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ABSTRACT

3D and 2Dseismic data from the Northern Carnarvon Basin provide an opportunity to
analyze the structural evolution of the badihisis arift-dominatedoasin formed by five
phases of extension (Ff@p Permian, Top Permian, Base Jurassic, Middle Jurassic, tad La
Jurassic Extension, versus only the four previously identified) and the Base Cretaceous inversion
across the Northwest Shelf of Australia. The first deformation by listric fault initiation in the
basin resulted in a newly defined Prep Permian Extensn, generating the Exmouth, Dampier,
Barrow and Beagle Stiiasins. The magnitude of the rift phases remained approximately the
same during the earliest three phases of extensions, but increased during the Middle and Late
Jurassic Extension. Additionallygdr detachment surfaces are identified whereas only two were
determined previously. Moreover, a simple she
deformation during the five phases of extension in the Northern Carnarvon Basin, with
delaminatiorunderthe region between the WNW edge of the Exmouth Plateau and the
Gascoynee Abyssal Plain, opposing the symmetrical McKenzie Model previously assigned
Mutter et al.Lastly, the amount of extension during the rift phases and the amount of shortening
duringthe inversion are determined to be highly variable from the results of restorations
throughout the basin. A transition from the-dfiminated margin to the passive margin is
marked by the end of the Late Jurassic Extension.

Results of this research angpéicable to hydrocarbon exploration because this study is
conducted across the entire Northwest Shelf of Australia, showing more precise relationships
between structural features such asisatins, plateaus, shelves, platforms, synclines, arches,
troughs abyssal plains, depocenter evolution, faults, folds, harpoon structures etc. rather than

limited to a smaller scale. Output of 3D surfaces with the modelled fault families in a structural



framework demonstrates that rift initiation generated accommaglainal rift minibasins
formed coevally for deposition. Also, regional stretching models of the basin from restorations
for each phase are another significant implication of this study for understanding the structural

evolution of the entire basin.
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CHAPTER 1
INTRODUCTION
The Carnarvon basin is a rifiominated basirncovering an area of approximately
650,000 krfi from Kalbarri to Karratha across the Northwest Shelf of Australia (Hocking et al.,
1987)(Figure 1.1) The surface area of the Northern Carnarvon Basin is as large as 5359000 km
with a 4,500 m average water depth (Geoscience Australia, 2012). It consists of the Exmouth,
Barrow, Dampier and Beagle Sbhsins from south to north, in addition to the Exmouth
Plateau, the Rankin Platform, Kangaroo Syncline, the Peedamullah and L&mddeey Figure
1.1) (Geoscience Australia, 20149 is surrounded by the Southern Carnarvon Basin, the Bernier
Platform, the Gascoyne and Merlinleigh Sdsins in the South, the Roebuck and offshore
Canning Basins in the North East, the Pilbara Bloclhe South East and the Argo, Cuvier and
Gascoyne abyssal plains in the North West (Figure 1.1) (Geoscience Australia, 2012).
The Northern Carnarvon basin was formed by multiple phases of rifting eveniassuch
the Top Permian, Base Jurassic, Middle Jurassic and Late Jurassic Extensions, in addition to the
younger inversion occurred by the Base Cretaceous (Geoscience Australia, 2012) with the newly
found phase of rifting, P¥€op Permian Extension. Initiallyhe PreTop Permian Extension
deformed the regional basement, resulting in the fowbsisins, the Exmouth, Dampier, Barrow
and Beagle Subasins, forming in the Northern Carnarvon Basin (Figure 1.1). Additionally, the
crust continued to stretch in thiest deformation zone along the four sbidisins during the
following two phases of extension at the Top Permian and Base Jurassic Extensions. Later, the
locus of the dominant extensional forces migrated from thdoasims to the Exmouth Plateau
Region bythe Middle Jurassic Epoch. The Middle and Late Jurassic ritnegts wearemore

intensive than the earlier phases because they occurred across the entire Northern Carnarvon
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Basin, forming another deformation zone across the Exmouth Plateau Region (Figure 1.1).
Lastly, a transition from extensional forces to compressional resulted in inversied taube
Indo-Australian Plate colliding with the Pacific Plates and Eurasian Plate in the Late Oligocene
(25 Ma; Pigram & Davies, 1987). Regional uplift during the inversion phase is closely related to
the ongoing northward movement of the Indlastralian plate (Audley & Charles et al., 1988;

Lee & Lawyer, 1995; Richardson & Blundell, 1996; Keep et al., 1998; Hill & Raza, 1999; Keep

et al, 2002).



CHAPTER 2
GEOLOGICAL BACKGROUND

The Carnarvon Basin formed from an intercontinental basin, as a resttingffrom the
Late Carboniferous through the end of the Jurassic and the beginning of Cretaceous, comprising
four main tectonic phases of extension according to Baillie et al., 1994. In the firstionase
Silurian to Permianthe entire area was artriscratonic rift basin during the breakup of
Gondwanakigure 2.} (Geoscience Australia, 2012). The secondsplad extension represents
the Northern Carnarvon Basin being dissected by a series of northeast trending~fgutes (
2.2) at the beginning dhe Jurassic (Geoscience Australia, 2012). This rifting formed four main
depocenters in the basin (Exmouth-$asin in the south west, the Beagle-balsin in the north
east, the Barrow and the Dampier s#sins in the cente(Figure 1.1) (GeoscienceuAtralia,
2012). Rifting at this time widens towards the Exmouth Plateau, which is bordered by the
Investigator Sudbasin in the south and the Kangaroo Trough to the east (Figure 1.1)
(Geoscience Australia, 2012). The third rifting phase occurred in thdldJurassic, resulting in
a seafloor spreading forming the Argo Abyssal Plain in the North (Geoscience Australia, 2012).
Depositional rates were high during the sihphase from the Early Triassic to the end of the
Middle Jurassic (Geoscience Austaal?012). The youngest erg@onal phase initiated in the
Late Jurassic to tHearly Cretaceous (Tithonian to Valanginian) (King, 2008). This phase
culminated in the generation of Gascoyne and Cuvier Abyssal Plains (Figure 2.2) in addition to
the Exmouth Riteau(King, 2008).Greater India separated from Australia when Australia rifted
away from Antarctica during the Early Cretaceous (Geoscience Australia, 2011). Additional
accommodation developed through politsubsidence in the Early Cretaceous. A famental

alteration in the sedimentary regime occurred during this time with a transition from siliciclastic



deposits to marine carbonates on the passive continental margin, including the North West Shelf
(Hocking et al., 1988 The North West Shelf evolvedto the presentlay reef bearing carbonate

ramp by flexural processes in the Late Neogene (Collins, 2002). It turned into a passive margin

after the last rift phase (Geoscience Australia, 2012).
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2.1  Stratigraphy of the Northern Carnarvon Basin

The main stratigraphic formations in the basiiggre 2.3 are:

Locker Shale (Early/Middle TriassicJhe Locker Shale comprises marine claystone and
siltstone with minor paralic sandstonalashelfal limestones. It was deposited in a regional
marine transgression. It grades upwards into the Mungaroo Formation (Geoscience Australia,
2014).

Mungaroo Formation (Middle/ Late Triassiche succession of Mdle to Upper
Triassic Mungaroo érmation contains sandstone, claystone with minor coal. It was deposited in
a prograding fluviedeltaic system covering much of the offshore Northern Carnarvon Basin.
Additionally, the upper Mungardeéormation is lithologically composed of shoreline saodst
shallow marine claystone and minor limestone. The Middle Triassic Cossigny Member of the
MungarooFormation consists of paralic and marine siltstone, claystone and limestone. Fluvial
and shoreline sandstones of the formation bears huge gas accumsidatibe Rankin Platform,

So it is interpreted to be the main gasne source rock in the Exmouth Plateau, the Barrow,
Dampier and Exmouth Stitesinan the Northern Carnarvon BagiRigure 2.1) (Geoscience
Australia, 2014).

Brigadier Formation (Late Tassic): This formation comprises thinly bedded siltstone,
claystone and marl which were deposited on the shelf during a rapid subsidence in the Rhaetian.
The BrigadiefFormation is gas prone in the Barrow and the Dampierlfaisins (Figure 2.1)
(Geosciencéwustralia. 2014).

Murat Siltstone (Late Triassic/Early Jurassi@le Murat siltstone initiated in a
regressive period caused by a rapid subsidence from the late Triassic to the Early Jurassic

(Geoscience Australia. 2014).
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Athol Formation (Early/Middle JurassicYhis formation comprises marine claystone
and siltstone which were deposited in a restricted marine environment (Geoscience Australia.
2014).

Legendre Formation (Bathonian)his formation is composed of deltaic sandstones
which were deposited during agression, expanding from the Beagle $asin towards the
Dampier Sukbasin and the Exmouth Plateau in Bathonian (Figure 1.1). The sediment source
was mainly fault blocks. It is a main hydrocarbon source in the Dampiel&b (Figure 1.1)
(Geoscience Astralia, 2014).

Calypso Formation (Oxfordian)this formation comprises interbedded sandstones and
massive claystone, silty claystone and argillaceous siltstone. It was deposited in a nearshore
offshore marine environme(Apache Energy, 2004).

Dingo Chystone (Oxfordian)The Dingo Claystone consists of mainly claystone with
minor argillaceous siltstone, calcilutite stringers and limestone trace. The claystone is
glauconitic, micaceous and microphyritic. It was deposited in a nearshore to offshor@ marin
environment in the Oxfordian in incipient rifts developed at the northern continental margins of
Gondwana Break ug-{gure 2.) (Apache Energy, 2004).

Eliassen Sandstone (Oxfordiafhe Eliassen Formation is composed of massive
sandstones which are inbedded with minor claystones. It was deposited in a nearshore to
offshore marine environment. Grains show good visual porosity. Good hydrocarbons are
observed in sidewalls of cores of the sandstone. It shows only one gas peak in the section
(Apache Enagy, 2004).

Angel Formation (Tithonian)This formation comprises interbedded massive sandstone,

claystone and minor siltstone stringers and calcilutite stringers. It was deposited in a fluvial to a

10



regional shallow marine environment during Tithonian. Ahgel Formation has an erosional
top surface, the Base Cretaceous Unconformity. This unconformity surface separates it from the
Forestier Claystone. This section is not promising for oil and gas peaks (Apache Energy, 2004).

Forestier Claystone (Tithonia®erriasian): This section is lithologically composed of
interbedded intergradational silty claystone and claystone with sandy claystone, argillaceous
sandstone and siltstone with minor limestone and dolomite stringers. The Forestier Claystone
was depositeth a shelfal marine environment from Tithonian to Berrriasian. The-Intra
Valanginian Unconformity surface lies between this section and the Lower Muderong Shale. The
Forestier Claystone unconformably overlies the Angel Formation. Its base is definedBaséeh
Cretaceous Unconformity (Apache Energy, 2004).

Lower Muderong Shale (Valanginian/ Hauteriviaiihe Lower Muderong Shale
comprises interbedded and intergradational silty claystone and calcerous claystone with silty
claystone at the base. It was dgiped in an open marine shelf environment from Valangianian to
Hautirivian. The Intravalangianian Hiatus separates the Lower Muderong Shale from the
Forestier Claystone (Apache Energy, 2004).

Upper Muderong Shale (Barremian/Aptiat)pper Muderong shaleoasists of
interbeded claystone and silty claystone with minor calcilutite and dolomite. It was deposited in
a tectonically stable, low energy, mid to outer marine shelf environment in the Neocomian
transgression. The deposition of the shale is from Baareto Aptian. The Albian/Aptian
Unconformity separates the Upper Muderong Shale from the Gearle Siltstone (Apache Energy,
2004).

Gearle Siltstone (Albian/TuronianThis section comprises interbedded argillaceous

calcilutite with calcerous claystonesagstone, silty claystone stringers, glauconitic claystone
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stringers, dolomite stringers. It was deposited in a low energy restricted offshore marine
environment from Albanian to Turonian. It is unconformably overlain by the Toolonga
Calcilutite by the Turnian unconformity. Similarly, it is unconformably undelined by the
Muderong Shale (Apache Energy, 2004).

Toolonga Calcilutite (Coniacian/Santoniaf)he lithology of this formation is composed
of calcerous claystone, argillaceous calcilutite and tracduwtéke stringers. It was deposited in a
restricted open marine environment from the Coniacian to the Santonian. It formed by continued
sinking of the continental margin with the contribution of a significant eustatic sea level rise. It is
conformably ovdrin by the Withnell Formation, and unconformably underlined by the Gearle
Siltstone (Apache Energy, 2004).

Withnell Formation (Campanian/ Early Maastrichtia)his formation is lithologically
described as marine claystones with trace calcilutite stringers, intergradational claystone,
agillaceous calcilutite and trace calcilutite. The Withnell Formation is regionally interpreted as
shallow marine marl. Its age Campanian to Early Maastrichtian. It is located unconformably
below the Dockrell formation. The Upper unconformity surface represents the Base Paleogene
Unconformity (Apache Energy, 2004).

Dockrell Formation (Late Paleocenelhis section is interpreted be shallow marine
marls with silty claystone, calcerous silty claystone, claystone and calcerous sandstone stringers,
which were deposited in the Late Paleocene. The Dockrell formation is conformably overlain by
the Lower Walcott Formation, and it lieaconformably upon the Withnell Formation (Apache
Energy, 2004).

Lower Walcott Formation (Early Eocend)his formation represents shallow marine

marls which were deposited in the Early Eocene. It is lithologically described by glauconitic
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calcilutite inerbedded and intergradational with calciltite, minor dolomite, chert and anhydrite
stringers. It conformably overlies the Dockrell Formation (Apache Energy, 2004).

Upper Walcott Formation (Late Eocendhis formation comprises interbedded
intergradationatalcarenite and calcisiltite with chert, dolomite, anhydrite and minor stringers of
sandstone. Regionally, it represents shallow marine marls deposited in the Late Eocene. It
conformably lies upon the Lower Walcott Formation (Apache Energy, 2004).

Mandu Galcarenite (Late Oligocene/ Early Miocen@he Mandu calcarenite is a
shallow marine reef and reworked carbonates. Its age is Late Oligocene to Early Miocene. It
lithologically consists of intergradational calcarenite and calcisiltite with minor strinfjers
sandstone (Apache Energy, 2004).

Trealla Limestone/Bare Formation (Middle/ Late Miocer®)is formation was
deposited in a shallow marine environment from Middle to Late Miocene. It is composed of
thinly intebedded dolomite and sandstones as reefeamarked carbonate sediments (Apache
Energy, 2004).

Pliocene Deposits (Pliocene§ediments in this section represent reef and reworked
carbonate material which were deposited in a marine shelf environment from Pliocene to Recent.
It overlies unconformalglthe Trealla Limestone. This section includes the Delambre Formation
(Apache Energy, 2004).

2.2  Structural Geology of the Basin

A series of structural features formed in the Northern Carnarvon basin in response to four
phases of extensions angaungerinversion. Some of these structural featuregareg to be
explained below in detaib have a regional structural perspective in the Northwest Shelf of

Australia
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The Beagle Subasin is located on the offshore part of the northeast Carnarvon Basin to
the northwest AustraliéFigure 1.1) (Stephenson et al, 1998)s surrounded by the Canning
Basin in the East and the Dampier Sasin in the Southwegfigure 1.1) (Stephenson et al,
1998) The overall evolution of the stliasin is dominated by latéfault movements
(Stephenson et al, 199%)ain tectonic elements of the Beagle $asin are basin margin
features, intrdasin horst blocks, depocenters, platform areas and wrench(Eweg 2.4)
(Stephenson et al, 1998)

The Lambert Shelf, as anaxple of these tectonic features, is bounded to the north by
the Basin Margin Fault Zone (BMFZ), which defines the northern margin of the Beagle Sub
basin(Figure 2.4)Stephenson et al, 1998)his Shelf is the shallow basement extension of the
Proterozat Pilbara BlockFigure 2.4)Stephenson et al, 1998& thin sequence of Triassic to
Cenozoic sediments overlies the sliElgure 2.4)YStephenson et al, 1998)he De Grey Nose,
another tectonic feature, extends about 50 km north of the BMigdre 2.4 (Stephenson et al,
1998) It includes a relatively thick cover of Lower to Upper Triassic sedin{&wphenson et
al, 1998) It underlies a thin Jurassic to Cenozoic sequence. A stelpy Mipping fault, which
creates the Cossigny Trough, limite nathern margin of i{Figure 2.4)Stephenson et al,

1998) This margin broadly reactivated by the collision of the Australian and Timor plates during
the Middle MiocendFigure 2.4)YStephenson et al, 199&Iso, the Bruce Terrace, a 20 km

wide, curved ad N-NE trending basement terrace, is underlined by progressively downfaulted
basement to the N\{Figure 2.2)Stephenson et al, 1998)

The Delambre, Swift, Sable, Ronsard and Picard Blocks are the fivdasgiahorst
blocks in the Beagle Stiiasin(Stephenson et al, 1998)hese structural features are uplifted

blocks of Triassic to Jurassic time interval, and they are bounded to each other by fault blocks.
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Older sediments plunged to the Outer Beagle Platform in the (&te¢phenson et al, 1998)
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Figure 25 Structural Features of the Beagle Shasin

There are two types of depocenters in the Beagleb8sim: deep, structurally controlled
troughs as well as shallow, low relief grab@rgure 2.4)Stephenson et al, 1998 he
Cossigny and the Beagle Troughs formed as a result of Middle Triassic defor(Rédime 2.4)
(Stephenson et al, 1998ediment accumulation continues to this to(&tgphenson et al,
1998) The Cossigny and Beagle Troughs are interpreted tcelottthward part of the Lewis
Trough in the Dampier Sulbasin(Figure 2.4)Stephenson et al, 199&ynclinal geometry is
observed in the region according to seismic (@taphenson et al, 199&xtensional and

wrenching tectonism reactivated troughsha Sinemurian to the CallovigB8tephenson et al,
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1998) While the deposition in the grabens commenced in the Late Triassic to Middle Jurassic,
seafloor spreading along the Argo Abyssal Plain was initiated in the late Callfigure 1.1)
(Stephensoet al, 1998)
Platform areas comprise significant structural features in the BeagleaSut{Figure
2.4) (Stephenson et al, 1998he Outer Beagle Platform is the lesser known part of the Beagle
Subbasin(Figure 2.4) (Stephenson et al, 1998)to NEtrending horsts and grabens are
characteristic of the platform, the result of a series of en echelon movdFignte 2.4)
(Stephenson et al, 199®orthward extensions of the Sable, Ronsard and Picard Blocks also
have this sense of moveméhtgure 2.4)YStephenson et al, 1998}he blocks are highly
fragmented and bifurcated with a distinct change in trend according to seismic studies
(Stephenson et al, 199@&dditionally, the Beagle Platform is a broad and generally unfaulted
tectonic block between ¢hPicard and Ronsard Bloci&gure 2.4) (Stephenson et al, 1998)
Transtensional/ transpressiofallt movements reactivated the Beagle $alsin in the
late Middle Jurassi¢Stephenson et al, 199& high degree of reactivation occurred along the
margins of the horsts and within the Beagle Tro(ijgure 2.4) (Stephenson et al, 199B)e
zone of deformation that affects the Beagle Trough is the Beagle WrencliFlgure 2.4)
(Stephenson et al, 1998)he Beagle Trench Zone is interpreted as fogiiy reactivation of
earlier Paleozoic faults, prior to the Callovian breaf&igure 2.4) (Stephenson et al, 199B)e
main fault movements occurred along the main structures and within the troughs during the
deformation, but the Triassiturassic faulblocks remained as stable structui®@gphenson et
al, 1998) Large flower structures and anticlines are characteristic for the wrench zones in the
Beagle Sukbasin, truncated by a regional unconformity from the late Bathonian/Callovian to the

earliest Gfordian truncated therfirigure 2.4) (Stephenson et al, 199Banstensional zone
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observed in the Beagle Stlasins is going to be explained in the Fault Interpretation Section.
2.2.1 Pre-rift (Silurian to Toarchian)
The initiation of the Westralian Superlbagrigure 2.5, which contains the Carnarvon
and the Canning BasinBiQure 2.2, triggered the late Carboniferous deposition sourced by the
rifting of the Sibumasu Block from Gondwarfadure 2.} (AGSO North West Shelf Study
Group, 1994)Shallow marine clastics and carbonate deposition formed northeast trending
depocenters during the late Permian. Later, the Locker Shale and the Mungaroo Formation were
deposited during the Triasdicongley et al, 2002)The Locker Shale was depositedain
regional marine transgression while the Mungdfoonation was deposited in a fluveteltaic
environment (Geosciences Australia, 2014). A rapid subsidence from the Late Triassic to the
Early Jurassic caused the deposition of Brigadier Formation amdiutta siltstongVon Rad et
al, 1992a, 1992b)
Structural highs and lows separated the Beagletfagin from the Dampier Stimsin in
the Late Jurassid-{gure 2.2 (Blevin et al, 1994; Smith et al, 1998y Pleinsbachian time,
major fault zones, e.g.,@érRosemarry, Flinders and Rankin fault systems, rifted to form the
Barrow, Dampier and Exmouth Stiasin, the Rankin Platform and the Lambert and
Peedamullah ShelveBigure 2.2 (Romine et al, 1997)Tilted fault blocks, horsts and ramps in
the subbasinsare main sediment sources (Figure 2BBrber, 1988).
2.2.2 Early Syn-rift (Toarcian to earliest Callovian)
The initiation of extension in the Carnarvon Basin led to the deposition of eastiftsyn
deposits during the Toarcian (Geoscience Australia, 2014)Aflol Formation was deposited
in a restricted marine environment, while the Legendre Formation was deposited in a prograding
deltaic environment (Geoscience Australia, 2014). The Legendre deltaic deposits expanded into

the Central Exmouth Plateau and empier Sukbasins Figure 2.2. The deltaic deposits of
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the Legendre Formation contain the main hydrocarbon accumulations in the DSoiglasin
(Figure 1.1 Edwards& Zumberge, 2005)Moreover, fault blocks, and platforms at the margins

of the depocenters are the main sediment sources for the gy$temas et al, 2004).

18



2.2.3 Main Syn-rift (Earliest Callovian to Berriasian)

The Argo Abyssal Plain formed as a resulseafloor spreading from the Callovian to
Oxfordian Figure 2.2 (Jablonski, 1997)The Callovian Glypso Formation in the Barrow and the
Dampier Sukbasins comprises the main part of the-gftrsuccessions in the system
(Geoscience Australia, 2014). Ri#tlated extensional faults formed the northern edge of the
Exmouth Plateaurigure 2.2 (Geoscience Australia, 2014). The Exmouth Plateau and the
Rankin Platform were tilted and uplifted as a result of continued faulting duririgatBeJurassic
(Figure 22). These features continued to be sediment sources for the Barrow and Dampier Sub
basins Figure 2.2 (Geoscience Australia, 2014). The Dingo claystone was deposited in a marine
environment overlapping the Barrow, the Dampier and the Exmoutb&ibs as result of
rapid tectonic subsidencEiQure 2.2 (Tindale et al, 1998)The reactivation of tilted normal
faults on the Rankin Platform formed the Kangaroo Synchigufe 2.2 (Jenkins et al, 2003)

The syncline continued to form until the Berriasfdenkins et al, 2003[Peposition ended by

uplift and erosion in the Berriasian with the initiation of the separation of the Greater India from
Australia Figure 2.} (Geoscience Australia, 2014). The sandstones of the Biggada, Eliassen,
Dupuy, Angel, Jarisand Linda formations are significant reservoirs in this seciienk{ns et al,
2003 & Moss et al, 2003)

2.2.4 Late Synrift Barrow Delta (Berriasian to Valanginian)

This part of the basin evolution experienced both extension and subsequent inversion
(Geosciaces Australia, 2014). The Barrow Group was deposited as a result of the extension in
the Barrow DeltaKigure 2.3 (Geoscience Australia, 2014), and represents the latafsphase
from the Berriasian to ValanginigRoss & Vail, 1994) The thicknessfahe section is up to

2,500 meters from the Base Cretaceous to Valanginian (Geosciences Australia, 2014).
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Deposition commenced in the Exmouth Sh#sin, and the progradation expanded toward west
of the Barrow Island across to the Exmouth Platégagu(e 23) (Ross & Vail, 1994)Prograding
sediments formed the Lower Barrow Delta Lobe, the Malovet Formation (Figur@BaiBie &
Jacobson, 1997The upper part of the Barrow Delta Lobe, the Flacourt Formation, however,
was deposited in another progradaiisitiated in the late BerriasigiBaillie and Jacobson,

1997) The progradation of the delta expanded through the Gorgon Heiggise( 2.2 (Baillie &
Jacobson, 1997Basin floor fan sandstones, prodelta to foreset claystones, asdttop
sandstones agominant facies in this sectiomgo et al, 2013)The Zeepard and the Flag
sandstones lie at the top of this sectidad et al, 2013)The Scarborough gas accumulations
developed in the fan sandstones on this basin fleigu(e 2.2 (Tao et al, 2013)The continental
break up to the southwest of the Exmouth Plateau terminated sediment supply for the Barrow
delta systemKigure 2.2 (Hocking et al, 1990)Both the Exmouth Subasin and the Exmouth
Plateau were inverted during the continental breakigu(e 2.3 Geoscience Australia, 2014).
2.2.5 Post Breakup Subsidence (Valanginian to MieSantonian)

The Valanginian unconformity (Figure 2.3) and a widespread peneplanation in the
Northern Carnarvon Basin were formed as a result of continental break spadiodr spreading
in the Gascoyne and Cuvier abyssal plains (Figure 1.1) (Geoscience Australia, 2014). Fining
upward, marine sequences were deposited over the Valanginian unconformity surface by a
widespread transgression generated by a rapid subsidmmeddy the continental breakup
(Geoscience Australia, 2014). The Birdrong Sandstone, glauconitic Mardie Greensand,
transgressive Muderong Shale, Windalie Radiolarite and Gearle Siltstone compose this section
(Geoscience Australia, 2014). The Stag and/fvedalia sandstorsdbear 90 percent of the total

oil accumulation in the Barrow Islan&igure 2.2 (Ellis et al, 1999)Also, the rifted margin
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evolved into a passive margin by the end of this section.
2.2.6 Passive Margin (Mid-Santonian to Present)

Tectonic stability and decreasing terrigenous sediment supply terminated siliciclastic
sedimentation by the Mi&antonian, resulting in formation of a passive margin (Geoscience
Australia, 2014). Progradational shelfal carbonates bnil continental mgm in the late
Cretaceous and Cenozoic (Geoscience Australia, 2014). Inversion developed doathesul
compression in the Campanian in the Exmouth-Sagin, the Exmouth Plateau Arch, the
Resolution Arch and the Kangaroo synclifkg(re 2.2 (Tindale et al, 1998)Additionally,
transpressional reactivation occurred on preexisting rift features in the Dampier and Barrow Sub
basins and formed Barrow Islarfidure 2.2 (Longley et al, 2002; Cathro & Karner, 2006)
Deposition of prograding shethrbonate sediments was generated during the Oligocene and
Miocene Tindale et al, 1998
2.3  Petroleum Systems in the Basin

The Northern Carnarvon Basin is the premier hydrocarbon producing basin in Australia
containing oil and gas ithe Barrow, Dampier, Bgde, Exmouth Sukbasinsand the Exmouth
Plateau RegiofFigure 1.1) (Geoscience Australia, 2014). Liguefied natural gas (LNG) is
produced from the Rankin Platform and the Exmouth Platégure 2.2 (Geoscience Australia,
2014). LNG production is curregtbeing developed in the Gorgon, Wheatstone, Scarborough,
Equus, the North Ranking Rievelopment and the Greater Western Flank Development projects
(Figure 2.6 (Geoscience Australia, 2014€etroleum systems are classified according to source,
reservoirand if it is oil or gas prone in the basirwo petroleum systems are defined in the
Northern Carnarvon Basimhich arethe Locker/ Mungaro®ungaroo/ Barrow Petroleum
Systemandthe DingeMungaroo/ BarrowPetroleum SysterfFigure 2.6 Magoon & Dow,

1994):
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The Locker/ Mungarc®ungaroo/ Barrow PetroleurBystera These gagprone
hydrocarbon systems lie in the Barrow, Dampier and Exmoutkb&silns as expanding onto the
margins of the Exmouth Plateau (Figure 1.1 and Figure 2.6) (Geosciences Australia, 2014). The
principal source rocks for this petroleumteys are the Upper Triassic aged-gasne fluvic
deltaic Mungaroo Formation and the Lower Triassic marine Locker Shale (Geoscience Australia,
2014). The majority of recent gas exploration from the Exmouth Plateau comes from deep coals
and carbonaceous cktgnes of the Mungaroo Formation (Figure 1Bdwards & Zumberge,

2005; Edwards et al, 20Q6Dhis petroleum system is classified as a path@fWestralian 1
Petroleum $stem(Bradshaw et al, 1994; Edwards & Zumberge, 2005; Edwards et al,.2007)

The DingeMungaroo/ Barrow PetroleurBystemsThese petroleum systems are an oil
prone hydrocarbon system that covers the Exmouth, Barrow and Dampiba8nb as seen in
Figure 1.1 and Figure 2.6 (Bishop, 1999). The primary source rock in this petsjstem is
the Upper Jurassic Dingo Claystone (Bishop, 1999). This is a pae W¥eéstralian 2 Petroleum
System(Bradshaw et al, 1994).

PassiveMargin Source Rockd'he main gas source rocks are fludieltaic sediments in
the Mungaroo Formation in tH&garrow, Dampier and Exmouth Stiasins (Figure 1.1 and
Figure 2.6). Additional source rocks are the Murat Siltstone, Locker Shale, and Athol/Legendre
Formations (Geoscience Australia, 2014).

2.4  Reservoirs

Principal reservoirs in the system are mainly fluggdtaic and marine sandstones in the
Triassic Mungaroo Formation, the Bajoci@allovian Legendre Formation in the Dampier and
the Beagle Subasins, Berriasiavalanginian Barrow group in the Barrow and the Exmouth

Subbasins (Figure 1.1) (Geoscience Aabt, 2014). Also, Upper Triassic Carbonate reef
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builds are evaluated to be another potential reservoir in the Carnarvon Basin (Figure 1.1)
(Summons et al, 1998; Edwards & Zumberge, 2005).
25 Seals

Seals The late Cretaceous Muderong Stizddlie & Jacobson1997)and Windalia
Radiolarite(Ellis et al, 1999pare the main seals in the syst@aillie & Jacobson, 1997/yith
additional seals in the Barrow Group, the Forestier Claystone, the Atholl, Legentre
Mungaroo brmations (Geoscience Australia, 2014).
2.6 Traps

Horsts, tilted fault blocks, drapes and fault4mler anticlines are conventional structural
traps in the basin. Additionally, basiloor and turbidite fans, unconformity pinduts and
onlaps are the main stratigraphic traps in the Northern Ganm#8asin (Figure 1.1) (Geoscience
Australia, 2014).
2.7  Production

The first successful oil production in Australia began in 1953, from the Exmouth Plateau
with 500 bbl/ d from the Lower Cretaceous Birdrong Sandstone (Figuré&agjshaw et al,
1999; Ellisand Jonasson, 2002)he first gas discoveries were in the 1970s in the Exmouth
Plateau (Figure 1.1). The Northern Carnarvon Basin is the most productive basin in Australia
with 86.2 million barrels of oil (MMbbl) and 1198.1 Bcf gas by 2010 (Figure Z5épécience
AU, 2010). The total estimate of hydrocarbon potential in the basin is predicted to be 22.2
billion barrels of oil equivaleniBarber, 2013)Productive fields in the Northern Carnarvon
Basin are North Rankin, Cossack, Wanaea, Lambert and demmide northern Rankin
Platform(Woodside Petroleum Ltd 2011@)luto and Xena in the Rankin Platform/ Exmouth

Plateau; Devil Creek (Tied into the Reindeer), Mutineer/ Exeter, Stag and Wandoo in the
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Dampier Sukbasin {incent and Tilbury, 1988; Bint, 199; Fletcher/ Funicane ( Tied into the
Mutineer/Exeter) in the Beagle Stiasin (Geoscience Australia, 2014); the Barrow, Thevenard,
Varanus Islands and Woollybutt in the Barrow Sasin(Baillie and Jacobson, 1994@nd the
Enfield, Pyrenees, MacedonyBarrow and Viscent/ Van Gogh in the Exmouth Balsin

(Figure 2.6 (Geoscience Australia, 2014). 40 % of total production in Australia comes from the
Rankin Platform, which has produced since 138dure 2.9 (Geoscience Australia, 2014). The
Stag accumlation provides 7000 bbl/d oil, and the Wandoo oil accumulation produces up to
6000 bbl/d in the Dampier Stlimsin Figure 2.9 (Santos, 2013a)he largest oil accumulation

is located in the Barrow Stliasin with 1250 MMbl proved oil reserves and 580 Bcf gas reserves
(Figure2.6)(Ellis et al, 1999) There are 420 production wells with 208 water injection wells to
obtain these production ratdsgure 2.6 (Santos, 2013b)n the Exmouth Plateau, produced

gas, (200 MMcfd), from the Crosby, Ravensworth and Stickle oil accumulations through the
Pyrenees is rnjected into the Macedon Reservdtidure 2. (BHP Billiton, 2010) Moreover,

the maximun production rates from the Enfield accumulation were 100 000 bbl/d and 900 000
bbl of oil storage capacity in 201Bigure 2.6 (Woodside, 2013)Another oil project in the
Exmouth Plateau, the Stybarrow Venture, was conducted in(B3{7 Billiton, 2008) in

addition to that, the operation Viscent oil accumulation in Z008odside, 2011b}kcheduled
Coniston and Novara oil accumulations were conducted in Zagdré 2.6 (Apache

Corporation, 2013)
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CHAPTER 3
DATA AND METHODOLOGY

A series of well andeismic data is used in addition to the elevation, gravity anomaly and
magnetic anomaly maps in this project. These are going to be shown in this chapter in detail.
3.1  Well Data

Datafrom 55 wells were integrated with the seismic analysis. Firstly, formation tops are
determined from well reports. Second, mean depths of formation tops from Rotary Table (mRT)
(msec) are recorded in an Excel spread sheet as seen the example in Tabld 8dcuments
are created to tie formation tops to the wells in Petrel software as seen in Figure 3.1 and Table
3.1. Among these calibrated formation tops, the Upper Walcott Formation, the Toolonga
Calcilutite, the Dockrell Formation and their time e@l@nts are confidently picked as post
surfaces throughout the basin; in addition, five structurally significant unconformities are picked
from onlaps above and truncations below the unconformity surfaces. These surfaces from older
to younger are the@p Basement, the Top PermiBase Triassic, the Late TriasfBase Jurassic,
the Middle Jurassic and the Late Juragase Cretaceous unconformity surfaces. They
represent the boundaries of the rift packages. While the last three surfaces are picked more
assuredly because they lie in the seismic data available, the interpretation on the former two
surfaces is more poorly constrained as seismic profiles are not deep enough.
3.2  Seismic Data

In total, 28 VSP (Vertical Seismic Profile), 3549 2D and 10 3D seidati surveys are
used in this project (See AppendixAppendix2, Appendix3 and Appendid). All seismic
data are recorded in time (msec). The deepest time data shows 12 004 msec in the Central North

West Shelf and 16,004 msec in the Northern CarnanasmBin addition, seismic data are
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sampled with 4 msec intervals. Additionally, 13 Vertical Seismic Profiles (VSP) are used

digitally with 15 nondigitized VSP data as listed in the ApperdixRegional distribution of

seismic data is shown in Figure 3.2.

- V)fhh(lr” s

rmnHsn

Table 3.1 Depth and Time Relationships of Formation Tops in Ajax_ST_1

Lithostratigraphic Formation Tops MD(m) TWT(ms | Type
ec)

Upper Walcott Formation 630 2741.5 Horizon
Lower WalcottFormation 825.8 2855 Horizon
Dockrell Formation 1203 2841 Horizon
Withnell Formation (Base Tertiary Unconformity) 1247 2834.1 Horizon
Toolonga Calcilutite 1598 2780 Horizon
Gearle Siltstone (Turonian Unconformity) 1900 2812 Horizon
Upper Muderongshale (Albian/Aptian Unconformity) | 2077 2822 Horizon
Lower Muderong Shale (Intlsluderong Hiatus) 2130 2822.5 Horizon
Forestier Claystone (Inttdalanginian Unconformity) 2240 2828 Horizon
Angel Formation (Base Cretaceous Unconformity) 2500.8 2885 Horizon
Dingo Claystone (Mid Oxfordian Unconformity) 2873 2994.8 | Horizon
Eliassen Sandstone 3124.9 3044.5 | Horizon
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Figure 32 Regional Distribution of Seismic Surveys

3.3  Methodology

The methodology used in this project is basedeismic interpretation and restoration
techniquesAlso, the seismic interpretation methodology is based on horizon interpretation and
fault interpretation.
3.3.1 Seismic Interpretation Technique

Seismic reflections result from velocitensity contrast or @mges in acoustic
impedance between lithological units. Reflection configuration, reflection continuity, reflection
amplitude and reflection frequency are significant features to determine the boundaries of

lithological units in seismic (Figure 3.3). Redt®n configuration gives information about the
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geometry of bedding patterns formed by depositional processes, fluid contacts and original
topography. Furthermore, reflection continuity represents the continuity of layers, and it is
closely related to théepositional processes and depositional environment. Also, reflection
amplitude is another significant concept as a sign of a combination of reflection strength,
lithological contrast, bedding spacing and fluid content. Reflection frequency demonsgates th

bed thickness and the fluid contextgken & Bruno, 2013).
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Figure 33 Seismic Facies Units (Veeken 2007)
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These reflections represent layers (Figure 3.3), unconformitiesanrdormities (Figure
3.4), artdacts anchonsedimentary reflections of faults and fluid contacts (Figure 3.5). Examples
of these different seismic reflections are shown in the Figuré/@&kén & Bruno, 2013)
Seismic reflection geometries are used to determine seismic reflection configusatbres
parallel, subparallel, divergent, sigmoidal, parallel oblique, tangential oblique, complex

sigmoidal, shingled, hummocky clinoforms, disrupted, contorted and lenticular (Figure 3.6)

Travel ime in seconds

— ; /.;;-"‘...'
il i S AR M AT TR
Figure 34 Unconformity Surface Defined by Reflection Terminati¢viseken & Bruno, 2013)

3.3.1.1Horizon Interpretation Methodology

Horizon picking depends upon well tie analysis and recognizing structurally important
unconformity surfaces like pnéft to synrift and sy-rift to postrift surfaces. They are modelled
to build a structural frameworleigure 3.7. Sedimentary reflections of horizons in seismic
profiles may represent lithology, energy level, sedimentation rates, depositional environment,
input source, degree of diagenesis and pore contents with temperature and salinity or a

combination of any of the above (Yilmaz 2001).
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Figure 37 Bulding Structural Framework with Fault and Horizon Modelling

Unconformities are erosional or noepositional surfaces between two packages of
strata. Reflection terminations of layers above and below the unconformity surfaces are onlaps,
downlaps, toplaps, and truncations as seéfigare 3.83(Mitchum et al. 1977)Erosional
truncations show older sediments below the unconformity surface (Veeken & Moerkerken,
2013). Toplaps demonstrate depositiondliglined underlying layers when erosion happens at a
shelfedge geometry (Veeken & Moerkerken, 2013). Onlaps repirgsenger deposits
progressively overstepping each other (Veeken & Moerkerken, 2013). Downlaps show
depositionally inclined younger strata along the direction of sediments supply (\M&eken
Moerkerken, 2013). Horizon interpretations in this project areected using 3D, 2D

Autocracking and Manual Interpretation in Petrel 2013 (Figure 3.9).
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Zero Phase PolarityThe importance of zero phase seismic data appears in generating a
better seismic interpretation (Brown & Abriel, 2014). The advantage comes from symmetry of a
wavelet, but this benefit dependgon the relationship between wavelet amplitude, and any
increase or decrease in acoustic impedance (Brown & Abriel, 2014). There are a number of
different types of polarities being used in earth science. SEG normal polarity is defined by the
polarity of minimum phase wavelets. It demonstrates that a first deviating break to negative
values, which is caused by a compressional wave arriving at geophones (Brown & Abriel, 2014).
American polarity refers to an increase in the acoustic impedance which prpdakes the
zero phase seismic section (positive amplitude reflection) (Brown & Abriel, 2014). Itis
displayed as blue reflection in seismic section (Brown & Abriel, 2014). Conversely, European
polarity refers to an increase on the negative amplitudectieite trough (Brown & Abriel,
2014). It is displayed as a red reflection in a seismic section (Brown & Abriel, 2014). Both
American and European polarities are illustrated in Figure 3.10. The polarity type of the seismic

surveys used in this project isschcterized as European Polarity (Figure 3.11).

‘i

b

Figure 310 & American Polarity Hydrocarbon Brightspot Buropean Polarity Hydrocarbon
Brightspot (Brown and Abriel, 2014)
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3.3.1.2Fault Interpretation Methodology

Seismic reflection terminations are used to detect fault planes and are evaluated as one of
the nonsedimentary reflectors. Fault planes are the surfadesogfixtaposed lithologies at the
each side of the plane; so, this generally causes acoustic impedance difference because faults
create a contact between different layers. The reflection terminations do not always show fault
planes on seismic, but thesenténations provide an opportunity to observe fault planes on
seismic (Figure 3.12). Each fault family in this project is modelled to generate fault planes in a

structural frameworkHigure 3.7.
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3.3.2 Restoration Methodology

Six basinwide representative profiles are restoretiove 2014.2Composite sections
are generated in Petrel 2013 from smaller 2D profiles to make longer sections for a more
complete overview. Prior to restoration, tathe profiles are converted to depth to generate a
closer approximation to geological cross section. For the 2D depth conversionrtimepth
relationships of the formation tops are used (Appendix). Depth vs Time values are used to
determine a function frororossplots (Figure 3.13). The mathematical formula representing the

relationship between the time and depth data in the Carnarvon Basin is:

Q ™o YPTZwT ¢ oBPoT (3.1)

h=depth (meterYy=TWT (Two Way Time (mseg)
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Decompaction, Unfaulting and Flexural Slip Unfolding are three main modules to restore

Figure 313 Depth vs Time Relationship in the Carnarvon Basin

rift-dominatedorofiles. Decompaction basically means removing the compaction effects of

overlying layers on the units buried in the section below. It is performed in Move 2014.2

software is shown in Figure 3.14. Moreover, the unfaulting process is based on moving the
hangingwall block to its preleformed stage. The parallel moved fault is demonstrated in Figure

3.15. Additionally, the Flexural Slip Unfolding is used for the inversion. It flattens the inverted

horizon as well as preserving the line length as seen iné=&jli6.
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Figure 316 Flexural Slip Unfolding
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CHAPTER 4
SEISMIC INTERPRETATION

Seismicinterpretation for this project is based on horizon interpretation, fault
interpretation, and building a regional structural framework with the horizon and fault modelling
in Schlumberger's Petrel 2013 software. The research area covered by the 2D eisth8D s
surveys is as large as 1.05 million%knmcluding 3,549 2D seismic profiles in the Northwest
Shelf of Australia (1,229 2D seismic profiles in the Northern Carnarvon Basin and 2,320 2D
seismic profiles in the Central Northwest Shelf (Figure 3.2Fagdre 4.1)). Also, 10 3D seismic
surveys were interpreted from the Northwest Shelf of Australia (Figure 3.2). The seismic
volumes were structurally smoothed to increase the continuity of the seismic reflectors to assist
in both the fault and the horizonterpretations. Moreover, ant tracking is a tool extracting fault
surfaces from fault attributes. The principle of the algorithm is based on using ant colony
systems to extract surfaces displaying trends in very noisy data. It was performed on the seismic
surveys to visualize features reflecting the trends of faults, which aids the fault interpretation in
this research. Additionally, the seismic interpretation was controlled with the well tops from 55
wells, 13 digital and 15 nedigital VSPs.

Ten structually important surfaces were generated to build a structural framework
representing the pneft, syn-rift and postrift sections of the five phases of extension and the
youngest inversion. First and the second order planar and listric faults were tateljyre
initially drawing a single fault, and théd17fault groups are assigned from the fault sticks,
which are interpreted to represent the same fault plane. A structural framework throughout the
entire region is constructed to determine major deformaimes in the Northern Carnarvon

Basin.
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4.1  Horizon Interpretation

The interpretation of tectorstratigraphic record, which resulted from five phases of
extension, and the youngest inversion in the Northern Carnarvon Basin, is based on the
formation tops from wells (Figure 3.1), seismic facies (Figure 3.3), unconfasnihieir
correlative conformities (Figure 3.4), and reflection configurations (Figure 3.6). Also, post rift

horizons deposited by séavel fluctuations are interpreted across the basin. Among the picked
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horizons, a series of structure maps were genefaitéke levels of the Top Basement, the Top
Permian, the Base Jurassic, the Middle Jurassic, the Late Jurassic and the Base Cretaceous, the
Toolonga Calcilutite, Withnell Formation and the Dockrell Formation. The important parameters
for the horizon intenetation are the tectonostratigraphic significance of the regional
unconformities, their time equivalence, the scale of the interpretation, seismic character of the

interpreted horizons, and the level of confidence in interpreting the seismic horizoles4Tab

Table 4.1 Significant Parameters in the Seismic Interpretation

Age of the | Structural Scale | Interprete | Reflection Confidence

Seismic Significance d On Characteristics

Horizon

Late Regional Post | Profile | Peak Regional Medium

Miocene Rift Unconformity

Base Regional Post | Profile | Peak Regional Medium

Miocene Rift Unconformity

Middle Regional Post | Profile | Peak Regional Medium

Oligocene | Rift Unconformity

Base Regional Post | Profile | Peak Regional Medium

Eocene Rift Unconformity

Base RegionalPost | Profile | Peak Regional Medium

Cenozoic | Rift Unconformity

Turonian Regional Post | Profile | Peak Regional Medium
Rift Unconformity

Aptian Regional Post | Profile | Peak Regional Medium
Rift Unconformity

Valanginian| Regional Post | Profile | Peak Regional Medium
Rift Unconformity

Base Regional Post | Basin | Peak Regional Medium

Cretaceous| Rift Unconformity
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Table 4.1 Continued

Late SynRift 5 Basin Peak | Regional High in the
Jurassic and Pre Unconformity of the | Exmouth
Inversion in Base of Fifth Rift Plateau, Medium
the Sub Phase in the Subbasins
basins
Middle SynRift 4 Basin Peak | Regional High in the
Jurassic Unconformity of the | Exmouth
Base of the Fourth | Plateau, Medium
Rift Phase in the Sukbasins
Base Syn-Rift 3 Basin Peak | Regional Medium
Jurassic Unconformity ofthe
Base of Third Rift
Phase
Intra- Volcanic Exmout | Peak | Unconformity Low to Medium
Triassic Layers Plateau
Top SynRift 2 Basin Peak| Regional Low to Medium
Permian Unconformity of the
Base of the Second
Rift Phase
PreTop Synrift 1 Basin Peak| Regional Low to Medium
Permian Unconformity of the
(Basement) Base of First Rift
Phase

4.1.1 Basement

A regional basement underlies the entire geological system in the Northwest Shelf of
Australia (Figure 4.2). The Top Basement horizon is interpreted as detailed as possible because
the base of the seismic profiles are not deep enough to pick the basmraktitrbughout the

Northern Carnarvon Basin (Figure 4.2). For example, the seismic profiles in the Exmouth
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Plateau a not deep enough to interpret the basement in this part of the Northern Carnarvon
Basin. However, there are enough seismic profiles on, which the basement level can be
interpreted, to map a basement surface showing its regional distribution (Figure 4.2).
Additionally, the interpreted horizon at the top basement level is characterized by discontinuous,
low to high frequency and chaotic to high amplitude reflectors in the seismic profiles (Table 4.1).
Also, resolution of the seismic reflections of the bagerevel is the lowest among other
structurally important horizons in the Northwest Shelf of Australia, so the level of confidence is
low to medium in interpreting the top basement horizon. The structural significance of the top
basement is that this leved geological system represents the base of the sedimentary record in
the first extension before the Late Permian in the Northwest Shelf of Australia, because there is a
significant amount of stretching observed on the deformed top basement horizonyiNtoeh
discussed in Chapter 5. Also, structural highs and lows can also be observed on the structure map
along with the sulbbasins as seen in Figure 4.2. To clarify, the top basement surface represents
the end of the intracratonic basin and the beginafrige riftdominated basin, whereas it is
interpreted to be representing completely an intracratonic basin in Geoscience Australia (2011).
Therefore, the regional basement level is evaluated to be the base of the youngest rifting event
before the Late Pmian, underlying the entire Northern Carnarvon Basin (Figure 4.2).

A regionally distributed surface of the basement is generated in Schlumberger’s Petrel
2013 software (Figure 4.2). The surface of the basement is smoothed, increasing the amount of
filtering and extrapolation (Figure 4.2). The two dimensional surface area of the projected
basement is about 4.9 x°Ikm? (Figure 4.2). Although the basement could not be picked very
confidently due to the lack of deep seismic data available, it can be obdavdt basement

was highly deformed prior to the Late Permian. To clarify, the normal fault movements were the
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main driving forces in the basin during the onset of the first rift initiation, which resulted in the
onset of the deformation in the North&arnarvon Basin (Figure 4.2).
Crustal thinning beginning at the basement level formed-doiftinated basin across the
Northwest Shelf of Australia and the surface of the regional basement gets deeper offshore
(Figure 4.2). The slope of the Northwest Shelf of Australia was closer landward at the time than
its present location similar to the Lambert and Peedamullah Shelves (Figure 4.2).
4.1.2 Top Permian

A second crustal stretching occurred during the late Permitwe iNorthern Carnarvon
Basin, comprising the sediments between the Late Permian and the Base Jurassic unconformity
surfaces. A mapped surface represents the base of the Top Permian Extension. This rifting event
occurred in the entire Northern CarnarvoniBas the Exmouth, Barrow, Dampier and Beagle
Subbasins except for in the Exmouth Plateau Region which was only deformed slightly. The
unconformity level of the base Top Permian Extension is differentiated from other seismic
horizons by irregular onlapdpwnlaps and truncations, which will be shown in the seismic
profiles in Chapter 5. Additionallyhe Top Permian horizon is observed as discontinuous to
continuous, low to high frequency, medium to high amplitude reflectors in the profiles
throughout théasin. The level of confidence is low to medium in drawing the Top Permian
horizon, but it is higher than the interpretation of the top Basement level (Table 4.1).

A map of the Top Permian horizon in TWTT shows its regional distribution is getherate
in Schlumberger's Petrel 2013 software (Figure 4.3). This surface is picked on the two
dimensional area as large as 3.4 xkr@’. The deformation in the Exmouth, Dampier, Barrow
and Beagle Subasins is observed from the structure map, but a signi@eaatint of

deformation is not observed in the Exmouth Plateau Region (Figure 4.3). Also, the Top Permian
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horizonis one of the deepest seismic reflectors along with the Basement horizon in the entire
geological system, but it isot easily drawn in the seismic profiles due to the lack of available
data deepening downward to the Top Permian elevation.

The Top Permiahorizon represents the second-sighdeposition in the Northern
Carnarvon Basin after the Pfep Permian Extensioddditionally, the Top Permian surface in
the Exmouth, Dampier, Barrow and Beagle Balsins represents the Late Permian deformation
morethan it does in the other regions, because the intensity of the rifting event is higher in the
the subbasins than other regions. Although this level could not be drawn as detailed as the
basement throughout the entire basin, it has the similar strucemdlwith the basement where
it is close to the land. Also, the sedimentary packages in the late Permian extension where
observed to onlap onto the regional Basement level during the horizon interpretation of the Top
Permian unconformity. The thicknesitibe sedimentary successions also thickens from the ESE
towards WNW.The Top Permian surface gets deeper seaward, but it is observed in the shallower
elevations landward, or towards both the Peedamullah and the Lambert Shelves in the Northwest
Shelf of Awstralia (Figure 4.3).

The Top Permian rifting event is stratigraphically represented by the Locker Shale and
the Mungaroo Formation (Karner & Driscoll, 1999). Both were deposited widely in this phase of
extension (Karner & Driscoll, 1999dditionally, afluvio-deltaic system, which progrades
towards the NW, forms the paeltaic part of the Locker Shales (Boote & Kirk, 1989). The
Locker Shale contains more sand rich units due to the proximity of the delta front (Kopsen &
McGann, 1985). The Mungaroo Fornaeet overlies the Locker Shale, and it was deposited in a
fluvio-deltaic system grading into a stacked fluvial channel deposits (Barber, 1982).

Furthermore, the Mungaroo Formation (constrained by the Caoaan time interval) is
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characterized by prdelta distributary fluvial channel complexes and the coal swamps towards
the WNW (Cook et al., 1985). Moreover, a thin transgressive package of the nearshore or shelf
fine-grained clastics and carbonates overlies the Mungaroo Formation along the SE direction
the HettenginiarBinemurian (Karner & Driscoll, 1999).

4.1.3 Intra-Triassic Volcanics

The IntraTriassic Volcanic deposits comprise the volcanic layers formed during the
Triassic. The chemistry of the extensive magmatism across the ESE margins of the Exmouth
Plateau towards its WNW flanks is characterized by tholeiitic lava flows (Karmgisgoll,

1999). These volcanic layers formegularunconformity surfaces, characterized by the irregular
onlaps, downlaps and truncations on the irregular unconformity surfaces, which will also be
demonstrated in the seismic profiles in 8extion Intepretation partAlong with that, the

horizon for the Intral riassic volcanics is represented by continuous, high frequency and high
amplitude reflectors. Also, this seismic level is drawn across a relatively small area with a low to
medium level confideres because it occurred in an area constrained to the Exmouth Plateau
Region or it is only preserved in the Exmouth Plateau Reghalditionally, it does not play a

major role in he tectonestratigraphic system because the Northern Carnarvon Basin was
tedonically stable during the Triassic.

A surface map generated from the interpretation of the-Trriessic horizon in
Schlumberger's Petrel 2013 software, shows its regional distribution (Figuréhke4)rojected
surface area of this level in tvdimensions is as large as 1.3 X k. Thick volcane
sedimentary packages settled in the Exmouth Plateau Region. Additionally, the thickness of the
Intra-Triassic volcanic rocks get thinner from the ESE to the WNW, so this resulted in the source

of lavaflows being located in the ESE parts of the region.
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4.1.4 Base Jurassic

The Base Jurassic horizon is one of the nstmecturally significant reflectors,
representing the third phase of extension in the Northern Carnarvon basin occurred from the
Base Jurassic to the beginning of the Middle Jurassic. This rift phase specifically represents only
the structurally inducedeslimentation in the Exmouth, Dampier, Barrow and the Beagle sub
basins because neither did the third extensional phase generate-aagp®gitional event
outside of the sutbasins, nor could it be detected in the Exmouth Plateau Region. A rapid
generatn of accommodation resulted in an abrupt change from the underlyingdehec
Mungaroo Formation to the overlying open marine silts and clays of the Lower Dingo Claystone
(Kopsen & McGann, 1985; Boote, & Kirk, 1989). The Lower Dingo Claystone wassdeg in
a relatively deep and openarine environment, and point sources of the overall sediment
delivery accessed the basin due to the large accommodation generated at ({kartieres
Driscoll, 1999) This abrupt transition in the Exmouth, Barrow déimel Dampier Sulbasins
represents the onset of the early Jurassic Extension (Kopsen, & McGann, 1985; Boote & Kirk,
1989), which did not occur in the Exmouth Plateau Region, resulting in nraftsgaposition. A
regional surface of the Base Jurassic fwrizould not be generated because of the low
resolution of the seismic reflectors across the Base Jurassic level. However, it is interpreted as
continuous to discontinuous, medium to high amplitude and high frequency reflectors, which
will be shown in theeconstructed profiles in Chapter 5.
4.1.5 Middle Jurassic

One of the most intensive rifting phases in the Northern Carnarvon Basin occurred during
the Middle Jurassic, because this phase of extension deformed a broader region than the older rift

phases in therB-Top Permian, the Top Permian and the Base Jurassic. However, it actually
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deformed the subasins less than the former extension phases. The Middle Jurassic horizon is
interpreted in the entire Northern Carnarvon Basin including significant structatatde such
as the Exmouth, Dampier, Barrow and Beagle-Bakins; Exmouth Plateau; Rankin Platform;
the Alpha and Resolution Arches; the Gascoynee and Argo Abyssal Plains (Figure 4.5). The
Middle Jurassic surface represents the base of fourth phase dftfivg events in the basin as
one of the structurally important horizons in the geological system. The Middle Jurassic horizon
is picked by continuous, low to medium amplitude and low to high frequency reflectors with the
highest level of confidence amg the horizons. More regionally, the Middle Jurassic rifting
event played a significant role along with the Late Jurassic Extension in the separation of Greater
India from the northwest part of the Australian continent due to the higher intensity of norma
faulting than the Top Permian and the Base Jurassic rifting events. Also, seafloor spreading
resulted in the Argo Abyssal Plain being formed by the Middle Jurassic (FiguréMign &
Larson, 1989) Additionally, normal faults generated small scale depocenters in the Exmouth
Plateau as seen in Figure 4.5.

A surface for the seismically interpreted Middle Jurassic horizon is generated in the
Schlumberger's Petrel 2013 software, which resutftéd two dimensional surface area of 4 x
10° km? (Figure 4.5). The Middle Jurassic surface is stratigraphically represented by the Upper
Dingo Claystone in the stifiasins, comprising silty claystones deposited during the Middle
Jurassic ExtensiofKarner& Driscoll, 1999) The depositional environment of the Upper Dingo
Claystone is a nearshore to offshore marine environment (Apache Energy,A804he
surface of the Middle Jurassic horizon lies at a lower topographic elevations in the Exmouth and
Barrow Subbasins than in the Dampier and the Beagle 8abins (Figure 4.5 he Rankin

Platform formed between the NW flank of the Dampier-Babin and the SE edge of the

52



Elevation time [ms]

-2250.00

-2500.00

-3000.00
-3250.00
-3500.00
-3750.00
-4000.00
-4250.00
-4500.00

— -4750.00
— -5000.00
— -5250.00
— -5500.00

m\

Figure 45 Structure Map of the MiddleudassidUnconformityLevel in the Northwest Shelf of Australia

53



Exmouth Plateau (Figure 4.5). Additionally, the Alpha Arch in the ESE and the Resolution Arch
in the WNW formed along the two flanks of the Exmouth-8abin (Figure 4.5).
4.1.6 Late Jurassic

Thelast rift phase took place in the evolution of the Northern Carnarvon Basin in the
Late Jurassic. The horizon at the base of the Late Jurassic extension is observed by continuous,
low to medium amplitude and low to high frequency reflectors. It is intexg@cross a smaller
area compared to the Middle Jurassic rifting event, because the magnitude of the Late Jurassic
Extension is relatively smaller than the Middle Jurassic Extension. The Exmouth, Barrow,
Dampier and Beagle Stliasins were extended onlygsitly, but the Late Jurassic phase of
rifting generated obvious small scale depocenters across the Exmouth Plateau Region (Figure
4.6). The intensity of the Late Jurassic Extension is relatively smaller than the Middle Jurassic
Extension, but it had a sigicant effect on the deformation history of the basin. Also, the Late
Jurassic Extension played a significant role in the separation of Greater India from the northwest
part of the Australian continent (in addition to the Middle Jurassic Extension)deeite
deformation from the normal faults in the Late Jurassic and the Middle Jurassic were more
intensive than the deformation in the Higp Permian, Top Permian and Base Jurassic phases of
Extension (Geoscience Australia, 2014). Additionally, the Latas$ic Extension represents the
transition from the rifdominated basin to the passive margin, resulting in seafloor spreading
forming the Gascoynee and Cuvier Abyssal Plains.

A surface is generated for the Late Jurassic horizon in the Schiwenliselrgtrel 2013
software (Figure 4.6). The map surface is as large as 1°%nt0n the two dimensional space.
Additionally, there is a structural high detected between the Exmouth Plateau in the NW and

subbasins in the SE (Figure 4.6). Furthermore, ltate Jurassic Extension is representethby
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Forestier Claystone, the Angel Formation and the Dupuy Form@ioh& Marshall, 1994).
4.1.7 Base Cretaceous

A horizon for the Base Cretaceous unconformity is interpreted somewhat confidently as
the last structurally important level in the Northern Carnarvon Basin (Figure 4.7). It represents
the onset of the inversion the Exmouth, Dampier, Barrow and Beagle $®alsins and the end
of the Late Jurassic Extension from SE flanks of the Exmoutbd&idregion, or NW edge of
the sib-basins, towards the NW (Figure 4.7). A baside horizon for the Base Cretaceous
unconformity is picked by continuous, high frequency and high amplitude reflectors in addition
to the onlaps, downlaps, toplaps and truncations, which will be shown in the seismic profiles in
Chapter 5.

A regional surface is generated from the Base Creteckorizon in the Schlumberger's
Petrel 2013 software (Figure 4.7). Two dimensional surface area of the Base Cretaceous
unconformity is measured to be about 2.3 XKr*. The normal faults in NW part of the
Exmouth,Barrow, Dampier and the Beaglelsbasns were inverted creating a slightly positive
topography along the Rankin Platform (Figure 4.7). The compressional forces did not affect the
Exmouth Plateau Region as it was isolated by thebsisins, inferred from the structural low
between the ExmoutRlateau and the sthimsins (Figure 4.7).
4.1.8 Late Cretaceous

The horizon of the Late Cretaceous unconformity is seismically interpreted in the
Northern Carnarvon Basin. It stratigraphically represents the base of the Toolonga Calcilutite
and its time equivales in the Northern Carnarvon Basin as one of thergbhbrizons
covering the entire basin in the passive margin of the Northwest Shelf of Australia. The Late

Cretaceous unconformity level is interpreted by onlaps, downlaps, toplaps and truncations of
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continuous, high frequency and high amplitude reflectors in the seismic profiles.

A surface for the Lat€retaceous unconformity horizon is measured to be about 1.977 x
10° km?. A topographic high towards the west represents the Exmouth Plateau Region (Figure
4.8). Additionally, a gentle slope started forming without any rift deformation from the NE to the
SWduring the Late Cretaceous (Figure 4.8). Along with that, the Peedamullah and Lambert
Shelves persisted in the similar lticas of the present condition.

4.1.9 Late Paleocene

A Late Paleocene horizon is one of the gdshorizons interpreted in detail thrghout
the Northwest Shelf of Australia, covering all of the structural features in the Northern
Carnarvon Basin such as the Exmouth, Barrow, Beagle and Dampi&aSis; the
Peedamullah and Lambert Shelves; the Resolution and Alpha Arches; the Exratedin Bhd
the Rankin Platform (Figure 4.9). Additionally, the Late Paleocene unconformity represents the
base of the Dockrell Formation in the region. It is interpreted by onlaps, downlaps, toplaps and
truncations of seratontinuous to continuous, high pgency and high amplitude reflectors in
the seismic profiles throughout the basin. Also, there is not any significant deformation observed
in the Northwest Shelf of Australia during the Late Paleocene.

A structure map of the Late Paleocene unconformigpisut 3.93 x 10km?. The Late
Paleocene unconformity surface is surrounded by the Argo Abyssal Plain in the north, the
Gascoynee Abyssal Plain in the west and the Cuvier Abyssal Plain in the southwest (Figure 4.9).
Also, the seismic interpretation of the Late Paleocene tdiocuity revealed an obvious
topographic high in the Exmouth Plateau Region (Figure 4.9). Additionally, the overall trend of
the geometry of the slope is observed to run NE to SW, but there is an obvious irregularity near

the Exmouth Plateau Region (Figur®). Moreover, the Peedamullah Shelf in the SW and the
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Lambert Shelf in the NEhowsimilar geometry to their present conditions (Figure 4.9).
4.1.10 Late Eocene

A Late Eocene horizon is the lagigtrift horizon interpreted throughout the Northwest
Shelf of Australia, including some of the structural features in the Northern Carnarvon Basin
such as the Exmouth Plateau, the Beagle and Dampieb&is, the Lambert Shelf and the
Rankin Platform (Fure 4.10).This structure map represents the base of the Late Eocene
depositsThey unconformably overlie all structural features in the Northwest Shelf of Australia
(Figure 4.10)The southern part of the Exmouth Plateau, the Exmouth and BSturbhasins,
the Peedamullah Shelf, and southern section of the Rankin Platform and the DamjiasiSub
are not represented entirely in the structure map due to the limitation in the intersections of the
seismic profiles, but their locations are showirigure 4.10. The Late Eocene horizon is drawn
to interpret the Walcott Formation in the Northwest Shelf of Australia by onlaps, downlaps,
toplaps and truncations. Additionally, the Walcott Formation is interpreted by continuous, high
frequency and high arfifude reflectors in the seismic profiles. Also, the Late Eocene horizon is
interpreted to be deposited when the entire Northern Gammd#asin was a passive margin
becausea significantrift relatedtectonic event is not recorded at the time.

A regionally distributed surface has a two dimensional surface area of about 2.072 x 10
km?. Moreover, there is not any structurally important deformation on this surface except for the
structural low area is observed in the Beagle-Bagin. Additionally, the Exmah Plateau
Region demonstrates a regional high in the Central Plateau (Figure 4.10). Also, the gentle slope
environment is observed as trending from NE to SW in the Northwest Shelf of Australia parallel
to its present geometry, although there are somguilaigties formed around outer margins of

the Exmouth Platea@egionandthe NW edge of the Beagle Stidasin (Figure 4.10).

61



Elevation time [ms]

-3000.00
.00

-3500.00 Argo
00 ). al Plain

-4000.00
-4250.00
-4500.00
-4750.00
-5000.00

00
-5500.00

Figure 410 Structure Map of the Late Eocene Horizon in the Northwest Shelf of Australia

62



4.2  Fault Interpretation

The Northern Carnarvon Basin is a deformed basin by both earlier extensional and later
compressional forces, including the youngest inversion in the Late JeBas®Cretaceous time
interval and five phases of extemsi A series of structural features are observed such as sub
basins, plateaus, troughs, shelves, margins, platformspiasia horst blocks and grabens
(Figure 4.11). A detailed fault interpretation was constructed by more than approximately
260,000 cliing points. To clarify, fault sticks initially interpreted to be on the same fault plane
are merged into 31fault families in the Northern Carnarvon Basin. Additionally, fault groups
are modeled to build a structural framework representing the majondgion zones in the
Northwest Shelf of Australia, illustrating the structural features in the Northern Carnarvon Basin
(Figure 4.11).

The intracratonic basin was initially deformed by thePop Permian Extension, which
resulted in the formation of t&xmouth, Barrow, Dampier and Beagle Shdsins in the
Northern Carnarvon Basin. The normal faults in the Ry Permian Extension are observed to
be dipping towards the NW and their strike is NE/SW (Figure 4.11), generating the first
detachment surface the system by the first fault initiation. The first detachment fault is
interpreted to be the one of the major faults on the SE flank of theasis and dipping to the
NW (Figure 4.11). Additionally, the entire geological system moved on this detachoréace
during the earlier three phases of extension, which will also be discussed later in the Model
Predictions section. Moreover, the major deformation zone was generated along the-four sub
basins from the WSW to the ENE during the earlier three phafsextension (Figure 4.11).
Therefore, the normal faults initiated in the earliest three rifting phases in the Pre Top Permian,

Top Permian and Base Jurassic, were isolated by fotlasibs, forming the first deformation
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zone in the Northern Carnarvon Basin.

The Northern Carnarvon Basin was deformed more intensely by the normal faulting
duringthe Middle and the Late Jurassic Extension phases, because these two rifting events
occurred across the entire Northwest Shelf of Australia. The normal faults developed on the
Exmouth Plateau during the last two phases of rifting are characterizetdathijanar and
listric. To clarify, they are observed to be more planar in the Exmouth Plateau Region, but they
are interpreted to be more listric in the sadsins. The last two rifting phases formed the
Exmouth Plateau, the Rankin Platform, the Wombatteau, the Resolution Arch, the Alpha
Arch, the Kendrew Trough, the Madeleine Trough, horsts and grabens, in addition to four sub
basins in the Northern Carnarvon Basin. The locations of some of these structural features are
shown in Figure 4.11.

All phases of extension played a role in the formation oflsagins, but only the Middle
and Late Jurassic Extensions occurred across the entire Northern Carnarvon Basin including the
Exmouth Plateau. That is because the locus of the dominant extension nfrgratéte sub
basins to the Exmouth Plateau Region during this time interval, resulting in the second
detachment surface being formed at similar elevations with the Top Permian Horizon in the
Exmouth Plateau Region, which will also be discussed in the MRydeliction section. Both
planar and listric normal faults moved on the second detachment surface, while listric faults in
the subbasins were driven on the first detachment surface. An equally significant result of the
last two rifting events is that tidéorthern Carnarvon Basin was rotated by the extensional forces
in addition to the crustal stretching at the time. That is because a new trend in the normal faults
was observed in the Exmouth Plateau Region, dipping to WNW and striking from the NNE to

the SSW, while the listric faults continued deforming sodsins, striking from the NE to the SW
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and dipping to NW (Figure 4.11). Moreover, there is a gradational change in the strikes of
normal faults from NE/SW in the stiasins to NNE/SWS in the Exmouth Rlati (Figure 4.11).
This transition in the strike of normal faults during the Middle and the Late Jurassic rifting
suggests that there was a rotational movement in the Northwest Shelf of Australia in addition to
the extension. This regional rotation is alveel to be counterclockwise in the area. Additionally,
normal faults in the Exmouth Plateau Region get younger from the SE to the NW, and the end
members formed a riffominated margin during the last two phases of extension. The normal
faults initiated inthe Middle and Late Jurassic Extensions resulted in another deformation zone
in the Exmouth Plateau Region.

The normal faults on the NW flank of the shésins were inverted by the Base
Cretaceous inversion in response to a change in the extensionabdicgcmormal faults
resulted in a localized intraplate compression, generating harpoon structures in the Northern
Carnarvon Basin (Cathro et al., 2006). Also, the Tertiary inversion is generated by the collision
between the Inddustralian Plate and thieurasian Plate (Figure 4.11) (Pigram and Davies,
1987). The major reverse slip occurred on the first order inverted listric faults located on the NW
edge of the subasins, dipping to the SE and striking to the NE/SW. On the other side, the listric
faultslocated on the SE flanks of the siasins were inverted similar to the back thrust tectonic
character (Figure 4.11). The secondary inversion on the listric faults generated less reverse slip
along the sulbasins. Additionally, the amount of inversion Isserved to increase towards the
north due to the proximity to the main collision zone between the Audtralian Plate and
Eurasian Plate (Pigram and Davies, 1987). Next, the compressional forces generated another
detachment surface along the distancenftbe NW flanks of the subasins towards the SE,

which will be shown in the Model Predictions section.
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Therefore, two major deformation zones are determined to be along thasnb and in
the Exmouth Plateau Region during five phases of extensiorduaind the youngest inversion
(Figure 4.11). Also, the Northern Carnarvon Basin was rotated in addition to being extended due
to the change in strike of the normal faults in the Exmouth Plateau and the fdaassud
(Figure 4.11). Additionally, the mobtoad deformation in the Northwest Shelf of Australia
occurred by the Middle and Late Jurassitensions. That is because these two phases of rifting
occurred in the entire basin, whereas theTwp Permian, Top Permian and Base Jurassic
extensions werésolated by the subasins.
4.3  Section Interpretations

Four seismic profiles and two composite seismic sections are structurally interpreted in
this part. They are selected because they generally run across the entire Northern Carnarvon

Basin, cutting perpeticularly through the significant structural features.

4.3.1 Section 1

The depth converted seismic section, EX00_19, trends WNW to ESE across the Exmouth
Plateau in the Northwest Shelf of Australia (Figure 4.1 and Figure 4.12). Structurally interpreted
view of the seismic profile is about 149,336 meters long with a 7,110 meters thickness. It is
selected to interpret, because it covers the significant structural features in the Exmouth Plateau,
especially the Middle and Late Jurassic extensions (Figure 4.12).

Top Permian horizon is the one of the deepest seismic reflectors drawn in the profile
(Figure 4.12). It is observed to be generally deeper than 6 km in the section (Figure 4.12).
Degree of confidence is low in picking this level due to the losnsiei resolution. Additionally,
the Top Permian horizon is not deformed by the normal faults above, except for the Fault L

deepening down to the Top Permian horizon (Figure 4.12). The late Permian horizon is overlain
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by the stacked Intrdriassic lava flows (Figure 4.12). Moreover, the geometry of the normal
faults aregenerally planar, and they get older from the Fault A to the Fault L (Figure 4.12).

The Middle Jurassic horizon represents the base of the rifting event occurred during the
Middle Jurassic, or it establishes a boundary between thaftoaad synrift parts of the Middle
Jurassic extension (Figure 4.12). The Middle Jurassic unconformity is observedbiag@ng
seismic reflectors of the syt package (Figure 4.12). Later, the last phase of rifting event is
demonstrated by the Late Jurassic unconity surface, which is also differentiated by the
onlaps in this profile (Figure 4.12). Additionally, smsadlale depocenters are observed on the
Exmouth Plateau, and the thickest one is located in the ESE with a 500 m thickness (Figure
4.12).

Some of thdaulted blocks are eroded, which contributed the sediment source (Figure
4.12). The Base Cretaceous unconformity overlies theifysteposits, representing the end of
the rifting events in the Northern Carnarvon constrained by the seismic profilee(Big2). The
sediments deepening down to the Base Cretaceous unconformity representitifiepaagiages
in the geological system limited by this seismic profile.
4.3.2 Section 2

The second seismic profile, EX00_31, runs from the WNW to ESE across the Exmouth
Plateau, or it lies between the Beagle -$abin and the Gascoynee Abyssal Plain (Figure 4.1
and Figure 4.13). The length of the depth converted section is 298.992 km with about a 7 km
thickness (Figure 4.13). It is selected for the structural interpyetafithe Exmouth Plateau
because it shows the structural features in the Exmouth Plateau, cutting through the entire
Plateau (Figure 4.13).

The Top Permian unconformity represents the deepest horizon in the profile \Figure
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There is not a significant amount of deformation observed in this level, and it is interpreted by
onlapping reflectors (Figure 4.13)lies in the elevations between 6 km and 7 km in the section
(Figure 4.13). Additionally, Intrdriassic volcanics overly the Top Permian level

unconformably in the Exmouth Plateau Region (Figure 4.13). Moreover, the Middle Jurassic
horizon differentiags the sysift sediments from the preft part for the Middle Jurassic

Extension (Figure 4.13). The unconformity level is observed by the onlapping seismic reflectors
onto the Middle Jurassic horizon (Figure 4.13). Therdyipackage between the Middle

Jurassic and Base Cretaceous horizons comprises both the Middle and Late Jurassic extensions
because the Late Jurassic unconformity is not able to be defined due to the lower quality of
seismic data (Figure 4.13). Additionally, planar faults get yourrger WNW to ESE in the

profile (Figure 4.13). Also, the sediments lying between the Base Cretaceous and the seabed
boundary deposited during the post stage, representing the passive margin sediments in the

geological system (Figure 4.13).

4.3.3 Section 3

Theseismic profile, GPDB 989, trends the NW to the SE across the Northern
Carnarvon Basin, cutting through the Dampier-8abin, the Exmouth Plateau, the Rankin
Platform, Kendrew and Madeleine Troughs in addition to the Enderby Terrace (Figure 4.1 and
Figure 4.14). The depth converted section is about 158 km long and about 8.5 km thick (Figure
4.14). It includes five phases of extension and youngest inversion in the basin.

The Top Basement horizon is the deepest seismic reflector interpreted in the seismic
profile (Figure 4.14). It is drawn by the lowest confidence among other horizons in the section
because the seismic data is not deep enough to demonstrate the basement level towards the NW,

but it is completed by the regional distribution of the baseéiftegure 4.2 and Figure 4.14).
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Therifted basement horizon gets deeper from SE to NW (Figure Addjtionally, the top
basement horizon represents the first extensional deformation in the Northern Carnarvon Basin
(Figure 4.14). The onlapping reflectors of the sedimentary package above the top Basement level
in the Dampier Sulbasin refer this horizoas the onset of a rifting event (Figure 4.14).

The Top Permian horizon is the second deepest reflector interpreted in the Northern
Carnarvon Basin constrained by this seismic profile (Figure 4.14). It represents both the end of
the PreTop PermiarExtension and the onset of the second rifting event in the late Permian
(Figure 4.14). It is defined based on onlaps above the basement horizon more confidently than
picking the basement level (Figure 4.14). Also, the top Permian horizon is onlappinfgeonto
Basement level from NW to SE (Figure 4.14). The thickest part of thafspackage is in the
center of the Dampier Stlimsin (Figure 4.14).

The Base Jurassic horizon refers to the end of the Top Permian extension and the
beginning of the third rifphase in the Early Jurassic (Figure 4.14). It is also picked by onlaps of
the synrift layers of the Base Jurassic extension. However, it is not drawn in the Exmouth
Plateau because the Base Jurassic extension did not propagate onto the Exmouth Blateau to
Rankin Platform (Figure 4.14). The Kendrew and Madeleine troughs formed between the SE
flank of the Exmouth Plateau and the NW edge of the Dampieb&sib (Figure 4.14).

The Middle Jurassic horizon defines the boundary between the Base Juradgidcied
Jurassic extensions, which is differentiated by the onlaps and updip truncations (Figure 4.14). In
contrast to the Base Jurassic horizon, the Middle Jurassic level is drawn in the entire basin
limited by this seismic profile (Figure 4.14). The gyt package of the Middle Jurassic

Extension gets thicker from the SE towards the Fault F (Figure 4.14). Additionally, the

Late Jurassic horizon represents the base of theafsypackage in the last rifting event (Figure
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4.14). The Late Jurassic syt package thickens from the NW flank of the Dampier-Basin
to the Fault A, and it is obviously thinner than the former ones (Figure 4.14). Moreover, the
Turonian unconformity represents the end of rifting and the beginning of compression in the
basin (Fgure 4.14). It establishes a boundary between theiypackage of the Late Jurassic
Extension and the syinversion package thinning towards the NW (Figure 4.14). Furthermore,
the sediments deepening downward to the Base Cenozoic unconformably theedgy
inversion package, representing the posersion part of the geological system (Figure 4.14).

The normal faults deforming the basin are characterized to be generally planar except for
the Fault A as listric (Figure 4.14). Also, it generatedfiis¢ deformation in the profile, resulted
in the first detachment surface being formed in the basin (Figure 4.14). The age of the faults is
thought to get younger from the SE to NW as a result of cross cutting relationships (Figure 4.14).
Moreover, the imersion of the Fault A formed harpoon structure in the NW margin of the
Dampier Sukbasin (Figure 4.14).
4.3.4 Section 4

The seismic section, &3-410, runs from SSE to NNW, crossing the Dampier-Sub
basin, the Exmouth Plateau, the Rankin Platform, Kendrew au®ine Troughs (Figure 4.1
and Figure 4.15). The length of defibnverted seismic section is approximately 216 km, and its
thickness is about 9.5 km. The seismic profile covers five phases of extension and the inversion
(Figure 4.15).

The deepédgeflector interpreted in the profile is the top Basement horizon, which is

defined by updip onlaps, in addition to other structurally significant reflectors such as the Top

(Figure 4.15). These horizons represent the base levels of five phases of extension and the
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inversion (Figure 4.15). The level of confidence in defining the unconformity surfaces increases
from the basement level to the younger horizons due to increasing in the resolution of seismic
data (Figure 4.15). The first syteposition is observed on thasement horizon in response to
tectonic induction prior to the late Permian (Figure 4.15). Additionally, the Top Permian horizon
defines the base of the second rifting event in the latai@n, and it onlaps onto thasement
horizon (Figure 4.15). Alsdhe synrift package of the second extension gets thicker from the
NNW to SSE in the Dampier Sdiasin (Figure 4.15). Conversely, the thickness of the syn
depositional layers in the Lower Jurassic rifting event gets thinner from the NNW edge of the
Dampig Subbasin towards the SSE (Figure 4.15). The Base Jurassic horizon is not drawn in the
Exmouth Plateau because the Lower Jurassic extension is isolated in the DampiasiBub
(Figure 4.15).

The Middle Jurassic horizon defines the base ofrgypackage deposited during the
Middle Jurassic extension (Figure 4.15). Apparently, it gets thicker from the SSE towards the
Fault E, but its thickness is lower in the Exmouth Plateau (Figure 4.15). Moreover, the Late
Jurassic horizon represents the base ofeigtephase of rifting, which is observed by onlapping
reflectors (Figure 4.15). The thickness of sifhpackage of this phase gets thicker towards the
SSE in the Dampier Sttasin (Figure 4.15). It is unconformably overlain by-gywersion
packages, refring to the Turonian unconformity (Figure 4.15). The thickness of the syn
inversion package gets thinner towards the inverted Fault E (Figure 4.15). Furthermore, the
sediments deepening down to the Late Cretaceous unconformity lays below {imggin
sediments referring to the passive margin deposits (Figure 4.15). Additionally, the seabed
boundary gets shallower from the NNW to the S8Ess the Northern Carnarvon Ba@tigure

4.15).
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Normal faults in the Northern Carnarvon Basin constrainedibysdismic profile are
generally planar, but the Fault A and E are characterized by listric movements according to the
structural interpretation of the section (Figure 4.15). Also, the first deformation is occurred by
the Fault A in the first phase of ert#on, and the ongoing deformation formed the first
detachment surface towards the NNW (Figure 4.15). Additionally, the age of the faults gets
younger from the NNW to the SSE, but the Fault A deformed the basin initially (Figure 4.15).
Moreover, the FaulE and the Fault A formed harpoon structures in NNW and SSE flanks of the
Dampier Sukbasin as a result of the inversion (Figure 4.15).

4.3.5 Section 5

The composite seismic section, ct93 408+b02_69m+ex_01, runs from WNW to ESE,
cutting through the Exmouth PlateaRankin Platform and the Dampier Sodisin (Figure 4.1
and Figure 4.16). Its length is about 497 km, and it is about 9 km thick (Figure 4.16). This profile
covers the five phases of extension and the inversion (Figure 4.16).

The kasement horizon is infereted to be the deepest structurally important level in the
geological system constrained by this section (Figure 4.16). It is defined by onlapping reflectors
of the first synrift package deposited prior to the late Permian, which gets thickiee fealt A
(Figure 4.16). Thed&sement horizon is interpreted from its regional distribution in the WNW
half of the profile because two profiles in the composite sections are not deep enough to
demonstrate this level (Figure 4.16). The rifted basement getewbatowards the ESE (Figure
4.16). Additionally, the Top Permian unconformity is drawn by regionally onlapping reflectors
in the Dampier Sulbasin, the Rankin Platform and the ESE part of the Exmouth Plateau (Figure
4.16). Also, the Intrariassic volcargs lay between the Top Permian and Middle Jurassic

horizon in the Exmouth Plateau (Figure 4.16). Therdympackage for the second rifting event
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gets thicker to the Fault D (Figure 4.16). The-ggpositional layers of the late Permian
extension are overlain by the Base Jurassic horizon, demamgtthe base of the third phase of
rifting in the basin (Figure 4.16).The thickest part of thesfgpackage is located in the central
Dampier Sukbasin (Figure 4.16). It is picked only in the Dampier-$abin, because the Lower
Jurassic extensiondinot propagate to the Exmouth Plateau Region (Figure 4.16).

The Middle Jurassic horizon refers to the base of the fourth rifting event interpreted in the
entire basin (Figure 4.16). The Middle Jurassic unconformity is defined by the onlaps above the
horizon (Figure 4.16). Additionally, the synrift package gets thicker to the Fault E in the
Dampier Sukbasin, and the small scale depocenters in the Exmouth Plateau are relatively thin
(Figure 4.16). The synift package is overlain unconformably by the Lateassic horizon,
referring to the base of the last rifting event occurred in the entire basin (Figure 4.16). It is
defined by the onlapping reflectors on the horizon (Figure 4.16). Thefslayers of the Late
Jurassic extemsn get thicker to the F#LE (Figure 4.16). Moreover, the Turonian unconformity
represents the end of rifting and the onset of the inversion in the basin (Figure 4.16). The
sediments deepening down to the Turonian horizon comprises thiey@sion deposition in
the profile (Fgure 4.16). Furthermore, the seabed boundary gets deeper from the Dampier Sub
basin towards the WNW (Figure 4.16).

Normal faults in the Northern Carnarvon Basin constrained by this seismic profile are
characterized to be generally planar (Figure 4.16).é¥aw the Fault A and the Fault D are
interpreted to be listric, and they are inverted in response to the compression in the inversion
phase (Figure 4.16). Moreover, the Fault A generated the earliest deformation in the basin, and it
resulted in the formain of the first detachment surface (Figure 4.16). Additionally, the age of

the faults gets older from the SSE to NNW (Figure 4.16). Moreover, the Fault A and the Fault D
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generated harpoon structures in NNW and SSE flanks of the DampiaSbas a re#iuof the
inversion (Figure 4.16).
4.3.6 Section 6

The composite seismic section, 135_01+e393+ct93419, trends ESE to WNW,
cutting through the entire Northern Carnarvon Basin including the Barrovb&kib, the Alpha
Arch, the Exmouth Subasin, the Resoluin Arch and the Exmouth Plateau (Figure 4.1 and
Figure 4.17). The length of the depth converted seismic profile is about 484 km and its thickness
ranges from 14 km in the WNW to 9.5 km in the ESE (Figure 4.17). It includes five phases of
extension in addibn to the youngest inversion in the basin as the longest and the deepest section
among others profiles (Figure 4.17).

The deepest structurally important seismic reflector is the Basement horizon representing
the first deformation in the basin (kiige 4.17). Onlapping reflectors defitiee unconformity
level of the lasement, and it is interpreted by the lowest confidence among the other horizons
(Figure 4.17). Also, Carboniferous volcanics are obseretdden the Top Permian and the
basement horizws in the Exmouth Plateau Region (Figure 4.17). Additionally, the Top Permian
horizon establishes a boundary between the end of thEdpr€ermian extension and the
beginning of the late Permian rifting event, which is differentiated by onlapping reflecto
(Figure 4.17). The thickest part of the gyt package in the second phase of rifting is located in
the central Exmouth Stitiasin (Figure 4.17). The upper boundary of this package is defined by
the Base Jurassic horizon. Its unconformity surfaceawidin the Exmouth and the Barrow
Subbasins because the Lower Jurassic rifting event did not propagate towards the Exmouth
Plateau Region (Figar4.17). Also)ntra-Triassic volcanicareobserved between the Top

Permian and Middle Jurassic horizonshia Exmouth Plateau (Figure 4.17).
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Figure 417 Seismic Interpretation of the Seismic Section, 135 01+863-ct93419 (30 times vertically exaggerated)

81

























































































































































































































































