figures 6.3.1 and 6.3.2, see the facies definitions in section 5.3.1).
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6.3.2 Sequence stratigraphy

A sequence stratigraphic framework comprising second-order sequences for the Patchawarra,

Epsilon and Toolachee Formation was described in the Moorari Field area in the Patchawarra

Trough. This framework can also be applied to these formations in the Pondrinie area (figures

6.3.r &,6.3.2).

The upper Patchawarra Formation consists of laterally discontinuous fluvial deposits of

transgressive systems tract (TST20). Only Napowie-l in the downthrown block of the fault

intersected the Epsilon Formation and the upper part of the Murteree Shale comprises

progradational lacustrine delta deposits of the highstand systems tract (HST20). The fmest

portion of the Murteree Formation is identified as a maximum flooding surface (MFS20).

The base of the Toolachee Formation is a regional unconformity resulting from the Daralingie

uplift and is interpreted as a sequence boundary (5830). The SB30 could have been placed

within the uppermost part of the blocþ sandstones currently shown as Epsilon Formation.

However, in this case the boundary placed above the main sandstone was the preferred

interpretation because it was on the paleohigh caused from the Daralingie uplift, and then

misses the basal Toolachee amalgamated sandstone. Because of the absence of palynological

data, this can not be resolved at this moment. Below this sequence boundary the entire

Roseneath Shale, Daralingie Formation, and part of the Epsilon Formation and Patchawarra

Formation are eroded. The Toolachee Formation comprises fluvial sandstones, shales and

coals. The fluvial channel facies is relatively thick, but is known to be laterally discontinuous

from well logs. The lateral discontinuþ of the fluvial channel deposits lying above the

sequence boundary suggests that the Toolachee Formation at the Pondrinie Field represents

the transgressive systems tract (TST30) produced by increasing alluvial accommodation

associated with rising relative base level (Posamentier & Allen 1999). This interval shows

thinning toward the Pondrinie structural high in both the upthrown and downthrown blocks of

the fault bounding the structural high to the northwest. This thinning suggests that the

Toolachee fluvial system was deposited onlapping on a palaeo-high formed by compressional

activity during a period of relative base level rise in the late Permian. The Toolachee

Formation is conformably overlain by the Nappamerri Group, comprising fluvial channel and

associated floodplain and lacustrine deposits.
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In the 3D seismic datainthe downthrown block, SB30 at the base of the Toolachee Formation

is represented by various amplitude patterns corresponding to combinations of the coaly and

non-coaly intervals among the Toolachee Formation, Epsilon Formation and Patchawarra

Formation. The sequence boundary on the seismic data is practically picked midway between

a peak corresponding to the lowest coaly interval of the Toolachee Formation and the

underlying zero crossing (figures 6.3.I, 6.2.5 and 6.3-3). The sequence boundary is

characterised by terminations of the underlying amplitude peaks and troughs of the Epsilon

Formation and the Patchawarra Formation. The top of the Toolachee Formation is interpreted

as a very continuous amplitude peak corresponding to the top of the Toolachee coaly

succession. The horizons of the base and top of the Epsilon Formation merge together,

resulting from thinning of the formation over the structural high (Figure 6.2.5). The existence

of a seismic shadow zone along the fault striking ENE makes it diffrcult to interpret these

horizons and internal seismic amplitude facies in this zone.

6.3.3 3D seismic data visualisation and prospect extraction

Prospect Ttc: Isolated fluvial channels in the transgressive systems tract of the

Toolachee Formation

Visualisation

The amplitude variation (Figure 6.3.3) in the Toolachee interval in the downthrown block of

the fault is thought to reflect the distribution of coaly intervals, and the lateral change of the

amplitude shows the variation of the coal thickness. To visualise the amplitude distribution,

the horizon-keyed window was set l2msec above the SB30 to Smsec below the top of the

Toolachee Formation. Figure 6.3.4 shows the amplitude distribution within the visualisation

window of the Toolachee Formation interval. The area of negative amplitude (yellow)

represents non-coal distribution, and is sinuous, elongate, and trends northeast to southwest

along the fault. The positive amplitude areas (blue) indicate coal distribution and are sitting on

the western side of the elongated negative-amplitude area. On the eastern side of the negative

amplitude atea rLeaï Napowie-I, a smaller scale sinuous pattern is represented by variable

amplitude. Napowie-l intersected floodplain and crevasse splay deposits in the transgressive

systems tract. The amplitude patterns imaged in Figure 6.3.4 suggest the existence of a fluvial

and floodplain accumulated in the transgressivechannel belt surrounded bv splay complexes
723
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systems tract. The channel belt probably aggraded in response to increasing base level,

resulting in an isolated sand body. This channel belt seems to be oriented parallel to the fault

and extends where fluvial channel facies sandstone has been intersected by Napowie-2.

However there is an uncertainty in the channel geometry caused by the seismic shadow zone.

Possible stratigraphic traP

The sinuous elongate, negative amplitude distribution suggests an isolated fluvial channel

sandstone body among floodplain and peat mire deposits (Prospect Ttc, Figure 6.3.4). The

negative amplitude containing the fluvial channel is changing southeastwards into the

amplitude pattem, suggesting floodplain deposits on the structural high side. This

configuration of fluvial sandstone reservoir and lateral floodplain-shale may result in a

stratigraphic trap. Although there is uncertainty in the seismic shadow zoîe regaÍding the

channel geometry and the relationship between the channel and the fatlt, a gas accumulation

in the fluvial channel sandstone in Napowie-2 suggests that gas has accumulated in the

isolated fluvial channel sandstone (Prospect TtÐ in the downthrown fault block.

t24



Chap ter 6 - Case Study 2: Pondrinie 3D Seismic Survey Area

Visualisation
window

Visualisation
window

inlinell00

in linel080 NA P.1

1km

r

Visualisationô
windowt

in line1060

0

rJt
lt
Eoo

Figure 6.3.3. Amplitude variation corresponding to the coal distribution in TST of the Toolachee

Fo'rmation on the bownthrown block. Channel features with the amplitude variation can be identified
(red arrow). The horizon-keyed window (dot lines) was set 12msec above SB30 to Smsec below the
Ñappamerii base to visualise the amplitude variation in Figure 6.3.4. See the locations of the sections
in Figure 6.3.4.
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6.4 Prospect extraction in Poolowanna Formation

6.4.1 Sedimentary facies analysis

Four sedimentary facies are recognised in the Poolowanna Formation with a similar facies

definition as in the Permian interval (figures 6.4.7 and 6.4.2; see the facies definitions in

section 5.3.1). The facies include fluvial channel (stacked and amalgamated sandstone with a

sharp base), crevasse splay channel (interbedded sandstones with sharp bases and shale),

floodplain-crevasse splay complex (interbeds of fine-grained sandstones and shales) and

floodplain.
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sequence stratigraphic interpretation of the
Poolowanna Formation based on well data in

Nardu-1.

6.4.2 Sequence stratigraphy

The Poolowanna Formation lies at the base of the Jurassic-Cretaceous Eromanga Basin,

unconformably overlying the Permian-Triassic Nappamerri Group. The sequence boundary

(5840) of the base of the Poolowanna Formation is a regional erosional surface characterised

by an irregular topography of an incised valley system (Wiltshire 7982; Alexander &

Sansome 1996). The Poolowanna Formation is overlain by the Jurassic Hutton Sandstone, a
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thick succession of stacked fluvial channel sandstone. Well log data and 3D seismic data

suggest that the base of Hutton Sandstone is also a sequence boundary (SB50) which erodes

both the Poolowanna Formation and the Nappamerri Formation (figures 6.4.2 and 6.4.3).

Consequently, the distribution of the Poolowanna Formation is controlled by both the basal

Jurassic incised topographic relief and the degree of the Hutton Sandstone erosion (this will

be discussed later).

The Poolowanna Formation comprises fluvial channel and floodplain deposits (Figure 6-4.1).

The fluvial channel facies changes laterally into crevasse splay and floodplain deposits

(Figure 6.4.2). The thickness of each fluvial channel is less than the depth of the basal Jurassic

incision and multiple fluvial channels and associated floodplain deposits filled the

topographic relief of the incised valley. The laterally discontinuous fluvial sediments above

the sequence boundary of the basal Jurassic incision were deposited during increasing alluvial

accommodation produced by the rising of relative base level, and are assigned to a

transgressive systems tract (TST40).

Within the Poolowanna Formation, laterally continuous shale-prone or coaly intervals are

identified that lie on top of abandoned fluvial channel successions or the correlative

floodplain deposits (Figure 6.4.2). The widespread development of the shale-prone and coaly

interval above the abandoned channels is identified as a flooding surface resulting from

rapidly rising relative base level or channel-avulsion.

The seismic expression of the sequence boundary at the base of the Poolowanna Formation is

limited because the high amplitude reflection is controlled by the contrast in acoustic

impedance between coals and non-coal successions. The coal in the Poolowanna Formation is

not always sitting on the sequence boundary hence mapping the coal does not necessarily

show the topographic features of the surface. However, in this case, the spatial distribution of

the Poolowanna coal does outline an incised valley complete with fluvial axis and associated

tributary drainage (Figure 6.4.4).In the seismic data, the typical amplitude peak and trough

combination can be tied to the Poolowanna coaly interval, and the amplitude trough is then

picked as the intra-Poolowanna horizon showing the base of the coaly interval (figures 6.4.1

and 6.4.3). This horizon is characterised by terminations of the underlying amplitude peaks

t28
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and troughs of the Nappamerri Group. The base of the Hutton Sandstone is picked as an

amplitude trough which truncates the amplitude peak of the Poolowanna coal interval and

merges with the intra-Poolowanna horizon (figures 6.2.5 and6.4.3).
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6.4.3 3D seismic data visualisation and prospect extraction

Prospect Tpc: Isolated fluvial channels in transgressive systems tract filling incised

valley

Visualisation

The high amplitude distribution (red in Figure 6.4.4) of the intra-Poolowanna horizon is

interpreted as a proxy for the distribution of the coaly interval in the Poolowanna Formation.

The distribution of the coaly interval is characterised as mainly a NE-SV/ elongated pattern

with wedge-shaped tributary patterns on both sides f,rlling the topographic low area of the

intra-Poolowanna horizon. Away from the main elongated area, the widths of the tributaries

tend to naffow and the amplitude becomes weak (yellow, green and blue in Figure 6-4.4).The

well log motif and the amplitude distribution show that the relatively thick Poolowanna

interval coincides with a high amplitude area. The spatial thickness variation of the

poolowanna Formation according to the well log motifs and the amplitude distribution

suggest the existence of the incised valley over the Pondrinie area. The tributary amplitude

pattern suggests small valleys being etched into the margins of the main incised valley (Blum,

1993; Schumm, 1992; Wescott, 1993; Posamentier & Allen, 1999). Following the relative

base level fall which made this incision, the transgressive systems tract comprising fluvial

deposits of the Poolowanna Formation back-filled the incised valley with sandstone, shale and

coal. The fluvial channel sands were concentrated and preserved in the valley centre. The

erosion by the Hutton Sandstone is the other factor which determines the thickness of the

Poolowanna Formation. However, the undulation of the erosion surface is broad, as seen in

the well correlation and the seismic data (figures 6.4.2 and 6.4.3), hence the Poolowanna

incised valley outline is probably illustrated by the amplitude distribution of the Poolowanna

coaly interval.

Possible stratigraphic trap

The transgressive fluvial channel sandstones in the incised valley could be a stratigraphic trap

prospect in the Poolowanna Formation. However, none of the wells (Nardu-I, Packsaddle-4,

Pondrinie-3, 4) which intersected the fluvial channel sand of the Poolowanna Formation in

this area have discovered economic hydrocarbon accumulations. A possible reason for failure

of this potential Poolowanna Formation trap could be hydrocarbon leakage through the
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contact between the Poolowanna sandstone and the Hutton Sandstone caused by the Hutton

erosion. A potentially prospective area is the northeastern part of the survey area where the

thick Poolowanna interval has not yet been drilled @rospect Tpc, Figure 6.4.4). However, the

Hutton erosion in the updip side of this area remains a key hydrocarbon leakage risk.
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Chapter 7

Case Study 3: Merrimelia 3D Seismic Survey Area

Chapter 7 - Case 3: Merrimelia 3D Seismic Survey Area

7.1 Introduction

The diffrculty of producing hydrocarbons from the Birkhead Formation is generally caused by

the reservoir discontinuity due to the nature of fluvial succession. In this case study, the

Birkhead interval, in which oil accumulates in the Merrimelia Field area is selected to

visualise the complex spatial arrangement of the reservoir and seal rocks in the fluvial system

(Figure 7.2.2). A new effective stratigraphic trap prospect has not been extracted and there is

no contribution from this case study to construct a portfolio of stratigraphic trap explorations

in the final stage of this research. However, the result is considered to be important for the

future exploration and development of stratigraphic trap play of the Birkhead Formation in the

Eromanga Basin.

7.2 Fields in the Merrimelia 3D seismic survey area

7 .2.1 Merrimelia/ Meranji/ Pelican flrelds

The Menimelia 3D seismic survey area is located in northeastern South Australia in the

Figure 7.2.1.Ma¡or structuralelements of the
southern Cooper Basin (modified after
Thornton, 1979; Apak et al., 1997) and the
location of the case study area.
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middle part of the Gidgealpa-Merrimelia-Innamincka structural high trend (GMI trend) of the

southern Cooper Basin (Figure 7.2.1). The seismic survey covers the locations of the

Merrimelia, Meranji and Pelican fields.

The Merrimelia Field is an anticline with a four-way dip closure, bounded to the northwest at

Early Permian level by a NE striking, southward dipping reverse fault produced by inversion

tectonics (Apak et a1., 1997; figures 7.2.4 & 7.2.5). At the Jurassic to Cretaceous level,

conjugate normal faults trending NE-SV/ are located near the Merrimelia structural crest

(f,rgures 7.2.3,7.2.4 &,7.2.5). The first four Merrimelia wells were sited on early seismic,

gravlty and magnetic mapping. The discovery of commercial gas in the Toolachee Formation

at Merrimelia 5 in 1970 followed the results of the 1970 Merrimelia seismic survey (Smith,

l9S3). Thirty-seven exploration and development wells had been penetrated by 1997 and

discovered oil accumulations in the Nappamerri Group, Poolowanna Formation, Hutton

Sandstone, Birkhead Formation and Namur Sandstone, and gas accumulations in the

Tirrawarra Sandstone, Toolachee Formation and Nappamerri Group.

The Meranji and Pelican fields are located in the saddle between the Gidgealpa and

Merrimelia structural highs (figures 7.2.1 &, 7.2.3). These frelds are two of a number of

anticlinal structures which are bounded to the west by the reverse fault extending from the

Merrimelia high. In the Meranji Field, seventeen wells had been penetrated by 1998 and

discovered gas accumulation in the Tirrawarra Sandstone, Patchawarra Formation, Epsilon

Formation and Toolachee Formation, and oil accumulation in the Namur Sandstone. In the

Pelican Field, six wells had been drilled by 1991 and discovered gas accumulation in the

Tirrawarra Sandstone, Patchawarra Formation and Toolachee Formation. Around the

Merrimelia, Meranji and Pelican fields, some gas discoveries exist in the Permian successions

in the fault block in the flank area of the structural high trend (Narie-I, Massy-l, Ficus-l,

Bindah-1).

The play type of the discoveries in the Merrimelia, Meranji and Pelican field area are

categorised by two types; pre- and post-Daralingie uplift plays. In the structurally high area,

the Early Permian succession misses being bounded by the fault and eroded by the base of the

Toolachee Formation. The gas accumulations in the Early Permian succession occur in the
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fault traps and pinch-out traps due to the erosion. In the Late Permian, Triassic to Jurassic

successions, the oil and gas accumulations occur in domed four way dip closures. However,

the Toolachee Formation and the Birkhead Formation have a combination with a stratigraphic

trap due to the lateral thinning of sandstones in the formations.
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7.2.2TheBirkhead and Hutton oil reservoirs in the Merrimelia Field

The oil accumulations exist in the Hutton Sandstone and the Birkhead Formation in the

Merrimelia Field. The distribution of the accumulation is restricted in the top of the

Merrimelia high (Figure 7.2.3). The oil pools are distinguished into two intervals, the

Hutton/basal-Birkhead reservoir and the middle Birkhead reservoir (Figure 7.2.6).

Although the distribution of the basal-Birkhead reservoir is scattered, the reservoir comes in

contact with the massive Hutton Sandstone reservoir. A common oil-water contact also

suggests that basal-Birkhead and the Hutton Sandstone act as one reservoir. Consequently, the

distribution of the oil accumulation in the Hutton/basal-Birkhead is basically controlled by the

topographic feature of the Merrimelia structural high.

The middle Birkhead reservoir shows significant lateral facies change from sandstone to shale

with thin coal beds. Sandstones in the interval in the same depth level do not always have oil

accumulations (for example middle Birkhead reservoir equivalent in Merrimelia-6 well,

Figure 7.2.6). This suggests that the reservoir sandstone is laterally isolated within the middle

Birkhead interval. The free water level of this reservoir has not been confirmed; however,

water bearing sandstones above and below the middle Birkhead interval indicate that this

interval is also statically disconnected with the lower and upper Birkhead intervals which are

divided by correlative shaly intervals recognised as flooding surfaces (this will be discussed

later). Consequently, the oil accumulation in the middle Birkhead reservoir is recognised as a

stratigraphic trap which is produced as a reservoir rock thinning out within the top, lateral and

bottom seal rocks.
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7 - Case Study 3: Meruimelia 3D Seismic Survey Area

7.3 Distribution of the upper and middle Birkhead reservoirs

7.3.1 Sedimentary facies analysis

Four sedimentary facies are recognised in the Birkhead Formation with a similar facies

defurition as in the previous case studies (figures 7.4.1 and 7.4.2; see the facies definitions in

section 5.3.1). The facies include fluvial channel (stacked and amalgamated sandstone with a

sharp base), crevasse splay channel (interbedded sandstones with sharp bases and shale),

floodplain-crevasse splay complex (interbeds of fine-grained sandstones and shales) and

floodplain.
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7.3.2 Sequence stratigraphy

The Birkhead Formation comprises fluvial deposits consisting of sandstones and shales with

minor coal layers (figures 7.3.1 and7.3.2). The formation lies on the massive stacked fluvial

channel sandstone of the Hutton Sandstone. The boundary of the Birkhead Formation and the

Hutton Sandstone is practically recognised as a shift of a gamma ray response from sandy to

shaly. The undulation of the topographic feature suggests that the base of the Birkhead

Formation is an erosional surface forming the valley incising the Hutton Sandstone (3B60; it

will be discussed agatnlater). The top of the Birkhead Formation is identified as the boundary

between the shaly interval of the Birkhead Formation and the massive fluvial channel

sandstone of the Adori Sandstone.

The Birkhead Formation comprises fluvial channel and floodplain deposits. The fluvial

channel facies laterally changes into crevasse splay and floodplain deposits. The laterally

discontinuous fluvial sediments suggest that these sediments were deposited during increasing

fluvial accommodation caused by the rising of the relative base level, and are assigned to a

transgressive systems tract (T5T60).

Within T5T60, laterally continuous shale-prone intervals are identified that lie on top of a

fining upward abandoned channel succession or its correlative floodplain deposits. The

extensive abandonment of the fluvial channels suggests a widespread, elevated relative base

level leading to the development of the shaly interval that is identified as a flooding surface.

The well correlation, flattened on the flooding surface, demonstrates the topographic feature

at T5T60 sedimentation (Figure 7.3.2). The magnitude of the incision of the base of T5T60

into the Hutton Sandstone was at least fifty meters in depth. The lower part of T5T60, topped

by FSl, filled the topographic low area of the incised valley, onlapping the wall of the valley

following the relative base level rise. Continuous base level rise produced the middle and

upper part of T5T60 inundating the incised valley and widely covering the Merrimelia and

Meranji area.
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Chapter 7 - Case Study 3: Menimelia 3D Seismic Survey Area

Boult et al.(1998) described the sequence stratigraphic setting of this interval in the Gidgealpa

Field and the Moorari Field areas and showed the incised valley system of the Birkhead

Formation frlled by lowstand systems tract and transgressive systems tract. In the Merrimelia

area, however, the lower part of the Birkhead Formation frlling the incised valley, does not

show laterally continuous stacked fluvial channel sandstone, which is expected as evidence of

a lowstand and stable base level stage associated with a regression and a new alluvial

accommodation space within the incised valley. Hence, the lowstand systems tract is

considered not to be deposited in this area except for the lag deposits just above the bottom of

the incised valley. There is a possibility that the late stage of a lowstand systems tract was

deposited in the increasing fluvial accommodation resulting from slow relative base level

rising and still regression þresumably Boult et al.(1998) interpreted their lowstand systems

tract as this in the Moorari field area). However as it is practically diffrcult to identifu a

transgressive surface bounding the lowstand systems tract and the transgressive systems tract,

then the whole Birkhead Formation was interpreted as the transgressive systems tract in the

Merrimelia area. In the flattened correlation on the flooding surface, the base of the Adori

Sandstone lying on the Birkhead Formation is almost flat and shows no significant incision.

The top of the T3T60 can be tied approximately into the amplitude peak (frgures 7.3.1 and

7.3.3), although the amplitudes laterally vary. The rock property of the Adori Sandstone is

almost homogeneous (except the local cemented portion in the crest of the Merrimelia high

area; this will be discussed later), and then the amplitude variation around the top Birkhead

horizon is corresponding to the facies variation of the middle and upper part of the T5T60

(FSl to the top of the Birkhead Formation).
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Chapter 7 - Case Study 3: Merrimelia 3D Seismic Survey Area

7.3.3 3D seismic data visualisation

Scattered positive high amplitudes appear on the top-Birkhead horizon in seismic sections

(yellow Íurows in Figure 7.3.3). The seismic volume visualisation sets a window of 6msec

above and below the top-Birkhead horizon (the thickness of the window is consequently

l2msec) to show the positive amplitude variation and demonstrates the meandering patterns

of the amplitude (figures 7.3.4 and 7.3.5). The seismic amplitude variation of this seismic

volume corresponds approximately to the middle to upper Birkhead interval (from FSI to the

top of the Birkhead Formation).

Although in the crestal area of the Merrimelia high, there is also an extensive high amplitude

distribution, the carbonate cemented portion of the Adori Formation (which appears as high

resistively and high velocity in well logs-red-squares in Figure 7.3.5) affects the seismic

amplitude and it is not representative of the facies variation of the Birkhead interval (Smith,

le83).

In the Meranji Field area (westem side of the 3D seismic survey area), the meandering pattern

of the positive amplitude divides the sedimentary facies of the upper Birkhead interval (FS2

to Base of the Adori Sandstone) interpreted in well log motifs. The fluvial channel facies

cxists inside of the meandering pattern and crevasse splay and floodplain facies dominant

outside of the meandering pattern. Meranji-I5 well intersected the natrow high amplitude

meandering pattern and represents the shaly and coaly interval of floodplain deposits. The

meandering pattems are interpreted as an abandoned channel plugged by fine sediments as the

final stage of the lateral migration of the meandering fluvial channel. The inside of the

meandering pattern suggests the lateral accretion of point bars þoint bar M in Figure 7.3.5),

which are represented as fluvial channel facies in well log motifs in the upper Birkhead

interval.

In the middle of the survey area (near Pelican-5), the distribution of positive amplitude shows

a meandering channel pattern that corresponds to the fluvial facies variation within the middle

Birkhead interval (FSl to FS2), although the blurring of the seismic data is due to the effect of

the cemented portion of the overlying Adori Formation. The fluvial channel sand facies is

located inside the point bar loop (point bar P in Figure 7.3.5). Along the northern edge of the
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survey areas, the edge of a channel belt is inferred, where floodplain sediments were

deposited (Narie-1, 2 andFicus-l).

The southern margin of the distribution of the fluvial channel facies in the middle and upper

Birkhead intervals suggests the possible edge of the fluvial channel belt, which elongates

southwest to northeast. The northern margin of the channel belt was merged with the

limitation of the abandoned channel paffern, which is extending southwest to northeast along

with the southern margin.

As a consequence of the integration of the sequence stratigraphy and 3D seismic visualisation,

a Birkhead fluvial channel belt system can be demonstrated. After infilling the incised valley,

the Birkhead fluvial system inundated the Merrimelia and Meranji fields area. Within the

channel belt, meandering channels made a complex of laterally accreting point bars and

crevasse splay deposits. The meandering channel was finally abandoned and plugged by frne

sediments. Outside of the channel belt, occasionally flooding occurred and resulted in the

crevasse splay channel and crevasse splay delta complex comprising thin alternations of

sandstone, shale and minor coal. The fluvial system \¡/as aggraded corresponding to the

relative base level rising with several experiences of extensive avulsion (FS 1,2), and caused

the laterally discontinuous fluvial channel and floodplain complex.
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Figure 7.3.5. Sedimentary facies in well log motifs in
the middle and upper Birkhead Formation (FS1 to the
top of the Birkhead Formation) and seismic amplitude
variation within the seismic volume extracted from
6msec above and below the top-Birkhead horizon.
Cloudy patterns show the positive amplitude
distribution. The amplitude distribution shows a

meandering pattern in the middle and upper Birkhead
interval. Around the crest of the structure, the very
high amplitude is affected by the carbonate cemented
portion of the Adori Sandstone which does not show
internal features of the Birkhead Formation. ln the
Meranji Field area (western side of the 3D seismic
survey area), the meandering pattern of the positive
amplitude dividesthe sedimentaryfacies of the upper
Birkhead interval (FS2 to Base of the Adori
Sandstone) interpreted in well log motifs. The fluvial
channel facies exists inside of the meandering
pattern and crevasse splay and floodplain facies
dominant outside of the meandering pattern. Meranji-
15 well intersected the narrow high amplitude
meandering pattern and represents the shaly and
coaly interval of floodplain deposits. The meandering
patterns are interpreted as an abandoned channel
plugged by fine sediments as the final stage of the
lateral migration of the meandering fluvial channel.
The inside of the meandering pattern suggests the
lateral accretion of point bars (point bar M), which are
represented as fluvial channelfacies in well log motifs
in the upper Birkhead interval. ln the middle of the
survey area (near Pelican-5), the distribution of
positive amplitude shows a meandering channel
pattern that corresponds to the fluvialfacies variation
within the middle Birkhead tnterval (FS1 to FS2),
although theblurring of the seismicdata isdue tothe
effect of the cemented portion of the overlying Adori
Formation. The fluvial channel sand facies is located
inside the point bar loop (point bar P). Along the
northern edge of the survey areas, the edge of a

channel belt is inferred, where floodplain sediments
were deposited (Narie-1, 2 and Ficus-1). The
southern margin of the distribution of the fluvial
channel facies in the middle and upper Birkhead
intervals suggests the possible edge of the fluvial
channel belt, which elongates southwest to northeast.
The northern margin of the channel belt was merged
with the limitation of the abandoned channel pattern,
which is extending southwest to northeast along with
the southern margin.
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7.3.4 Reservoir and seal rock distribution

The meandering pattern of the positive amplitude suggests the distribution of the possible

reseryoir rocks of point bar sandstones. The sandstones are enveloped by floodplain shale on

the top and bottom, and laterally by the shale plugging the abandoned channel. The location

where the edge of the point bar up-dips towards the abandoned channel can be an efficient

stratigraphic trap. The main targets of these point bar sandstones, however, have been

penetrated and confirmed their non-hydrocarbon accumulation (Pelican 5, Meranji 4 andg).

The oil accumulation in the Birkhead Formation in the Merrimelia Field area is controlled by

the distribution of reservoir and the structural contour. The oil-bearing reservoirs are almost

less than 5m thick, because all these reservoirs are located out ofthe fluvial channel belt and

consist of crevasse splay channel and crevasse splay delta facies. The restricted accumulation

on the top of the structural high perhaps indicates a breach of the seal rocks and juxtaposing

reservoir rocks due to the tectonic movement associated with the conjugate faults which cut

the Birkhead Formation. In fact the interpreted point bar sandstone of the middle Birkhead

interval represented by the meandering positive pattern in the northern flank of the Merrimelia

high, is considered as to be juxtaposed with the oil bearing Hutton/basal-Birkhead reservoir

along the conjugate faults. The other possibility of the restricted oil accumulation is that the

oil migrated only from the Nappamerri Trough side (southern side of the Merrimelia high);

hence the possible stratigraphic trap of the point bar sand and abandoned channel shale

combination has not been located on the oil rnigration path.

7.3.5 Capacity of the point bar sandstone reservoir

To demonstrate the impact of a reservoir potential of the middle Birkhead interval, the

capacity for oil reserves of the point bar sandstone is calculated. The point bar sandstones

have been penetrated by wells and confirmed water-wet, therefore the reserve size

calculations are not real. However, it can be useful to gain a sense of the magnitude of the

possible capacity of the point bar sandstone as oil reseryoirs for the future exploration in this

interval.

Two point bars (point bar M and P) represented as a result of integration of sequence

reserve capacrt\¿stratigraphy and seismic data visualisation were selected to calculate the oil
r52
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The reserve size is calculated such as:

(structurally and stratigraphically closed point bar area) x (net sandstone thickness of the

fluvial channel facies) x (average porosity) x (l - average water saturation) x (formation

volume factor).

This reserve size indicates the possible in-place reserve size of oil in the point bar sandstone.

The closed point bar areas were measured as a place closed by the outline of the meandering

amplitude pattem and time contour of the top-Birkhead horizon (Figure 7.3.5). Confirmed net

sandstone thickness of the fluvial channel facies in well data was applied (for point bar M, the

average of net sandstone thickness in the upper Birkhead interval in Meranji-4 and 9, for point

bar P, the net sandstone thickness in the middle Birkhead interval in Pelican-5, were used).

Porosity was derived from sonic data (80psec/ft) in the fluvial channel facies interval. The

equation and constants for log-derived porosity for fluvial point bar sandstone (Gravestock

and Alexander, 1986) are as follows:

Where A I,"n: sonic log transit time ( ¡z sec/ft)
A t-o: matrix material transit time ( ø sec/ft) : 5l
Ât, :fluids transittime (ø sec/ft):189

For the average oil saturation and formation volume factor, the data from oil production

achieved in the Hutton/basal-Birkhead reservoir in the Merrimelia Field was used. As a result,

the possible capacity (in place) for oil accumulation were calculated as 25.6 million bbl for

the point bar M and in 12.6 million bbl for the point bar P.

7.3.1. Parameters to calcu possible reserves for point bar M

The implication for the development of the Birkhead Formation reservoir in other areas is the

compartmentalisation of reservoir rocks resulting from the complexity of fluvial channel

geometry corresponding to relative base level rising in this interval. To develop the Birkhead

Area Net sand
thickness

Porosity Sw FVF Reserves
(in place)

Point bar M 4.7 km2 9.5 m 21olo 50o/o 1.152 25.6 MMbbl
Point bar P 2.0 km2 11.0 m 21o/o 50% 1.152 12.6 MMbbt
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Formation reservoir effectively, the expectation of the distribution of the point bar sandstone

by employing the integration of the sequence stratigraphic concept and 3D seismic data

visualisation, can diminish the uncertainty of the reservoir distribution.
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8 - fmpfications for Stratigraphy in the Basin

8.1 Introduction

In the preceding chapters, sequence stratigraphic concepts have been applied to exlract a

series ofstratigraphic trap prospects for case study areas used in this research. In this process,

facies variations of each genetic interval \¡/ere identifîed according to the different

stratigraphic locations. Such variation reflects the subtle differences of the tectonic setting,

accomrnodation and sedirnent supply where the sediments were deposited. Although

comparable intervals to describe spatial variations in this research are limited (i.e. the Permian

and the basal Jurassic successions in the Moorari and the Pondrinie highs), the implications of

the spatial variation of facies and systems tracts help us to construct sequence stratigraphic

framework of practical use for exploration in the Cooper-EromangaBasin. Before discussing

the quantitative risk assessment for the extracted stratigraphic trap prospects (the main aim of

this research), the sequence stratigraphic framework of the Permian to the basal Jurassic

successions in the Moorari and the Pondrinie highs and sequence stratigraphic implications

for the other areas of the Cooper-Eromanga Basin are discussed.

8.2 Sequence stratigraphic framework for the case study areas

Four second-order sequences (sequence 10, 20,30 and 40) were identified in the Permian,

Triassic and the basal Jurassic successions in the Moorari and the Pondrinie area (Figure

8.2 1). The sequential naming of the sequences in this research project does not irnply that all

the sequences in the Cooper-Eromanga Basin are represented, because it is recognised that

higher resolution sequences (third or fourlh order) can be identified, and also significant parts

of the successions have been removed by erosion or have not been deposited in these areas.

The rnain reason for this is because the case study areas were paleo-topographically high.

Chapter I
Implications for Sequence Stratigraphy in

the Cooper-Eromanga Basin
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Figure 8.2.1. Sequence stratigraphic
framework for the Permian and the basal
Jurassic successions in the Moorari and
the Pondrinie area. The dual-datum is
hung on MFS20 for the Permian and on a
FS for the basal Jurassic respectively.

Sequence 10 comprises the top of the Tirrawarra Sandstone and the lower Patchawarra

Formation, consisting of fluvial deposits. Sequence 10 is divided into a lowstand systems tract

(LST10) and a transgressive systems tract (TST10). LST10 comprises stacked and

amalgamated fluvial channel till sandstones of the upper Tirrawarra Sandstone. The sandstone

is laterally continuous and is interpreted as amalgamated fluvial channel deposits accumulated

during a period of relatively low accommodation compared to sediment supply. TST10

consists of floodplain and crevasse splay deposits of the lower Patchawarra Formation.
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Sequence 20 includes the upper Patchawarra Formation, the Murleree Shale and Epsilon

Formation (Figure 8.2.1). The base of sequence 20 (3820) is marked by the absence of

palynostratigraphic ùnitPP2.2.2. typically above a coaly interval in the middle Patchawarra

Formation (VC coal) in the structurally high area (also see Figure 4.1.2). The top of the

sequence is defined by sequence boundary (5830), which is the unconformity at the base of

the Toolachee Formation (Figure 4.1.2), following the Daralingie uplift. Sequence 20 is

divided into a transgressive systems tract (TST20) and a highstand systems tract (HST20),

separated by a widespread maximum flooding surface (MFS20). MFS20 is characterised by

the finest-grained, laterally continuous lacustrine shale interval which makes the extensive

Murteree palaeoJake. TST20 comprises fluvial deposits in the lower portion and lacustrine

deposits in the upper portion. The fluvial deposits include fluvial channel, crevasse splay and

floodplain facies. The fluvial deposits are overlain by lacustrine deposits, consisting of

lacustrine delta sandstones and shales, which show a retrogradational stacking pattern

followed by increasing fluvial accommodation topped by MFS20 (maximum lacustrine

flooding). HST20 consists of a coarsening-upward succession of sandstones, shales and coals

associated with the lacustrine delta progradation of the Epsilon Formation. The coal at the top

of the coarsening-upward succession is interpreted as peat deposition on the emergent

inter-distributary zone of the lacustrine delta plain. Over the structurally high area, the upper

section of the delta was eroded by SB30; hence the relatively thick section is preserved only

on the flank area of the structural high (see figures 5.3.2 and 6.3.2). The interplay of the

lacustrine environments is reflected by the Roseneath Shale and Daralingie Formation in the

southern Cooper Basin, but in the Moorari and Pondrinie areas these units were also eroded

by 5830.

Sequence 30 in the study areas comprises fluvial sandstones, floodplain shales and laterally

continuous coals of the Toolachee Formation, which overlies SB30 immediately below

TST30 (Figure 8.2.1). The fluvial channel facies is relatively thick but laterally discontinuous.

The lateral discontinuity of the fluvial channel deposits on the sequence boundary suggests

that this section is the transgressive systems tract overlying the sequence boundary produced

by increasing accommodation associated with rising relative base level (Lang et a1.,2001),

inundating the structural high. For the purposes of this thesis, the upper part of sequence 30

includes the Nappamerri Group; however it is recognised that this could be subdivided in
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other sequences, but this is the subject of future \ /ork.

Sequence 40 comprises laterally discontinuous fluvial deposits of the basal Jurassic

Poolowanna Formation. The base of the sequence is recognised as a sequence boundary

(5840) characterised by an incised valley that eroded the Nappamerri Group. Particularly in

the upthrown block of the Pondrinie high, the Wirnma Sandstone Member of the Nappamerri

Group, which is interpreted as sandy fluvial deposits associated with high and stable base

level (HST30), was eroded by an incised valley (figures 4.T.2,6.4.2 and 8.2.1). The incised

valley f,rll comprises fluvial channel, crevasse splay and floodplain deposits with thin coal

deposited during rising relative base level, and is assigned to a transgressive systems tract

(TST40). In this location, a LST is not recognised, although logically it should exist down

depositional dip. TST40 is overlain unconforrnably by the Jurassic Hutton Sandstone, a thick

succession of stacked fluvial channel sandstone incised into the Poolowanna Formation.

8.3 Some implications for the sequence stratigraphy in the other areas of
the Cooper-Eromanga Basin

Possible distributions of LST20 (Patchawarra Formation)

Well data in the case study areas indicatethat sequence 20 includes the transgressive systems

tract, consisting of laterally discontinuous fluvial deposits (TST20) and the highstand systems

tract, comprising laterally continuous lacustrine delta succession (HST20), and a lowstand

systems tract is missing in this interval. The distribution of the lowstand systems tract is

possibly restricted to the structurally low area. This is because fluvial systems would have

tended to lie in the paleo-topographic low areas during the low accommodation stage,

especially as relative base level was falling leading to the SB20 unconformity. In the selected

case studies, the palaeo-topographic features are still reflected by the structural highs and

lows, except where younger inversion is involved (Apak et aI.,1997).

In the Moorari 3D seismic data, the lower part of the sequence 20 interval is onlapping and

thinning against SB20 (amplitude trough onlapping on SB20 approximately represented as the

reflection of the top of the Patchawarra VC coal), and suggests the existence of LST20 in the

structural low aÍea (see figures 5.3.7, 5.3.8 and 5.3.9). LST20 represents a low

accomtnodation interval relative to sedirnent supply and hence stacked fluvial sand bodies can
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be expected. This lowstand systems tract is identified as prospect L20E and L20SW in the

Moorari area. The missing highstand systems tract in sequence 10 may represents the sandy

interval deposited on the high and during the stable base level stage as the upper part of the

sequence 10 (i.e. progradational lacustrine delta succession like HST20 or stacked fluvial

channel succession) was eroded and reworked by the unconformable event that made 5820.

This event could result in provide sand intervals being released during low accommodation

especially in the topographically low. The stacked fluvial channel sandstones in the low

accommodation space are expected to be relatively thick and laterally continuous; hence

LST20 is predicted to contain good reservoirs. Although the distributions are restricted in the

structurally low area and they are located relatively deeply, the effective porosity can be

preserved in deep locations because of the primary reservoir porosity of the fluvial channel

facies (Figure 9.4.1. this will be discussed in Chapter 9).

The potential reservoirs of LST20 tend to be located in the structurally low areas and are

expected to be deposited towards the basin centre of the Patchawarra Trough. The potential

reservoirs should be a key to the new exploration play type in the basin centre area (e.g. basin

centre gas play; Hillis et a1.,2001).

Variation of accommodation rate controlled by a fault activity in TST30 (Toolachee

Formation)

Three of case study areas, TST30 generally comprises laterally discontinuous fluvial deposits.

However, the interval in the upthrown block of the Pondrinie high shows a relatively high

continuity of fluvial channel facies (see Figure 6.3.2). For the same reason as in the case of

sequence 20 described above, a lowstand systems fract can exist in the base of sequence 30;

however, from the correlation of well and seismic data, the continuous fluvial channel interval

is recognised as the genetic interval which was deposited at the same time as TST30 in the

downthrown block; hence the laterally continuous fluvial deposits are not assigned to the

lowstand systems tract, but are mapped as TST deposits.

The variation in the lateral continuity in the transgressive systems tract interval is caused by

differences in the rate of increasing accommodation resulted from fault movement (described

in Chapter 2, see figures 2.2.2 and 2.2.3). The movement of the fault bounding the Pondrinie
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high and the Patchawarra Trough resulted in a differential rate of the increase of

accommodation space over these areas. Subsidence in the downthrown block resulting in a

high rate of increasing accommodation reflected in increasingly isolated fluvial deposits. In

the upthrown block, a reduced rate of relative base level rise resulted in low sediment

accommodation in contrast to the downthrown block, although both sides of the fault

ultimately subsided.

The variation of the facies continuity in TST30 suggests that the reservoir characteristics of

the transgressive systems tractvary according to the tectonic setting. In the downthrown block,

discontinuous fluvial channel sandstones isolated in floodplain shales result in a stratigraphic

trap (this type was identified as prospect T30 and Ttc, see Chapter 5 and 6). In the upthrown

block, equivalent transgressive systems tract comprising laterally continuous fluvial channel

sandstones may envelop the structural high and make relatively simple dip-closure targets

(this play is an actual gas reservoir in the upthrown block in the Pondrinie Field). Therefore,

even though the targets are recognised as being the same genetic interval, the strategy of the

exploration and development should be applied according to the specifîc location relative to

the tectonic setting.

Variation of paleo-topography above the base of the Poolowanna Formation (5840)

The paleo-topography of the base of the Eromanga Basin (i.e. SB40) changes depending on

the location of the basin. In the Pondrinie area, coal distribution represented in the seismic

data demonstrates the existence of an infilled incised valley, which is mainly NE-SW

elongated with wedge-shaped tributary valleys on both sides (see Figure 6.4.4). The well data

shows significant thickness changes of the incised valley flrll deposits (TSTaO) onlapping the

wall of the paleo-valley The incised valley extends along the trend of the fault bounding the

northwest of the Pondrinie high. This location may suggest that the valley was preferably

incising the weak trend along the fault surface.

In the Moorari area, the paleo-topographic feature of SB40 is broad and does not appear as an

incised valley. The thickness change of TST40 interval is relatively gentle. The seismic data

demonstrates the fluvial channel and floodplain complex of TST40 and the sedimentary

process of the interval seems not to be restricted within a valleyJike topographic feature (see
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figures 5 .4 .4, 5 .4 .5 and 5 .4 .6).

The paleo-topography of SB40 varies according to different tectonic locations around the

basin. On the basin margin, the relative base level fall resulted in significant incising of the

topographic high. Incision was focussed along the weak trends in the region affected by the

paleo-fault movement. In the centre of the basin, the rate of the incision was gentle and made

a broad erosional surface, because of the differential uplift delineating the outline of the basin

(Figure 2.2.2; Posamentier & Allen, 1999). Fault movement in the early Jurassic along a

northwest trend adjacent to the Pondrinie high (actually a series of faults bounding the

northwest of the GMI trend) constructed the outline of the basin margin. The uplift mainly

occurred along the fault trend, and in the Moorari area was located in the relatively stable

basin centre. This basin outline closely matches the map of the basal Eromanga Basin

described by Wiltshire (1982).

One implication for exploration in the TST40 interval (Poolowanna Formation) is that the

play type will depend on the location in the basin. Near the basin margin, TST40 would be

deposited as incised valley fill, and accordingly the exploration targets should be fluvial

channel sandstone restricted within the valley (recognised as Tpc prospect introduced earlier,

and also oil accumulations in the Chookoo, Cooroo and Karri fields can be identified as this

play type; Green et al.,1989). In the basin centre, the fluvial channel and floodplain sediments

deposited in the open fluvial environment can be objectives for exploration in TST40

(recognised as T40 prospect in this research). Importantly, the seal effectiveness of the

overlying Hutton Sandstone should control the distribution of the hydrocarbon accumulation

in the TST40 (discussed below).

Erosional surface of the base of the Ilutton Sandstone (5850)

In the western area of the Eromanga Basin where the case study areas are located, the well log

motifs show that the base of the stacked fluvial channel Hutton Sandstone lie sharply over the

fluvial channel and floodplain complex interval of the Poolowanna Formation (see figures

5.4.2 and6.4.2). The well correlations, of whichthe datum is hung on one of the lacustrine

flooding surfaces, demonstrate that the depth of erosion of the base of the Hutton Sandstone is

at least 25 meters deep. The seismic data representing the features of the incision (Figure

5.4.3C) and the truncation (Figure 6.4.3) into the Poolowanna Formation and the Nappamerri

161



Chapter I - fmplications for Sequence Stratig:aph.y in the Cooper-Eromanga Basin

Group interval, also support the interpretation that the base of the Hutton Sandstone is

characterised as an erosional surface and recognised as a sequence boundary (5850).

Wiltshire (1982 & 1989) suggested that in the Surat Basin and the eastern edge of the

Eromanga Basin, the transition from the Evergreen Formation (the equivalent of the

Poolowanna Formation) to the Hutton Sandstone is observed as gradual, from lake shoreface

to distributary channel and fluvial channel sandstones, with no significant erosional event

evident.

From the observations of the base of the Hutton Sandstone in the western and eastem of the

Eromanga Basin, basinal tectonic tilting in this time can be suggested. The western basinal

uplift is associated with widespread erosion (5850) of the fluvial channel and floodplain in

the Eromanga Basin area. In the Surat Basin, an increased sediment supply from the western

erosion resulted in a conformable transition from the lake to the fluvial environment. The

western shift of uplift, probably made a new accommodation in the erosional area and the

massive fluvial channel sandstone of the Hutton Sandstone overlay the erosional surface

(5850) in the Eromanga Basin area. The fluvial systems extended into the Surat Basin and

continuously deposited the Hutton Sandstone.

The erosional contact between the Hutton Sandstone and the underlying Poolowanna

Formation provides a significant seal risk with the Poolowanna exploration play in the

western Eromanga Basin. In the eastern Eromanga Basin and the Swat Basin, the seal risk

may be less than in the western Eromanga Basin because of the relatively conformable

contact.
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9.1 Introduction

Petroleum exploration is an investment and the aim is a profitable return. However, there are

many aspects that introduce uncertainly and therefore increase the risk of losing capital. In

order to control the profitable return, many oil companies are recently assessing their

petroleum exploration projects with quantitative risk analysis.

One of the ways to diversify the risk capital is globally investing in many projects which have

positive expected net present values. However, it is often diffrcult for rnany corporations to

deal effectively with many projects in a situation where opportunity is limited (e g. a

non-accessible area for the corporation, lack of funds). The other way for diversifying the risk

is an investment into as many play types of exploration opportunities as possible in the limited

area including stratigraphic traps.

Recent geoscience improvements, especially sequence stratigraphy and 3D seismic data

visualisation technique, have been remarkable, and has greatly contributed to diminishing

geologic uncertainty in stratigraphic trap exploration. If the stratigraphic trap prospects can

effectively be identified at the same stage as extracting the other conventional play types, the

same effects as global investments for diversiflzing risk capital, should be expected.

In this chapter, play types of eight stratigraphic trap prospects extracted in the Moorari and

Pondrinie area are summarised, and quantitative risk assessment is then conducted. This

includes estimating the chance of geologic success and calculating probabilistic reserves

distributions for each stratigraphic trap prospect, depending on the sequence stratigraphic

context. Finall¡r, a risk-reward optimisation is conducted for determining an effîcient frontier

and an appropriate portfolio of stratigraphic traps.

Chapter 9

Quantitative Risk Assessment for Prospect Inventory

163



Chapter 9 - Quantitative Risk Assessment for Prospect fnventory

9.2 PIay type of prospects

Eight stratigraphic trap prospects were identified in the Moorari and Pondrinie 3D seismic

survey areas by linking the depositional systems tracts to specific seismic intervals aided by

3D visualisation. Prospects are located in the TST10, LST20, TST20, HST20 and TST30

intervals of the Permian succession and in the TST40 interval of the basal Jurassic succession

(Figure 9.2.1 and 9.3.2)

9.2.1 Moorari 3D seismic survey area

Prospect T10

Prospect T10 comprises an isolated fluvial channel sandstone reservoir and floodplain shale

seal in TST10 on the eastern flank of the Moorari structural high. Figure 9.2.1b-6 shows the

amplitude distribution of the amplitude trough in TST10. The low amplitude area (green),

which represents thin coal distribution, is sinuously elongated north to south. The high

arnplitude areas (yellow to red) show thick coal, and are sitting on both sides of the elongated

low-amplitude area. The amplitude pattem suggests the existence of a fluvial channel within

the floodplain or under the peat mire in the transgressive systems tract. The channel could

have aggraded in response to the increasing base level, resulting in an isolated sand body

enveloped by floodplain shale in TST10 (prospect Tl0 in Figure 9.3.2).

The southern extension (structurally up-dip) of the fluvial channel is outside the 3D seismic

data. Uncertainty in the geometry of the channel presents a risk of hydrocarbon leakage along

the sand body extending southwards. HoweveÍ, a gas accumulation in a crevasse splay

sandstone in the equivalent interval has been confirmed at a well beside the prospect

(Cardam-l) and this suggests the possibility that a gas accumulation may exist in the channel

sandstone on the flank of the Moorari high.
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a) Prospect inventory
Poolowanna Fm / TST40 ¡nterual

Fm / HST20 ¡nterual

Patchawa¡ra Patchawarra Fm /TSTI0 ¡ntcruar

Toolachee Fm /TST30 interual Poolowanna Fm

Figure 9.2.1a. Summary of prospect inventory from the Moorari and Pondrinie 3D seismic survey area.
Bird's eye view images of the prospect inventory b) plan view details of prospects for spatial
comparison of sedimentary environments.
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Figure 9.2.1b. Summary of prospect inventory from the Moorari and Pondrinie 3D seismic survey area.
Plan view details of prospects for spatial comparison of sedimentary environments.
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Prospects L20SW and L20E

Prospects L20SV/ and L20E comprise stacked fluvial sand reservoirs in LST20 on the

southwestern and the eastern flanks of the Moorari structural high. The LST20 amplitude

trough is onlapping on the high and restricted to the low areas above SB20 on the

southwestern and eastern flanks of the Moorari high (frgures9.2.Ib-4 and9.2.lb-5). Although

no well has penetrated the interval, LST20 is interpreted as a low accommodation interval

relative to sediment supply and hence stacked fluvial sand bodies can be expected. The

LST20 intervals are enveloped by the floodplain shale of the transgressive systems tracts

above and below (TSTI0 and TST20, see prospects L20SW andL2DB in Figure 9.3.2),which

is expected to act as a seal.

On the southwestern flank of the Moorari high, LST20 appears to be isolated and drpping up

towards the structural high (prospect L20SW, Figure 9.2.1b-4). LST20 on the eastern flank of

the Moorari high (prospect L20F,, Figure 9.2.1b-5) is dþing northwards. The southern

extension (structurally up-dip) of LST20 is outside the 3D seismic data area, hence there is an

uncertainty in the trapping geometry. However, a gas accumulation in a crevasse splay

sandstone of TST20 close to SB20 has been confirmed at a well (Cardam-l) and it suggests a

possible gas accumulation in the LST20 interval.

Prospect H20

Prospect H20 comprises a progradational lacustrine sandstone reservoir and lacustrine shale

seals within the HST20 interval on the northwestern flank of the Moorari high. Figure

9.2.1b-3 shows the coal amplitude peak distribution associated with the Epsilon delta

progradation above MFS20. The apparent thinning out of the amplitude peak on the

northwestern flank of the Moorari high suggests that the Epsilon lacustrine delta and coal

were eroded by 5830. The Epsilon delta sandstone eroded by SB30 on the northwest flank of

the Moorari high may represent a possible stratigraphic trap (prospect H20 in Figure 9.3.2).

The top and the bottom of the delta sandstone are sealed by lacustrine shales. However, the

delta sandstone may be in contact with the fluvial sandstones of the Toolachee Formation

(TST30) above the SB30 and this represents a hydrocarbon leakage risk through the

juxtaposition of the sandstones.
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Prospect T30

Prospect T30 comprises an isolated fluvial channel sandstone reservoir and floodplain shale

seals on the northwestern flank of the Moorari high. A lenticular negative amplitude is

identified above SB30 (Figure 9.2.1b-l). The amplitude trough corresponds to the fluvial

channel sandstones among the floodplain shales and coal in TST30 of the Toolachee

Formation, which appears in wells (Cardam-l, Woolkina-l and 2) in the southern of the

Moorari high. The lenticular negative amplitude appears also on the northwestern side of the

Moorari high and it suggests the existence of fluvial channel sandstones þrospect T30, Figure

9.3.2). The fluvial sandstones could be enveloped and sealed by the floodplain shales and coal

of TST30. However, it is diffrcult to confirm the isolation of the sand body because the

negative amplitude extends beyond the limits of the seismic survey.

Prospect T40

The seismic amplitude distribution and well data in TST40 suggests that a crevasse splay

channel and a crevasse splay delta complex exists on the floodplain @igure 9.2.1b-2). All

wells in the study area penetrate the TST40 interval, but no hydrocarbons of economic interest

have been discovered. A possible reason for this failure could be hydrocarbon leakage

through the contact between the TST40 and the Hutton Sandstone.

In the northeastern area of the Moorari 3D seismic survey, the sheet-like positive amplitude

corresponding to the crevasse splay delta has not been penetrated by a well. The crevasse

splay delta sandstone can be enveloped by floodplain shale of the TST40 þrospect T40).

However, the incision by the Hutton Sandstone on the crevasse splay delta suggests a high

risk of hydrocarbon leakage.

9.2.2Pondrinie 3D seismic survey area

Prospect Ttc

Prospect Ttc comprises an isolated fluvial channel sandstone reservoir and floodplain shale

seals of TST30 lying in the downthrown fault block to the northwest of the Pondrinie high.

Figure 9.2.1b-7 shows the amplitude distribution within TST30 in the downthrown block. The
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area of negative amplitude (yellow) represents thin coal distribution, and is sinuous, elongate,

and trends northeast to southwest along the fault. The positive amplitude areas (blue) indicate

coal distribution and are sitting on the western side of the elongated negative amplitude area.

On the eastem side of the negative amplitude area, a smaller scale sinuous paffern is

represented by variable amplitude. The amplitude patterns imaged in Figure 9.2.1b-7 suggest

the existence of a fluvial channel belt surrounded by splay complexes and the floodplain

accumulated in TST30. The channel belt probably aggraded in response to an increasing base

level, resulting in an isolated sandbody among the floodplain and peat mire deposits þrospect

Ttc).

This channel belt seems to be orientated parallel to the fault, although in the seismic shadow

zone of the fault there is uncertainty regarding the channel geometry and the relationship

between the channel and the fault. However, a gas accumulation in the fluvial channel

sandstone (Napowie-2) suggests that gas has accumulated in the isolated fluvial channel

sandstone in the downthrown fault block.

Prospect Tpc

Prospect Tpc comprises an isolated fluvial channel sandstone reservoir and floodplain shale

seals of TST40 filling the topographic feature of the incised valley of the basal Jurassic

Poolowanna Formation (SBa0). The high amplitude distribution within the Poolowanna

interval (red in Figure 9.2.1b-8) is interpreted as a proxy for the distribution of the coaly

interval in TST40. The distribution of the coaly interval is characterised as mainly a NE-SW

elongated pattern with wedge-shaped tributary patterns on both sides. The spatial thickness

variation based on the well log motifs and the amplitude distribution, suggests the existence of

an incised valley over the Pondrinie area in TST40. The transgressive fluvial channel

sandstones in the incised valley could be a stratigraphic trap prospect within TST40. However,

none of the wells which intersected the fluvial channel in this area have discovered economic

hydrocarbon accumulations. A possible reason for failure may be hydrocarbon leakage

through the contact between the TST40 sandstone and the overlying Hutton Sandstone. A

potentially prospective area is the northeastern part of the survey area where the thick TST40

interval has not yet been drilled þrospect Tpc, Figure 9.2.1b-8), although the Hutton erosion

on the updip side of this area remains a key hydrocarbon leakage risk.
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9.3 Chance of geologic success

9.3.1 Geologic chance factors for stratigraphic traps

A chance of geologic success of a prospect is defined as the chance that an exploration well

encounters an accumulation of mobile hydrocarbons. A practical proxy for this case is

"encountering enough reservoired oil or gas to sustain flo\ry". Geologic success does not imply

economic success (Rose, 2001). For a subsurface accumulation of hydrocarbons, fle
geologic chance factors must exist: thermally mature source rock, hydrocarbon migration,

reservoir rock, structural or stratigraphic closure and hydrocarbon containment. These

geologic chance factors are independent of each other. The chance of geologic success is

calculated from the multiplication of the estimated confidence values of all five factors, which

expresses the probability of the existence of each factor as a value from 0 to 1.

In this chapter, to simpliff issues in relation to the estimation of the chance of geologic

success in stratigraphic traps, the focus is on reservoir, seal rock and appropriate spatial

arrangement of reservoir and seal. These factors are conesponding respectively to geologic

chance factors: "reservoir rocks", "effectiveness of hydrocarbon containment" and

"stratigraphic closure" in the definition outlined in Chapter 2. It is recognised that "thermally

mature source rock", "hydrocarbon migration" and "preservation from subsequent spillage"

must also be considered in estimating the chance of geologic success.

The concept of a depositional systems tract provides a predictive framework for the spatial

distribution of sedimentary facies. Sequence stratigraphy can therefore be used to evaluate the

distribution of reservoirs and seals more systematically and with less uncertainty than

lithostratigraphic approaches. In this thesis, the reservoir and seal factors are categorised

based on depositional systems tracts and the confidence values are estimated for each

geologic chance factor.

An effective stratigraphic trap requires the existence of three geologic factors: reservoir, seal,

and an appropriate spatial anangement of the reservoir and seal (stratigraphic closure). The

seals in the systems tract for the stratigraphic trap can be categorised as top seal, lateral seal,
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and bottom seal (Figure 9.3.1). The top, lateral and bottom seals are defined by the sealing

potential of the rocks which were deposited after, contemporaneously, and before deposition

of the reservoir facies in a given systems tract. The seal effectiveness of other systems tracts is

also critical, because erosion by the overþing systems tract can remove or partially penetrate

the top or lateral seal (e.g. the incision by an overlying lowstand systems tract may increase

the risk of destruction of the top seal in the underþing transgressive or highstand systems

tract). In another case, the sand content of the underlying systems tract can have an effect on

the bottom seal potential (e.g. a sand-rich highstand systems tract below the onlap of a

transgressive sandstone reservoir may increase the risk of hydrocarbon leakage). These

multiple-seal factors are geologically independent of each other. All the geologic factors must

be favourable for the geologic success of a stratigraphic trap to occur. However, if some of

them are obviously not related to the stratigraphic trap component, the factor can be excluded

(for example, if the trap is confined with a single systems tract, then the overlying systems

tract does not afïect the confidence value).

. geologic chance factor for an effective stratigraphic trap

Figure 9.3.1. Schematic section showing geologic chance factors which are required for an effective
stratigraphic trap.
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Moorari area
Pros ect T40

Pros cts T30 H2

Pros cts L20sur & L20e

Pros ect T10

Pond rin ie area
Pros ect c

Pros ect Ttc

stacked channel sandstone ofthe Hutton Fm
utton

stacked channel sandstone of the

floodplain slrale with
and sandstone of TST30

lacustrine delta
system of HST20

floodplain shale with
coal and th¡n sandstone of TST20

floodplain shale with
coal and thin sandstone ofTSTl0

floodplain shale with
coal and thin sandstone

stacked channel sandstone ofthe Hutton Sandstone

floodplain shale with
thin sandstone of Nappamerri Gp

seals of floodplarì shalc !vrÌlì
coal and llìin sân.lstotrc of

floodplain shale with
coal and thin sandstone of TST30

floodplain shale with
coal and thin sandstone of TST30

Figure9.3.2. Schematic sections of play concepts for the prospect inventory (not to scale).
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9.3.2 Chance of geologic success of prospect inventory

To estimate the chance of geologic success of a stratigraphic trap, a confidence value for each

geologic factor has to be allocated. Figure 9.3.3 shows an index for the subjective expressions

of confidence in the existence of a geologic factor (modified after Rose, 2001; Nakanishi &

Lang, 2002). The confidence value should be assessed by the expression of the existence of

the geologic factors, resulting from geologic interpretation (a good scenario versus bad

scenario) and the qualþ and quantity of information supporting the geologic interpretation

(enough or poor).

expression of the existence
of the geologic chance factors

Figure 9.3.3. lndex for the subjective expressions of confidence in the existence of the geologic chance
factors (modified after Rose, 2001; Nakanishi and Lang,2002). Also see the criteria for the expression
of the existence of the geologic chance factors, and the quality and quantity of information in Figure
9.3.4. Very good expression supported by plentiful information is evaluated as 1.00 for a confidence
value. Very poor information, which implies no data and no geological idea (see criteria in Figure
9.3.4b), is evaluated as a confidence value of 0.5 (i.e. a coin toss). Plentiful and enough information is
evaluated as confidence value of either, more than even, or less than even.

Figures 9.3.4a and 9.3.4b list the criteria for expression of the existence of the geologic

factors categorised by systems tract, and the quality and quantþ of information supporting

the geologic interpretation. Figure 9.3.5 summarises the estimates of the chance of geologic

success for a range ofplay types.
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The lowstand systems tract plays (L20SW and L20E) show high chances of success. This

high expectation is caused by the factthat confltdence in the existence of a seal is high. Lateral

and bottom seals for the lowstand systems tract are provided by the transgressive systems

tract underneath (TST10), which demonstrates the high seal potential of the shales. The top of

the lowstand systems tract is sealed by shales of TST20. The expectation of a high

concentration of sandstone in the lowstand systems tract also results in a high chance. Low

chances of success were estimated in prospects T40 and Tpc in TST40. These estimations

result from the high confidence in the incision by the overlying systems tract (Hutton stacked

channel sandstone), with the result of a high risk of a hydrocarbon leakage.
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Criteria for the ssion of the existence of the chance factors

b) Criteria for quality and quantiy of information

plentiful are well and seismic data which proved the existence or non-existence
the chance factor near the

enough are well and seismic data suggesting the existence or non-ex¡stence
geologic chance factor which has not been proved by well

Existing well and seismic data are not enough to support the
expression of the ic chance factor's existence
There is no well and se¡smic data and the expression of the geologic
factor's existence comes from the general geological concept of the region

,"ry poorl No data and no geological idea

Figure 9.3.4. Criteria for chance of geologic success estimation for the prospect inventory. a) criteria
for the expression of the existence of the geologic chance factors resulting from sequence stratigraphic
concepts. b) criteria for quality and quantity of information supporting the interpretation.
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Figure 9.3.6, Probabilistic reserves estimation for the prospect inventory. For the reserves
estimates, geologically reasonable ranges were given to each parameterand these parameters
were multiplied byMonte Carlo simulationto calculate probabilisticreserves distributions
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Figure 9.3.5. Playtype concepts and chance of geologicsuccess estimation forthe prospect inventory. For estimaling chance of success, lhe criteria (figures 9a & b)and
the index forthe confidence inthe existence ofthe geologic chancefactors are used(see Figure 9 3 3)
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9.4 Probabilistic reserves estimation

The estimation of the prospect's reseryes must be assessed as a range, because prospect

reserves are the products of many factors with their own uncertainty. Any scientific approach

has to take into account the uncertainty. The probabilistic reserves distribution is the product

of several parameters: productive area, average net pay thickness, average porosity, average

hydrocarbon saturation ratio, recoverable ratio and formation volume factor. The Monte Carlo

simulation is employed for multiplying these parameters to make the probabilistic reserves

distribution. The probabilistic distributions given to each parameter and the reserves

estimation result are shown in Figure 9.3-6 andAppendix A.

9.4.1 P arameter estimation

P90, Pmean and P10

The following def,rnitions are used; PlO: l0% probability the occuffence is equal to or more

than this value, P90: 90Yo probabilþ the occurrence is equal to or more than this value,

Pmean: mean value.

Productive area

The maximum case of a productive area was set as the maximum possible distribution of the

expected reservoir within the 3D seismic survey area. The reservoir distribution was estimated

from seismic amplitude distribution corresponding to the sedimentary facies interpretation

(for example, the entire possible fluvial channel area in prospect Ttc, Figure 9.2.1b-7). The

maximum productive area is also considered to be the area updip of any dry holes which have

penetrated the reservoir interval with the expected reservoir area. For example, the possible

productive area is a structurally closed area of the incised valley fill of prospect Tpc, not

including the area confirmed to be dry. The minimum case of a productive area was

practically assigned to 0.5km2. This is an areajust large enough to reserve hydrocarbons to

sustain a flow that comprises a geologic success. A lognormal distribution was used for the

estimation, in order to reflect the nature of the productive area which is a natural

multiplication of independent, random variables (Capen, 1992; Rose, 2001).
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Average net pay thickness

The maximum case of the net pay thickness was estimated as the maximum net sand thickness

of the objective facies and the interval in the well data in these study areas. In the case of the

absence of well data, the thickness of the reservoir interval was derived from the seismic data

using assumed isopach and net-gross ratio. The minimum case of net pay thickness used the

definitions of sedimentary facies expected in the reservoir play (i.e. fluvial channel; 3m,

crevasse splay delta; 2m, lacustrine delta; 2m, see the definition of the facies in the former

chapters). The reservoir thickness is also recognised asjust enough to reserve hydrocarbons to

sustain the flow that constitutes a geologic success. The lognormal distribution is used to

calculate net pay thickness.

Average porosity

The core porosity-depth plot of the Patchawarra and Toolachee formations in the southern

Cooper Basin is illustrated in Figure 9.4.lc.In Figure 9.4.1d, porosþ data were extracted

from the Patchawarra Trough and the GMI trend where the study areas are located. The

average core porosity values in the study areas are displayed with a sedimentary facies

analysis. Comparing Figures 9.4.1c and 9.4.1d, there are no apparent differences in the trend

of the reducing porosity with increasing depth in between the whole southern Cooper Basin

and the Patchawarra Trough/GMI trend. As expected, the core porosities of the fluvial

channel facies in the high porosity area are distinct from the crevasse splay channel and

crevasse splay delta facies, because of the difference in initial porosity. Importantly, rate of

porosþ reduction is less in the fluvial charurel facies than in the other facies. The porosity

range of the fluvial channel facies is used for estimating the porosity of the fluvial channel

prospects in the Permian succession. The core data, showing preserved porosity even deeper

than 3200m, suggests that the estimation of the possible porosity range is reasonable. In the

study areas, insuffrcient core data is available from the Epsilon and Poolowanna formations to

apply facies analysis; hence the core porosity range from P90 to PlO in the interval where

data are available for the southern Cooper Basin (see the investigation window in figures

9.4.1a and b), are considered reasonable for the average porosity estimation for the prospects

}J20,T40 and Tpc (see the def,rnitions of P90 and Pl0 above). For calibration from ambient to

overburden porosity, 0.95 was used as a correction factor (Morton, 1989; Alexander, 1996;

Gravestock et al., 1998).
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Average water saturation

For the prospects in the Permian succession, water safuration information from net pay

intervals in the Moorari / Woolkina and Pondrinie / Packsaddle frelds was applied. There is no

net pay in the Poolowanna Formation in these areas; hence the water saturation range

generally used for reserve size estimation (e.g. Morton, 1996) was used for prospects T40 and

Tpc.
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Hydrocarbon type

From the known discoveries surrounding the study areas, it is expected that gas and

condensate accumulations will be found in the Permian prospects and oil accumulations in the

basal Jurassic prospects. The formation volume factor (and recovery factor for the gas

reservoirs were assumed to be similar to those from the Moorari/lV'oolkina and

Pondrinie/Packsaddle fields. For the prospects of the Poolowanna Formation, the typical

range for oil reservoirs were applied (e.g. Morton, 1996).

9.4.2 Reserves estimation results

The oil reserves estimations for the prospects T40 and Tpc were converted to gas equivalent

(gas equivalent (cf) :oil (bbl) x 6000) in order to simplify comparison of results.

Minimum case (P99 case) of reserves estimates range from 0.6 to l.9bcf (Figure 9.3.6) and

can be recognised as reasonable as a gas accumulation just enough to be a geologic success.

P10/P90 ratio of each estimate (4.3 to 10.2) should be realistic as prospects adjacent to

producing helds in a matured exploration basin (Table 2-1.1, Chapter 2). The maximum cases

may be too pessimistic because of the 3D seismic survey areas not covering the whole

prospect area and therefore Pl0/P90 ratio may be larger.

The comparison of the mean reserve size, the incised valley fill play (Tpc) is ranked highest,

followed by the lowstand systems tract play (L208 and L20SW). These results reflect the

possible extent of the potential productive area and relatively thick reservoirs of these

prospects. The isolated channel play prospects (Tl0 and Ttc) are ranked relatively low

because of the restricted distribution of the possible productive area. It is possible that the 3D

seismic survey area does not cover the total area of prospects T30 and H20; hence the

productive area for these prospects may be underestimated.
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9.5 Effïcient exploration frontier

As in coÍrmon stock business or financial ventures, a risk-reward optimisation can be applied

to oil and gas exploration to determine an appropriate exploration portfolio (Bernstein, 1996;

Rose, 2001). In financial ventures, the standard deviation of profitability of each possible

portfolio is often used to express risk. In this chapter, instead, the chance of geologic success

is used as a measure of risk, because the nature of the exploration business is such that there is

a low chance of discovering hydrocarbons, so managing the chance of geologic success is a

key factor in portfolio management.

9.5.1 Efficiency of single exploration wells

Figure 9.5.1 illustrates the variation of the chance of geologic success vs. the mean reserves

estimate of single exploration wells in the prospect inventory. Two combinations of prospects,

L20E+T10, and T30rH20, are each drillable by a single well from one location. For these

exploration wells targeting dual prospects, the chance of geologic success is given as the

chance of success for at least one of the two prospects (chance of success of L20E only, T10

only, or both L20 and Tl0). Accordingly, the mean value of the reserves is shown as a mean

value of all possible discovery cases of two prospects (not the simple summation of the

reserves means of two prospects).

Of all the prospects identified, prospect Tpc has the highest reserves estimate (Figure 9.5.1);

however the chance of success is the second lowest, hence it can be identihed as a high-risk/

high-return prospect. Conversely, prospect L20SW has the highest chance of success, but it

has a relatively low reserves estimate, hence it can be identifred as a low-risk/low-return

prospect. Prospect L20E is located between prospect Tpc and L20SW in terms of chance of

geologic success and mean reserves, and it is considered a moderate-risk/moderate-return

prospect. However, the comparison by risked reserves, which is used to demonstrate the

effrciency of exploration, is calculated from the chance of geologic success multiplied by the

reserves mean, and indicates that prospect L20E has the highest effrciency. By comparison

with three prospects above (L208, L20SV/ and Tpc), the risked reserves for the other

prospects is low (T10, }J20,T30, T40 and Ttc).

The risked reserves for dual prospect exploration (L20E+T10, T30+H20) shows that the
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efftciencies are improved, compared with single-prospect exploration. This suggests that

multi-prospect exploration enhances exploration efhciency, as long as the drilling cost is not

signihcantly different in single versus multi-prospect exploration. Consequently, for a single

exploration well, prospects L20E+TI0 constitutes the most efficient exploration campaign

and prospects L30+H20 are the fourth most effrcient.

25

20

()
_o

U'
o)

L
o
(t)
o
L

c
G
o
E
o
o
o
L
(¡)

oo
c)t

5

0

1

1

5

0

1.0 0.8 0.6 0.4
Chance of geologic success

0.2 0.0

Figure 9.5.1. The variation of the chance of geologic success vs. the mean reserves estimate of single exploration wells in the
prospect inventory. Two combinations prospects, L20E+T10, and T30+H20, are drillable by a single well from one locat¡on. For
these single-well explorations targeting dual prospects, the chance of geologic success is given as the chance of success for at
least one of two prospects. Accordingly, the mean value of the reserves is shown as a mean value of all possible discovery cases
of two prospects. The risked reserves (chance of geologic success times mean reserves) for dual prospect exploration shows
that the efficiencies are improved from the single prospect exploration.

9.5.2 Effïcient exploration frontier of multiple exploration wells

Diversifring risk capital into multiple investment opportunities is one of the best ways to

minimise risk. This concept can be applied to the exploration business by sharing with the

investment partners the cost of multiple exploration wells. The variation of the chance of

geologic success vs. the mean reserves estimate of multiple exploration wells for the prospect

inventory is illustrated in Figure 9.5.2. The chance of geologic success for the multiple

exploration wells is shown as the chance of at least one of the multiple wells encountering a
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geologically successful prospect. The reward must be shared according to the share rate of the

investment. The calculations are simplified so that the number of the investment partners to

share the well costs is equal to the number of the exploration wells; hence the mean reserves

estimate is divided by the number of exploration wells. Consequently, the plots in Figure 9.5.2

show the efüciency of the possible exploration cases in the prospect inventory where a

corporation with a budget to drill one exploration well, drills multiple wells sharing the costs

with investment partners.
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Figure 9.5.2. The variation of the chance of geologic success vs. the mean reserves estimate of multiple exploration wells for the
prospect inventory. Monte Carlo simulation was employed to calculate the chance of success and reserves mean value of each

exploration case. The chance of geologic success is shown as the chance of at least one of the multiple wells encountering a
geologically successful prospect The mean reseryes size divided by the number of exploration wells provides the shared mean

reserves with the investment partners. This plot shows an efficient exploration frontier where no plot can cross over into the high

risked reserves area (high efficiency area). The exploration portfolio of the corporation should be selected from exploration cases

plotted on the efficient frontier, because the portfolio candidate on the efficient frontier has the highest risked reserves when

compared with the other exploration cases with the same chance of success or the same mean reserves estimate.

Increasing the number of wells tends to make the chance of geologic success higher, but

lowers the shared mean reserves. However, exploration opportunities involving the same

number of wells have variations of risked reserves conesponding to the association of target

prospects. Plotting all exploration cases shows a frontier delineating the limit of risked
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reserves for the exploration portfolios (Figure 9.5.2). The exploration portfolio of a

corporation should be selected from exploration portfolio candidates plotted on the effrcient

frontier, because they have the highest risked reserves compared to other candidates with the

same chance of success or the same mean reserves. On the efücient frontier, the portfolio

candidates might be categorised as high-risk/high-return (portfolio A and B),

moderate-risk/moderate-return þortfolio C and D) and low-risk/low-return (portfolio E, R G

and H). The selection of the actual portfolio from the portfolio candidates on the effrcient

frontier depends on the policy of the corporation. If the corporation is interested in a chance of

success higher than 40%o and the mean reserves size higher than 3 bcf, the portfolio should be

selected from candidate C, D or E.
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9.6 Expected net present value analysis for portfolio candidates

The risk-reward optimisation should be managed not in terms of reserve size but in terms of

monetary value, because as mentioned earlier the ultimate aim of exploration is not to

discover hydrocarbons but to make a profitable refurn. Many corporations now use expected

net present value (ENPV) to manage exploration investments (Rose, 1992a; Alexander &

Lohr, 1998; McMaster, 1998; Johns et aI.,1998; Kubota et al.,1999; Nakanishi, 2000; Rose,

2001). ENPV is the summation of the products of the chance of success and the monetary

mean value of the case of success, and the chance of failure and the monetary mean value in

the case of failure (Figure 9.6.1). Investment in a project of which the ENPV is more than

zero is usually recognised as a reasonable decision.

ENPV(expected net present value)=
Chance of geologic failure x Explorat¡on cost NPV in geologic failure

+Chance of geologic success and economic fa¡lure x
Exploration cost NPV in geologic success and economic failure

+Chance of economic success x Profit NPV mean

Chance of geolog ic failure Chance of success

Chance of geologic success and economic failu Chance of economic success

Figure 9.6.1. The concept of ENPV

It is important to note the limitations for assessing ENPV, which are mentioned in the

following chapter. For simplicity, only one pre-tax cash flow model for gas development in

the Cooper Basin was adopted (Figure 9.6.3) using the feasibility study by McDonough

(1997). According to this cash flow model, the minimum economic reserve size is 6bcf. A

cost of one exploration well was assumed as a failure cost for the economic failure case,

because the minimum economic reserve size is small enough to make a decision for

Wildcat

AppraisalwellsExploration cost NPV in geologic failure

Profit NPV meanExploration cost NPV in geologic success

and economic failure
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developing the field. Therefore the ENPV is simplified as;

ENPV(expected net present value)=
Chance of economic failure x Exploration cost NPV in economic failure

+Chance of economic success x Profit NPV mean

Chance of economic fa

Ghance of economic success

Figure 9.6.2. Simplified ENPV

According to the cash flow model, the relationship between reserves and NPV is linear

(Figure 9.6.3), therefore the chance of economic success and the profit NPV mean in the

economic success case are calculated as the product of the chance of geologic success and the

probability of more than minimum economic reserves, and the NPV in the mean reserves case

respectively (see the section of chance of economic success, profit NPV mean in the

economic success case in Chapter 2). Figure 9.6.4 shows an example of a categorisation of

success and failure in the portfolio candidate C (L20E+T10). The chance of economic success

is the chance of geologic success multiplied by the economic success area within the reserves

distribution. For portfolio candidate C, the chance of economic success is calculated as 26%o.

The mean value of reward in the case of economic success is $13.6 million, resulting from

discovery of 16.6 bcf of mean reserves. The chance of economic failure is calculated as 74Yo

(100-26%) with a loss in this case of $l.75million (i.e. for one dry hole). Consequently, the

ENPV for the portfolio candidate C (L20E+T10) is calculated as$2.2 million.

Table 9.6.1 shows the ENPV results of all the portfolio candidates on the effrcient frontier.

The ENPV of portfolio A (single Tpc prospect) is negative; hence investment in prospect Tpc

alone is not recommended. The highest ENPV is estimated in the portfolio C (L20E+T10),

however the chance of economic success is 26%o.If the corporation prefers a higher chance of

Wildcat

Exploration cost NPV in economic failure

Profit NPV mean
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economic success, other candidates with positive ENPV and relatively high reward estimates

can be chosen þortfolio candidate D, E or F). The risk-reward optimisation outlined above

helps to identiff an appropriate exploration portfolio suited to the policy of the organisation.

Single field access to existing facilities
Rich liquids and high CO2 contents

- Facilities access 1s¡¡ = 91400/mmscf raw gas
NPV real discount rate = 12.5o/o
10o/o pü annum depletion rate

'20km trunkline to satellite
50km trunkline from satellite to Moom

Sales gas price = $2.00/GJ
LPG price = $335/tonne
Condensate price = $2slbbl
Drilling and completion cost = 1.75million
Recoverable factor = 85% of raw gas

10 20 30
OGIP (bcf)

40 50 60

Figure 9.6.3. Correlations between reward and gas reserve size in a particular case in the Cooper
Basin (McDonough, I 997).
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=260/o x $1 3.6million - (1 00-26)% x $l .TSmillion = $2.2million

Figure 9.6.4. Categorisation of success and failure in the portfolio candidate C (L20E+T10) and ENPV.
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10- Limitations

There are several limitations in the evaluation procedure established in this research.

10.1 Geologic chance factors

For the estimation of the chance of geologic success, the geologic chance factors of
"thermally mature source rock", "hydrocarbon migration", and "preservation from subsequent

spillage" are not dealt with in the case studies. These geologic factors must ultimately be

incorporated to estimate the chance of geologic success. Confidence values for these chance

factors should be assessed by the expression ofthe existence ofthe geologic factors, resulting

frorn geologic interpretation and the quality and quantity of information supporting the

geologic interpretation (see Chapter 9) and be multiplied by the other confidence values to

calculate the chance of geologic success. For assessing the thermally mature source rock and

hydrocarbon migration, sequence stratigraphy can be a powerful tool to give confidence

values systernatically and with consistency.

However, in the case study areas, there is no doubt that matured source rocks exist (e.g. shales

and coals of the Patchawarra Formation and highly carbonaceous shales of the Poolowanna

Formation in the Patchawarra and Nappamerri trough area; Jenkins, 1989; Michaelsen &

McKirdy, 1996; see Chapter 4). Hydrocarbon accumulations including producing fields in

these areas suggest the high potential of the hydrocarbon migration and the seal preservation.

Therefore, the risks of a lack of thermally mature source rock, hydrocarbon migration, and

preservation from subsequent spillage are considered as low or non-risk (i.e. confidence

values for these factors were effectivery assessed as 1.0), and then the values assessed for the

prospect inventory in the case studies can be recognised as the chance ofgeologic success.

10.2 Dependencies in multiple prospects

Dependencies regarding the chance of geologic success among multiple prospects have not

been considered in the case studies. For example, if the first well for prospect L20E finds that

the seismic amplitude interpreted as the lowstand systems tract is not a stacked fluvial channel
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sandstone, re-evaluation for the prospect L20SW with the same expectation in the reservoir as

L20E should be needed. If the thermally mature source rock and hydrocarbon migration

factors are considered, the dependency of these potentially common factors on the prospects

should be evaluated.

The other type of dependency among rnultiple prospects is the dependency regarding

development, production plans and economics. If multi-fields are discovered in the prospect

inventory, the development and production plan must be optimised to maximise the

profitability from the fields. However, the cash flow model used in this research is one simple

model which has a linear function between reserves size and profit. To assess a more realistic

economic impact of the exploration for the prospect inventory a variety of cash flow models

according to optimised development and production plans are needed, but this is beyond the

scope of this thesis.

10.3 Estimation of maximum case of reserves distribution

As for the reserves estimates for the stratigraphic traps, the whole possible reservoir area

appearing in the 3D seismic survey was included as a maximum case for reserves calculation.

This contains both an optimistic and a pessirnistic view. For the rnaximum case, it has been

assuned that the seal capacity was sufficient to hold back the entire gas colunn; however this

may be too optimistic. Because the seal capacily data for the Permian succession was not

available, seal capacity data from floodplain shale of the Triassic, Nappamerri Group in the

Merrimelia area has been used, that could hold back a 297 to 608m gas column

(Dragomirescu et al.,2001).If the seal capacity of thePermian shales is similarto the Triassic,

it could be sufficient to contain the gas column for a maximum case (the highest column is

263m in prospect Ttc (structural height -| reservoir thickness)). In contrast, for the maximum

case, the reservoir area have been restricted to the confines of 3D seismic survey area. This is

probably pessimistic as the reservoirs may extend significantly outside the limit of the 3D

seismic survey.

10.4 Cash flow model

Only one cash flow model for the monetary value estirnation has been used for all portfolio

candidates in this thesis. Further consideration of the cash flow model is required to
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realistically match the actual exploration business in terms of producing area, depth,

hydrocarbon type, communication of the existing facilities, pipeline tally, gas price, discount

rate ofthe cash flow and so on. The range ofthe hydrocarbon recovery factor should also be

estirnated when considering economically positive production in cash flow models.

Importantly, the cash flow model prepared for this research does not evaluate tax and royalty.

In order to estimate the net gain with consideration of tax and royalty, the optimisation of

development and a production plan in the case of a multi-discovery should be reflected as the

effects of tax synergy in the cash flow model. To roughly demonstrate the irnpact of the tax

and royalty on the portfolio candidates, however, the reward in the economic success case of

each candidate was simply reduced by the tax and royalty rate (30%o and 10o/o in South

Australia, respectively), and ENPV was calculated (Table 10.1).

Table 10.1. Reward and ENPVof portfolio candidateswith rough consideration of taxand royalty. The
reward in the economic success case of each candidate was simply reduced by the tax and royaliy rate
(30% and 10% in South Australia, respectively), and ENPV was calculated. Note that the detalledcash
flow models with the optimisation of development and a production plan in the case of multi-discovery,
and non-linear relationship between reserves and NPV must be evaluated (see text).

The reserves distribution is converted to monetary value distribution by employing the cash

flow model to deterrnine the chance of economic success, the mean monetary value in the

economic success case and ENPV (see figures 9.6.2 and 9.6.3). The relationship of the

reserves size and the monetary value in the cash flow model in this research has been assumed

to be linear, hence the mean monetary value in the economic success case is identical to the

monetary value in the mean reserves size in the economic success case (i.e. the mean reserve

Portfolio candidate
Reward in
economrc
success
($million)

Shared
reward in
ecomomtc
success
($million)

ENPV
($million)

Shared
ENPV

($million)

A: Tpc 12.4 12.4 -1.1 -1.1

B: L20E 84 8.4 05 0.5

C: L20E+T10 8.2 8.2 0.8 0.8

D: L20E+T10,120SW 7.8 3.9 0.9 0.5

E: L20E+T1 0, L20SWT30+H20 78 2.6 1.2 o.4

F. L20E+T1 0, L20SW,T30+H20,Ttc 8.0 2.0 1.2 0.3

G: L20E+T1 0, L20SWT30+H20,Ttc,Tpc 8.7 1.7 1.3 0.3

H:All 8.8 1.5 08 0.1
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size of more than the minimum economic reserves size). However, if more realistic cash flow

models are established including the dependencies of multi-discovery cases or tax synergy,

then the relationship of the reseryes size and the monetary value may not be linear. In this

case, therefore, the mean monetary value in the economic succoss case should be calculated

after converting the reserves distribution to monetary distribution (see Figure 2.1.7). Also the

efficient exploration frontier should be merged, not in terms of the chance of geologic success

and reserves mean, but the chance of economic success and the mean monetary value in the

economic success case, because the efftciency may be reversed by using the non-linear cash

flow model.

10.5 Reward estimation as the mean value of many projects

To control profitability in the exploration business, corporations should deal with as many

prospects as possible, using a portfolio construction approach. This is because the reward

estimates are derived from the mean values, calculated statistically from the assessments, and

the mean value of the future reward from many exploration activities will reach this point.

10.6 Post audit

All estirnations need to be reviewed against actual exploration results. A comparison between

estimates and results will lead to appropriate modification of criteria for assessment of

geologic chance of success and reserves distribution. This quantitative comparison helps us to

identif,z geotechnical weak points in the organisation and appropriate investments to develop

them. Several ways for the post audit are represented in Chapter 2
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11.1 Summary

This study aimed to demonstrate an evaluation procedure for portfolio construction designed

for stratigraphic trap exploration in fluvial-lacustrine successions, using several case studies

from the Cooper-Eromanga Basin. The approach is listed as follows:

1. Constructing a sequence stratigraphic framework, using key surfaces and stacking

patterns to identifu depositional systems tracts.

2.Integrating sequence stratigraphic concepts with 3D seismic data visualisation.

3. Extracting a series of stratigraphic trap prospects each categorised by a depositional

systems tract.

4. Estimating the chance of geologic success and reseryes distribution for each prospect.

5. Plotting all exploration cases in terms of the chance of geologic success v,r. reserves

estimate and determining an efficient exploration frontier.

6. Calculating ENPV for portfolio candidates on the effrcient exploration frontier.

The key conclusions are summarised as follows:

The role of risk management in the petroleum exploration business was reviewed including

the recognition of the uncerLainty versus risk, differences of the risk in the exploration and

development stage, the diversification of risk capital, and the concept of risk-reward

optimisation. Examples of fields which include stratigraphic trap components were outlined,

and the advantages of placing stratigraphic trap prospects into the exploration inventory to

diversify risk capital was explained.

The key tools used for this research were quantitative risk analysis, sequence stratigraphy and

3D seismic visualisation. Quantitative risk analysis, as is now being adopted by corporations

such as JNOC, was evaluated in this research. The analysis is divided into estimations of the

chance of geologic success and probabilistic reserves distribution, development and
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production planning, cash flow modelling, estimations of the chance of economic success and

reward, and calculation of ENPV Effective extraction and characterisation of the stratigraphic

trap prospects lie in developing a genetic-stratigraphic framework, using sequence

stratigraphic concepts as applied to non-marine basins. 3D seismic data visualisation is based

on the voxel technique which allows the interpreter to deal with the seismic data as a volume

seismic attribute. The integration of sequence stratigraphy and the 3D seismic data

visualisation significantly enhances the recognition of stratigraphic trap prospects with

reduced uncertainty.

3D seismic data set areas, the Moorari, Pondrinie and Merrimelia 3D seismic surveys in the

Cooper-Eromanga Basin, were selected as case study areas. To achieve the aim of the

research, the criteria for selecting the case studies were set as: areas where hydrocarbons have

already been discovered, in order to concentrate subjects in the reservoir and seal, particularly

for stratigraphic traps and to avoid the issue of hydrocarbon generation and migration risks,

areas which has field developments to obtain a relatively realistic cash flow model; the areas

with good well control enough to conduct sedimentary facies analysis and wireline-based

sequence stratigraphy; areas with good quality 3D seismic survey, in order to apply the

visualisation technique; and flnally areas with well and seismic data that were open file (not

confidential) in order to be published.

The overall geologic setting and petroleum systems of the southern Cooper-Eromanga Basin

were outlined from the previous studies, and the selected case study areas are located on the

GMI structural high trend and in the Patchawarra Trough. The objectives of this research are

non-marine successions of the Permian Patchawarra Formation, the Murteree Shale, the

Epsilon Formation and the Toolachee Formation, the basal Jurassic Poolowanna Formation,

and the middle to late Jurassic Birkhead Formation. Many fields include combined structural

and stratigraphic trap components, however hydrocarbon potential of the basin has largely

been addressed by drilling the crest of the major anticlines. The matured source rocks and

hydrocarbon migration paths were considered as low risk.

In case study 1, the Moorari and Woolkina field areas, six sedimentary facies \¡r'ere interpreted

in the Patchawarra Formation, the Murteree Shale, the Epsilon Formation and the Toolachee
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Formation, based on wireline logs, cuttings and core descriptions. Three second-order

sequences (sequence 10,20 and 30) were recognised from the spatial relationship among the

sedimentary facies. The genetic surfaces from the sequence stratigraphy were tied into the 3D

seismic data by employing synthetic seismograms, and each systems tract was visualised as

seismic amplitude variation to represent stratigraphic features in each interval. Five

stratigraphic traps were extracted from estimations of potential reservoir and seal rocks

distributions represented in the seismic amplitude variation. The extracted stratigraphic trap

prospects are listed as follows:

' T10: Isolated fluvial channels in a transgressive systems tract of the lower Patchawarra

Formation.

'L2OE and L20W: Fluvial sand bodies in low accommodation intervals in a lowstand

systems tract of the upper Patchawarra Formation.

. H20: Highstand lacustrine delta of the Epsilon Formation below the regional sequence

boundary at the base of the Toolachee Formatron.

' T30: Isolated fluvial channels in the transgressive systems tract of the Toolachee

Formation.

Four sedimentary facies were interpreted in the basal Jurassic Poolowanna Formation, and

this interval was interpreted as a sequence (sequence 40) comprising transgressive systems

tract following the erosional event of the base of the Eromanga Basin. The flooding surface

characterised by correlative shaly and coaly interval was tied into the 3D seismic data and a

fluvial channel and floodplain complex \À/as represented. One stratigraphic trap prospect was

extracted from the interval.

. T40: Crevasse splay channels and crevasse splay delta complex of the transgressive

systems tract of the Poolowanna Formation.

In case study 2, the Pondrinie and Packsaddle field areas, six sedimentary facies were

interpreted in the Patchawarra Formation, the Murteree Shale, the Epsilon Formation and the

Toolachee Formation. Two second-order sequences (sequence 20 and 30) were recognised. In

the downthrown fault block, the Toolachee Formation including transgressive systems tract of
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the sequence 30 was tied into the 3D seismic data and a fluvial channel belt surround by peat

mire and floodplain was represented. One stratigraphic trap was extracted from the Toolachee

interval:

' Ttc: Isolated fluvial channel belt in a transgressive systems tract of the Toolachee

Formation.

In the basal Jurassic Poolowanna Formation, four sedimentary facies were recognised and this

interval was interpreted as sequence 40, consisting of a transgressive systems tract following

the erosional event of the base of the Eromanga Basin. The flooding surface characterised by

correlative shaly and coaly interval was tied into the 3D seismic data and the seismic

amplitude variation suggested an incised valley on the base of the Jurassic. One stratigraphic

trap prospect was extracted from the interval:

' Tpc: Transgressive fluvial channel in the incised valley of the Poolowanna Formation.

In case study 3, the Merrimelia, Meranji and Pelican field areas, four sedimentary facies were

recognised in the Birkhead Formation. This interval was interpreted as sequence 60

comprising a transgressive systems tract following an erosional event on the top of the Hutton

Sandstone. The interval was represented as an amplitude variation in the 3D seismic data and

demonstrated meandering channel patterns. Although possible stratigraphic traps could not be

recognised in this interval, the volumes of the point bars, which were confirmed as water-wet

by wells, were calculated to show the possible amount of oil contained as a stratigraphic trap

of 25.6 and 12.6 million barrels in place.

The implications for sequence stratigraphy used in the case study areas included:

. Possible distributions of LST20 (Patchawarra Formation)

. Variation of increasing accommodation rate controlled by a fault activity in TST30

(Toolachee Formation)

' Variation of topographic feature of SB40 (base of the Poolowanna Formation)

. Possible erosional surface of the base of the Hutton Sandstone (5850)
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To estimate a chance of geologic success for a stratigraphic trap, geologic chance factors were

addressed, such as reservoir, top seal, lateral seal, bottom seal within a systems tract, seal

effectiveness of overlying and underlying systems tract, and an appropriate spatial

arrangement of the reservoir and seal. The confidence value for the existence of the geologic

chance factors should be assessed by the expression ofthe existence ofthe geologic factors,

resulting from geologic interpretation, and the quality and quantity of information supporting

this geologic interpretation. To assess the confidence values, an index for the subjective

expressions of confidence in the existence of a geologic factor was prepared. The criteria for

assessing the confidence vales \ilere allocated systematically, based on the sequence

stratigraphic context, and the chance of geologic success for each prospect was calculated.

The highest chance was assessed for L20SW (34%;) and the lowest in T40 (4%) Geologically

reasonable ranges were given for each parameter which determines the recoverable reserves

size, and probabilistic reserves distributions for the prospects were calculated using Monte

Carlo simulation. The highest reseryes size is evaluated in Tpc (2I.2bcf inmeanvalue) and

the lowest in H20 (3.9 bcf in mean value).

The prospect inventory was plotted in terms of chance of geologic success vs. mean reserves

and characterised as high-risk/high-return and low-risk/low-return prospects. The efficiency

improvement achieved by intersecting multi-prospects by one well was demonstrated in the

plot. On plots regarding multi-well exploration by sharing the well costs with partners, an

efficient exploration frontier was merged. The exploration cases on the frontier were selected

as portfolio candidates for stratigraphic trap exploration in the prospect inventory. The

probabilistic reserves distributions for the portfolio candidates on the efiîcient exploration

frontier were converted to NPV distribution by employing one sirnple cash flow model.

Chance of economic success, NPV mean in the economic success case and ENPV were

calculated for the portfolio candidates. The highest ENPV was assessed for portfolio C

(L20E+T10, ENPv:$2.2million, chance of economic success:26%).If a corporation prefers

a higher chance of economic success, other candidates with positive ENPV and relatively

high reward estimates may be chosen (portfolio candidate D, E or F).

Several limitations to be appreciated in the evaluation procedure established in this research

were discussed, in particular regarding geologic chance factors, dependencies in rnultiple
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prospects, estimation of maximum case of reserves distribution, cash flow model, reward

estimation as mean value of many projects and post audit.
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11.2 Concluding statement

The key to managing the exploration business is how to reduce the uncertainty and how to

manage the remaining uncertainty in order to minimise risk. The integration of soquence

stratigraphy and 3D seismic data visualization reduces the uncertainty of the spatial

distribution of reservoir and seal rocks and helps to distinguish effective stratigraphic trap

prospects from within what are normally considered high-risk plays. Effectively extracting the

stratigraphic traps allows us to increase investment opportunities additionally with

conventional traps and to diversify risk capital. By employing quantitative risk assessment

and performing a risk-reward optimisation with the prospect inventory the most effective

portfolio can be identified in which a corporation should invest. The evaluation procedure for

stratigraphic trap exploration outlined in this thesis should be made consistent with

conventional play types to enable a portfolio analysis of all exploration opportunities, thus

assisting the risk management of the exploration business.
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