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ABSTRACT

The Gippsland Basin is located primarily offshore Victofiastralia (betweethe
Australian mainland and Tasmania) approximately 200 km east of Melbournfaritagion of
the eastvest trending Gippsland Basin is associated with the bupa¥ Gondwana during the
late Jurassic / early Cretaceous and the basirehdurednultiple rifting and inversion events.
Strong tectonic control on the sedimentdeyelopment of the basin is reflected in the deposition
of several major, basin scalequences ranging in age from the early Cretaceous to Neogene,
whichareusuy bounded by angul ar unconformities.
has been used to structurally and stratigraphically interpret awaieBD seismic data set

provided by the Australian Government (Geoscience Australia) and four 2D kinematic

Sch

reconstruction/restorations through the basin

softwareto achieve a better understanding of the structural evolution of the Gippsland Basin

Rift phase extension calculated from the restorations1(®.8%) apears anomalously low to

accommodate the amount of sediment that has been deposited in the basin (>10km). Distributed

extension on small faults and subsidence history from backstripping are employed to answer this

anomaly. The 2D restorations completedsttate structural time relationships across the basin

and allow for a minimum estimate of erosion that has occurred along the inverted northern basin

margin. Differences between previous work completed by Power et al. (2001) and this study as

well as seveal extension models and associated implications are discussed as they relate to the

interpretation carried out in this studgxtension calculated from section restorations ranged
from approximately 54.0.5%. These measured extensional values appekvdo wholly



accommodate the accumulated sediment thickness in the basin. Subsidence modelling and
backstripping estimates approximately 3 extensionSeveral hundred meters of missing

synrift sediments are estimated to have eroded as aresultofparl i nver si on al on:¢
northern margin. The structural interpretation in this study suggests that previous extensional

models proposed by Wilcox et al. (1992) may be oversimplified.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Thetectonostatigraphicdevelopmenof the southeasterAustralianmarginhasbeen
widely studied(Mooreetal., 1986;Mutteretal., 1985;Bryanetal., 1997;Hegartyet al., 1988;
Duff etal., 1991;Rahmaniaretal., 1990;Featherstonetal., 1991;Dumitruetal., 1991;Kim et
al., 1996;Glenton1991),but despitethe abundancef work completedn andaroundthe
GippslandBasin,a detailed multi-faceted systematiadeconstructiorof the basirés evolutionhas
not beendocumentedspecificallyrelatingto thetiming of multiple tectonicphasesPrevious
studies(Mooreetal., 1986 Hegartyetal., 1988 Mutteretal., 1985)examinednly oneor justa
few factorssuchasapatitefissiontrackanalysistAFTA), thermalsubsidenceand
paleomagnetisrm orderto attemptto reconstructhe basirés evolution.Whenthesestudiesare
examinedasawhole however discrepanciebetweerthemarise.

Understandingedimentatiomuringthe developmenof passivamarginsis thekeyto
understandinghetectonicprocesseduringsedmentarybasinformationandcontinentabreak
up. Sincethe seismicsequencéoundariesvithin the GippslandBasinarethoughtto represent
thetectonostratigraphiexpressiorof deformationaphasesatherthaneustaticsealevel changes
(Duff etal.,1991), the GippslandBasinis anideallocationto studythe effectsof tectonicson
sedimentation.

The primary goal of this study is to achieve a detailed understanding of thésbasin
structural development using Schlumbedgdtetrel software package tousturally and
stratigraphically interpret a basimide 3D seismic data set provided by the Australian

1



Government (Geoscience Austrajia$ a portion of the released exploration acreage from the
year 2011 (Figure 1). The 3D model of the interpretediddteen used for 2D kinematic
reconstructions/restorations of multiple cross sections through the basin with Midlands/alley
Move software. Through this process and review of previous work completed in the Gippsland
Basin, this study aims to achieve a mtrorough understanding of basin evolution and

document the amount of net extension, maximum extension, compression and inversion, and to

examine the effects of thermal subsidence and erosion within the basin.

VICTORIA
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Figurel.l: Gippsland Basin Location Map. White polygon is approximate boundary of the 3D
seismic data set. (modified from Geoscience Australia)



CHAPTER 2

BACKGROUND GEOLOGY

2.1 Location and Geologic Setting

The Gippsland Basin is located primarily offshoriet@ria, Australisapproximately 200
km east of Melbourne (Figure 2.1). The Gippsland Basin covers an area of approximately 46,000
km2, bounded by Paleozoic basement rocks of the Eastern Uplands to the north, lower
Cretaceous uplifted fault blocks to thest, and is separated from the Bass Basin to the
southwest by the Bassian Rise (Geoscience Australia, 2011). The Central Deep offshore is
flanked to the north and south by fault controlled terraces and platforms (Figure 2.1). The
formation of the easwesttrending Gippsland basin is associated with the bugadf
Gondwana during the late Jurassic / early Cretaceous (Moore et al. Mi88% et al., 1985
Bryan et al., 199MHegarty et al., 198Duff et al., 1991 Rahmanian et al., 199B8eatherstone
etal., 1991 Dumitru et al., 1991Kim et al., 1996Glenton 1991) (Figure 2.2). Initial rifting is
constrained to a relatively short time frame of -38bm.y., followed by much slower thermal
subsidence (Hegarty et al., 1988). The separation of AustratraAntarctica and the Lord
Howe Rise (Figure 2.2) was accompanied by -3Lkn of uplift according to AFTA data
(Dumitru et al., 1991). Strong tectonic control on the sedimentary development of the basin is
reflected in the deposition of several majoisibacale sequences ranging in age from the early
Cretaceous to Neogene, which acenmonlybounded by angular unconformities (Moore et al.,
1986 Mutter et al., 1985Rahmanian et al., 1990). Sediments deposited during the development

of passive marginsam be used to understand the tectonic processes that occur during the
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formation of sedimentary basins and continental separation as they rexardghe, longerm

history of the depositional environmestibsidence, and thermal history of developing passive



margins and basins (Hegarty et al., 1988). Seismic sequence boundaries within the Gippsland
Basin are thought to represent teetonostratigaphic expression of deformational phases rather
than eustatic selavel changes (Duff et al., 1991). Seismostratigraphy suggests that the
stratigraphic development of the Gippsland Basin was governed by the interaction of three
distinct processes of diffent spatial and temporal extent: 1) regional plate boundary
reorganization, 2) basemerdver controlled compressional deformation, and 3) equilibrium
between the resulting short term uplift and ldagn sedevel rise (Duff et al., 1991).
Megasequencedoindaries and angular unconformities (1st order processes) at 96, 80, and 50 Ma
correlate to the reorganization of plate boundaries (Duff et al., 1991). Sequence boundaries
within megasequences (2nd order processes) (the usagesefdiméc stratigraphiterms
Asequenced and fimegasequenceo follows that pu
Woolverton, 1985) arenferred to reflect interaction of basem@&aiver to compressional
deformation. Regressive and transgressive facies tracts within each sequeocdgi3

processes) reflect equilibrium between ldagn sedevel rise and shortégerm uplift as a result

of compression. Early in the evolution of the basin 3rd order proaegsesent the relative
dominance of tectonic controls on sedimentatiorofedid by the waning of tectonism and
corresponding increase in longerm sea level changes controlling sedimentation. As such, the
seismic sequence boundaries in the Gippsland Basin are stratigraphic expressions of
deformational phases rather than changegobal sea level (Duff et al., 1991). The Gippsland
Basin is widely thought to be the failed arm (aulacogen) from a triple rift junction centered to the
east of the Bass Straight (Moore et al., 1936ff et al., 1991 Rahmanian et al., 1990) (Figure

2.2) that developed into a complex rift system with sedimentation (Strzelecki Group) (Figure

2.3) that was continuous with the adjacent Otway and Bass Basins (Rahmanian et;al., 1990
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Figure2.3: Stratigrapit column of the Gippsland Basin with tectonic evolution. Estimated
stratigraphic correlation of interpreted horizons from 3D seismic data shown on the left of the
stratigraphic column. (Modified from O6Brien

Featherstone et al., 1991). Tlfimg between Antarctica and Australia is thought to have
progressed from west to eastpasgressivelyoungermagneticanomaliesaretruncatedo the
eastalongthe AustralianandAntarcticmargins(Mutter etal., 1985).Overlapping,
approximatelyeastwesttrendinghalf-grabencomprisedheinitial rift architecturewith
continuedrifting into thelate Cretaceousesultingin adepocentréthe CentralDeep)(Figures
1.1& 2.1)flankedby fault boundedlatformsandterrace§Geosciencdustralia,2011).Therift

valley waswell-developediuringthe late Cretaceousapproximately0-80 km wide and



coincideswith the depositionof the LatrobeGroup(Figure2.3) (Rahmaniaretal., 199Q

Hendrichetal., 1990).

TheCentralDeep(Figuresl.land2.1)wasestdlishedasthe maindepocentreluringthe
late Cretaceousisa resultof renewedcrustalextensiorbetweenAustraliaandAntarctica(95
100Ma) andis associateavith the openingof the TasmarnSeaanddepositionof the Golden
BeachSubgroup(Figure2.3) (Geosciencustralia,2011 Featherstonetal.,1991).AFTA data
revealinversionof the GippslandBasinbasemenmargins,aswell asthewesternmosportion of
thebasinat~95Ma (Greenetal., 1995).Santoniaragemarinefossilsindicatefully marine
conditionswereestablishedvithin therift duringthelaterstagef rifting (Rahmaniaretal.,
1990).Rift relatedextensiorcontinuedthroughthe early Eoceneproducingnorthwestsoutheast
trendingnormalfaults, particularlyin the CentralDeep(GeosciaceAustralia,2011).Seafloor
spreadingassociateavith the openingof the TasmarSeaceasedy the middle Eoceneafter
which a periodof basinthermalsubsidencendoffshorebasindeepeningesulted During the
latestLatrobedeposition(Figure2.3),compressioragainsthe southerrandnorthernbasin
marginsled to partialinversionof eastwestnormalfaults,formationof anticlines,andthe Top
LatrobeGroupunconformity(Rahmaniaretal., 1990).This compressiols interpretedasthe
resultof wrench movementsssociatedavith strike-slip motionon TasmarSeafracturezones
(Featherstonetal., 1991).Compressiomndstructuralgrowth climaxedduringthe middle
Miocenewith the developmenbf northeasto eastnortheastrendinganticlinal structuresand
minor eastwestfolds (Geosciencéustralia,2011 Rahmaniaretal, 1990).Thesefold structures
hostthe majoroil andgasaccumulationsliscoveredn the basinto date.With morewidespread
marinetransgressionverthe basinduringthe Oligocene a sequencef calcareousnudstones

andmarls(LakesEntrance~ormation)(Figure2.3) wasdepositedunconformablyoverthe



LatrobeGroup(Beinetal., 1973 Hendrichetal., 1990).Marine sedimentatiorwontinued
throughlate Miocene/ Pliocenewith depositian of the GippslandLimestone completingthe
Seaspraysroupandis associateavith massivescalesubmarinechannelingBein etal., 1973)
(Figure2.3). Tectonicinfluencecontinuesodayasevidencedy the minor earthquakes

occurringalongandaroundmaja basinfaults (Geosciencéustralia,2011).

2.2 Stratigraphy
The general stratigraphy of the Strzelecki Group, Latrobe Group, and Seaspray Group are

presented in the following sections of this chapter.

2.2.1 Strzelecki Group
The following is a generausnmary of the lithostratigraphy and interpreted

tectonostratigraphy of the Strzelecki Group.

2.2.1.1 Lithostratigraphy

The Strzelecki Group (Late Jurassic to Late Albian in @gegure 2.3) isa thick
sequence of nemarine, interbedded lithic and volcarastic sandstones, mudstones and minor
clays. The volcanoclastic sediments were derived from active volcanoes to the east and the lithic
sandstones were deposited in meandering to braided fluvial deposits. The thickness of the
Strzelecki Group is poorlyonstrained in parts of the Gippsland Basin due to the lack of well
penetrations and poor imaging in seismic data within the Central Deep. Along parts of the
Victorian coast, the Strzelecki Group is exposed in the Strzelecki Ranges, and has a maximum
thickness of 2,503m determined from thesitore Wellington Part well (McClean and

Blackburn, 2013).



2.2.1.2 Interpreted Tectonostratigraphy

Structural and seismostratigrphic interpretations suggest that the interval during and
immediately following the depason of the Strzelecki Group was characterized by rift tectonics
(Figure 2.3) (Duff eal., 1991). Basin forming listric faults (interpreted in this study as planar
faults due to available seismic datd moaging any potential deepkstric component othe
faults) trending eastoutheast were fragmented by a set of Andttheast trending fault
systems that are strongly manifested in the Strzelecki Group basement. These broad vertical,
wrench style fault zones, or transfer faults, are interpretedvasgh@ompartmentalized the
approximately nortinortheast extension into discrétecks in which deformation is

independent of that within adjacent blocks (Duff et al., 1991) (Figure 2.4).

2.2.2 Latrobe Group
The following is a general summary of thédstratigraphy and interpreted

tectonostratigraphy of the Latrobe Group.

2.2.2.1 Lithostratigraphy

The Oligocene Latrob&roup (Figure 2.3) hdseen subdivided into the Emperor, Golden
Beach, Halibut, and Cobia Subgroups. The Emperor Subgroup contakipplee Shale, Curlip
Formation, Admiral Formation, and the Kersop Arkose. The sandstones within the Emperor
Subgroup typically contain lithic fragments and arkosic sand that has been reworked from the
underlying Strzelecki Group (McClean and Blackburn,30The Kipper Shale, consists of silty
claystones and shoreline sands and turbidites. The Santonian to earliest Maastrichtian Golden
Beach Subgroup is primarily restricted to the central deep, but does extend onto the Northern and
Southern Terraces andttee southeastern portion of the Southern Platform and consists of the

non-marine clastic Chimaera formation and the shaley marine Anemone Formation (McClean
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Figure2.4: Uninterpreted EastVest oriented semic crosdine near the northern margin of the
Gippsland Basin (top). Interpretation with seismic horizons, transfer fault, and simplified
illustration noting dip changes (bottom).
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and Blackburn, 2013). The Golden Beach Subgroup is primarily compfisgdaor arkosic
sandstones, with claystones and coals deposited in fluvial and floodplain environments. Volcanic
intrusions and flows are commonly found along the northern and southern faulted margins of the
basin, and other areas of active faultinghwm the middle to upper part of the Chimaera

Formation (McClean and Blackburn, 2013). The majority of the sediments in Halibut Subgroup
occur in two coabearing successions, the Maastrichtian age Volador Formation and the
Paleocene to early Eocene KirglfiFormation, both of which were deposited in lower coastal

plain environments. In the eastern portion of the basin, these two formations are separated by the
marine Kate Shale which is up to 120m thick and straddles the Cretaceous / Tertiary Boundary
(McClean and Blackburn, 2013). The Halibut Subgroup overall consists of fine to-gpansed
guartzose sandstones with claystones and coals. Major channels, or canyons, were formed during
the Early Eocene in the Gippsland Basin (McClean and Blackburn, Z0#8Cobia Subgroup
contains the nemarine Burong Formation and the glauconritah marine facies of the Gurnard
Formation. All formations within this subgroup are typically foeahcareous. The Burong

formation consists of interbedded siltstones, shaks]stones, and coals. The Gurnard

Formation is a marine condensed section deposited across the Gippsland Basin in the distal
offshore environment consisting of greensands varying from reservoir quality to sealing facies
depending on the location of tharfation in the basin. The thickness and distribution of the
formation is highly variable across the basin, but is generally thin (McClean and Blackburn,

2013).

2.2.2.2 Interpreted Tectonostratigraphy
The Latrobe Group was deposited during changing tectamditions with an initial rift

phase (Emperor Subgroup), followed by basin margin subsidence and rapid subsidence in the

12



Central Deep associated with Santonian to Early Eocene Tasman Sea spreading (Golden Beach
and Halibut Subgroups). The Cobia Subgrogjresents declining sediment supply and
widespread transgression of the basin margins (McClean and Blackburn, 2013). Several
regionally extensive unconformities have been proposed between the subgroups: the Longtom
Unconformity between the Emperor andi@m Beach Subgroups; the Seahorse Unconformity
between the Golden Beaahd the Halibut Subgroups; and the Marlin Unconformity between

the Halibut and Cobia Subgroups (Figure 2.3). Dutiayjobe Group time, where prominent,

older transfer fault zones lsoe rejuvenated in lefateral transpression and basement

interaction with cover was coupled and of a penetrative style where associated faults resulted in
tectonic domains with largely homogeneous deposition and deformation, though markedly
different than that in adjacerdomains (Figure 2.4Angular unconformities within the Latrobe
Megasequence correspond to seismic sequence boundaries as a result of fwasemeotpled
deformation phases that are dated to the early Maastrichtiah&sstrichtianmid-Paleocene,

endPaleocene and erehrly Eocene (Duff et al., 1991).

2.2.3 Seaspray Group
The following is a general summary of the lithostratigraphy and interpreted

tectonostratigraphy of the Seaspray Group.

2.2.3.1 Lithostratigraphy

The Oligocene angounger aged Seaspr@&youp (Figure 2.3¢onsists of coelvater
carbonates and marks the transition of the basin depositional system from largelgnmos
clastics to open marine firgrained calcareous mudstones, marls, and fossiliferous limestones
(McClean and Blackburn, 2013). Generally, the Seaspray Group thickens further offshore and is

over 2 km thick at the present day shelf edj&l(ips et al, 2003). The Seaspray Group consists
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of marine, lower coastal plain (Latrobe Valley Subgroup), andalgaartions which underlie

the present day onshore area. The Balook Formation contains the coastal sandstones. In the
Gippsland Basin, the Seaspray Group is subdivided in the Central Deep to continental slope
regions into the Angler, Albacore, and Hap@ubgroups. The basal unit of the Seaspray Group

is known as the Early Oligocene Wedge (EOW) along the Northern and Southern Terrace and
Platform regions as a largely progradational carbonate wedge that was deposited during the early

Oligocene (McClean an8lackburn, 2013).

2.2.3.2 Interpreted Tectonostratigraphy

Structures created since 50 Ma are largely unfaulted folds such as broad low relief
features away from prominent hinge zones, or as northeast to east trending anticlines, mostly
developed west of #Kingfish Hinge (Figures, 2.1 and 2.5). Though Paleogene to Neogene age
structures are generally restricted to the west of the Kingfish Hinge, evidence of this deformation
elsewhere is likely contained in angular unconformities present within the Seaspray
Megasequence such as the Ifitekes Entrance Formation Unconformityhich is dated as late
Early Miocene (Duff et al., 1991). Faulting rarely propagates into the Seaspray Group, and faults
that do propagate into the group arainly around the basin bodary fault system$fillips et

al., 2003) (Figure 2.5).
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Figure2.5: Interpreted seismic inline showing largely unfaulted anticline and interpreted 1st
order faults. Several unconformities are preserttérsection above the anticline. No scale.
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CHAPTER 3

DATA AND METHODS

3.1 Data

The data set provided by Geoscience Austra

combined 2D seismic data sets coveringpaoximately 22,900kA(Figure 3.}, as well as
miscellaneouslata such as well completion reports, drill core photographs, sample
photomicrographs, well log analyses, palynological information, synthetic seismograms,
structure maps, mud logs, wireline logs, geophysical data, stratigraphic correlations, and
structurl cross sections. Data from 31 well bores within the survey area contain some or all of
the previously mentioned data categgnesich were evaluated and used to calibrate the
interpretation of the seismic @a The 3D mega survey contaBi§01 inlinesand 2,438

crosslines witla 50 m interval spacing. The inline orientation is 018 degrees. A regional velocity
model for the Gippsland Basin developed by the Victorian Geological Carbon Storage Initiative

(VicGCS) in May, 2013 was used to depth convertinkerpreted seismic data.

3.2 Methods

Schlumberger's Petrel software was used to interpretviiiable seismic data. Firshe
seismic data were evaluated to determine the best method of visualizing the data for
interpretation. The data were then readizand several attribute cubes were generated in order to
aid the interpretation. A structurally smoothed attribute cube was primarily used to interpret
faults and horizons. An ant track cube was also generated to aid the interpretation of faults. The

interpretation of the seismic data provided a basin wide 3D framework of six horizons and
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Figure3.1: Seismic data coverage of the Gippsland Basin. (Modified from Blevin & Cathro,

2008)
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several hundred faul{sterpretatiormethodsdiscussed in Chapter 4). Only faults interpreted to
have greater than approximately 1000 milliseconds of throw were used in the final 3D model to
be depth converted. Upon completion of ipteting faults and horizons, thegional interval

velocity model from VicGCS was reprocessed to yield an average velocity model that was used
to depth convert the seismic data from two way time (TWT) to depth. The depth converted

model was used for selecting cross sections for restoratiorMidtand Valley's Move

software. Four 2D cross sections were chosen for restoration. Due to geographical constraints of
available 3D seismic data in the southeastern portion of the basin, one of the four cross sections
was created by joining and interpretitwo regional 2D seismic lines to span the basin.

Additional 2D seismic data were used to tie the interpretafidinis cross sectioback o the

available 3D seismic data.
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CHAPTER 4

SEISMIC INTERPRETATION AND MODELLING

4.1 Seismic InterpretationMethods

The grategy for seismic interpretation is based on recognition within the seismic data of a
series of key features, both structural and stratigraphic. The structural interpretation follows a
workflow that includes picking and mapping faults and seismic haiZbime structural seismic
interpretation provides insights into the structural history of the area and tectonic episodes such
as extension or compression. The recognition of seismic stratigraphic surfaces, which separate
and define depositional packages@pful in choosing the horizons to interpret. Distinctive
reflection patterns and terminations (onlaps, downlaps, toplaps, and truncations) and fault

terminations (hangingwall and footwall cutoffs) can be usetkfine stratigraphic bodies.

There are mitiple visualization techniques that can be used while interpreting seismic
dat a. I n this study, two attribute cubes were
Petrel software; MfAstructural smooopehatodd and fia
results in amoothing of the input signal guided by the local structure to increase the continuity
of seismic reflectors (Figure 4.1). Princigaimponent dip and azimuth computation are used to
determine the local structure. Gaussian smootisitigen applied parallel to the orientation of
this structure. Structural smoothing is a valuable operation to run prior torackomg as it can

stabilize the results. The ant tracking algorithm uses the principles from ant colony systems to

extractsu f aces appearing |i ke trends in very noi s
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Figure4.1: Identical seismic data before (top) and after structural smoothing operation (bottom). Seismaplomexsnately 85km
in length.
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extract features in the attribute corresponding to the expectations about the behavior of the faults.
True fault information in the attribute should fulfill these expectations and be extracted by many
ants, whereas noise aremains of reflectors should be extracted by no ants or by only single

ants. The approach is fully 3D and can take advantage of surface information in the surrounding
voxels. This makes it possible to derive detailed information from the attribute. &yovthe

extracted surfaces back to a volume, what is referred to as an enhanced attribute or ant track cube
is achieved. This cube contains only what is likely to be trueifgoltmation (Figure 4.2)A

more detailed description of the structural smogtand ant track algorithms can be found in

the Petrel software help section from which the above descriptions were summarized.

Many areas within the 3D seismic volume interpreted in this study contained
discontinuous seismic reflectors, low amplitudesseii ¢ r ef |l ect ors, and gene
(Figure 4.1). The structural smoothing operation was applied to the data to better see the
relationships between the seismic reflectors and their terminations in order to aid in
interpretation. In areas of lowdata quality, the ant tracking attribute volume was used to help
guide or control fault interpretation. Due to the high discontinuity of seismic reflectors
throughout much of the 3D seismic data, the atktattribute was only useful areas where
seisnic reflectors were fairly continuous and confidence in the interpretation was already
relatively high. In this sense, the ant track volume did not significantly increase confidence in the

interpretation.

Five seismic horizons and several hundred faultevirterpreted throughout the 3D
seismic volume (Table 4.1). Well location and trajectory data and some stratigraphic well tops
were provided with the 3D seismic data project files. Additional stratigraphic data were loaded
into the project file manually &m information gathered from electronic copies of well
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.\
Figure4.2: A) Ant track volume time slice (horizontal) intersecting structural smoothed vertical

inline (uninterpreted). B) Colored interpretedfault i | | ustrating correlatio
and seismic discontinuities (faults). No sc@lerow points north.
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Table4.1: Seismic horizon interpretation parameters.

Seismic Approximate | Interpreted Characteristics Confidence
Horizon Age On
Pos_t ~30Ma Peak Gen_erallyhigh amplitude, High
Inversionl continuougeflectors
Variableamplitudeand
continuity, reflectors
Svn onlappinginversionstructures,
| yr ~34Ma Peak 1% orderfaults generallydo not High
nversion . : .
fault stratigraphicallyhigher
section,nterpretecastop of
synHrift section
Variableamplitude generally
Syn-Rift 2 ~49Ma Peak low continuityreflectors, Low i Medium
faulted
Variableamplitude generally
SynRift 1 ~80Ma Peak low continuity reflectors, Low - Medium
faulted
Variableamplitude(generally Low (Central
higherthanSynRift 1 & 2), Deep)
PreRift 1 ~96 Ma Peak variablecontinuity, rotated Medium’ High
fault blocks,interpretedastop (Terracesand
of pre-rift section Platforms)

completion reports as part of the data package provided by Geoscience Australia. Due to limited
well and subsurface stratigraphic data, the seismic horizons chosen for interpretation did not
directly correspond to available well tops. Where well togs been interpreted, the correlation
between seismic data and these well tops was determined to be suspect between the nearest
neighboring wells on a relatively local scale. Well data of any kind were only available in the
northern and southern platforrasd terraces. The absence of well or stratigraphic data (well ties)
in the Central Deep would result in speculation in regards to interpreting and correlating
stratigraphic well tops across the basin. For this reason, arbitrary seismic horizons that were
more easily interpreted across the entire basin and that were thought to be more
tectonostratigraphically important were chosen for this study (Table 4.1). As a result, it is

unknown as to exactly how these horizons correlate to stratigraphy. The honizvpeeted
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were given general names as they related to interpreted tectonostratigraphic packages- The Post
Inversionl horizon is an arbitrary horizon within the interprepedtinversion sediments. The
Syninversionhorizon is interpreteds the transitin from postinversionsediments above and
syrrinversionsediments belown.t s houl d be notedet d@aondhient £him:
refers to the earliest onset of inversion within the entire project area; that is to say, the time of the
oldest/ eatiest interpreted inversion event in the project area.SyeRift 2 and SyrRIift 1

horizons are arbitrary seismic horizons within the interpretediftymackage. The PrRift 1

horizon is interpreted to represent the top ofnifteocks (Table 4.1)A sixth horizon was

interpreted, but could not be interpreted outside of the northern terrace and therefore could not be
adequately modelled. As such, it is not discussed further in this stddiionally, the seafloor
represents the top of the Pdistersion 2 package, but as this surface was not interpreted, it is

not included in Table 4.Dnce the interpretation was completed, the interpreted horizons were
then compared to the available well tops to approximately correlate theratigraphy (Figure

2.3 and 4.3).

4.2 Seismic Data Time to Depth Conversion

In 2013, Vid&SCS released a regional velocity model for the Gippsland Basin that covers
the area of 3D seismic data interpreted in this study nearly in its entirety. This interval velocity
model wadoaded into the Petrel project file to be used for depth converting the fault and horizon
interpretations and seismic data. Due to limited available checkshot data and the geographic
separation of wells in the project area, it was not possible to effgdiee¢he interval velocity

model towells for use throughout the interpreted area. As such, an average velocity model
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Figure4.3: 3D window view of structural smoothed seismic line with interpreted twsiand
faults. Colored spheres are stratigraphic well tops along well bores. Basin wide interpreted
horizons were compared to available well tops to approximately correlate the horizons to
stratigraphy.

derived from the interval velocity model was morgmapriate to apply to the project for depth

conversion (Figure 4.4).

4.3 Structural Framework Model (Petrel Software)

The depth converted fault and horizon interpretations were used to create a 3D structural
framework model in the Petrel interpretationta@ire. This was done for two reasons; 1) to
merge seismic horizons that were interpreted in multiple horizon interpretation files into one
horizon, and 2) to export a 3D model into Mid
restoration. Due to the striucal nature of the basin, the SRift 1 and PreRift 1 horizors had
to be interpreted in multiple horizon interpretation files. At any geographic point (x,y), the Petrel

interpretation software does not allow for a horizon to have more than one degtlué€z)This
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Figure4.4: Visual representation of the average velocity model used for depth conversion. Cool
colors are slower velocities and warm colors are higher veladiiesw points north.

proved poblematic in areas that had been partially inverted. Through creating a 3D structural
framework, these separately interpreted areas were then able to be combined into one unified

surface.

Over 200 faults were initially interpreted throughout the 3D seisoliome (Figure 4.5).
Only 42 relatively large faults with approximatelyODO millisecondS'WT of throw or more on
any interpreted seismic horizon (referred to as first order faults in this study) were used to create
the 3D structural model (Figure 4.6)ll of the interpreted seismic horizons were used as well
as a surface for the seafloor bathymetry to create the horizons in the Petrel 3D structural
framework. The geographic boundary for the 3D structural model was determined by the overlap
between th&D seismic data and the velocity model used for deptiversion. This ensured that
all fault and horizon data within the 3D structural framework were properly depth converted, and

that horizons were not extrapolated by the software algorithms to areaslbeierpreted 3D
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Figure4.5: 3D oblique view of all (200+) interpreted faults (top) and first order faults (42) used
for the 3D structural framework model in Petrel (bottoAryow points north.
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Figure4.6: 3D structural framework zone model with general intersection plane displaying
interpreted faults and horizons (top). Interpreted-Biftil horizon and faults displayed in the
Petrel 3D structural frameork model (bottom)Arrow points north.
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seismic dat a. The created 3D structur al frame

softwarefor 2D structural restorations

4.4 Structural Model (Move Software)

The exported computer files from Petreleeri mport ed i n Midland Val
software and used to reconstruct the 3D structural framework into a 3D model in Move (Figure
4.7). Section locations for restorations were chosen with consideration to show important
geologic structural elements througihdhe model. Four sections were created through the model
approximately perpendicular to the basin axis as this is the ideal direction to view the geologic
structures in cross section. Sections 1, 2, and 3 are located entirely within the bounds of the 3D
structur al model . Due to the Ahorseshoed shap
eastern end of the 3D model, regional 2D seismic lines were imported into the Move software to
create a section that reaches from the southeastern to northeastemgiahte 3D model
(Figure 4.8). Therefore, portions of this section are not within the bounds of the 3D model. For
this section, several regional 2D seismic lines extending from areas within the available 3D
seismic data were used to aid interpreting2Beseismic lines used to create section 6 (Figure

4.9).

4.5 Structure Maps

A seriesof structuremapswerecreatedhatillustratestructuralfeaturesor eachof the
seismichorizonsinterpretedn this studyandarepresentedn this section.In the projectareathe
seafloor(top Postinversion2 package)s gentlydippingto the eastsoutheasto the shelfbreak
(Figure4.10).Waterdepthsoverthe continentakhelfaregenerallylessthan500mbefore
reachingdepthsgreaterthan2,000mbeyondthe shdf break.TheinterpretedPostinversionl

horizonshowsinfluenceof underlyinganticlinesin the northandnorthwestprojectarea(Figure
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Figure4.7: 3D oblique view of the structural model in MidlandiVh ey 6s Move soft war
Syn-Rift 3 horizon, faults, and 2D section traces (1, 2, 3, and 6) with projected seismic data used
for restoration displayed.

30



J000.0m  510000.0m  520000.0m S30000.0m  S40000.0m  S50000.0m S60000.0m 570000.0m  580000.0m  590000.0m  600000.0m  610000.0m 620000.0m  630000.0m  640000.0m 6S0000.0m  660000.0m 670000.0m  680000.0m  630000.0m  700000.0m

5800000.0m M F5800000.0m
A NNE
5790000.0m F5790000.0m
5780000.0m F5780000.0m
5770000.0m F5770000.0m
5760000.0m F5760000.0m
5750000.0m Sem;-";" 2 F5750000.0m
5740000.0m F5740000.0m
5730000.0m F5730000.0m
5720000.0m F5720000.0m
5710000.0m F5710000.0m
5700000.0m F5700000.0m
5690000.0m F5690000.0m
5680000.0m 5680000.0m
_ﬂ

T T T T T T T T T T T T T T T T T T T T T
J000.0m  510000.0m  520000.0m S30000.0m  S540000.0m  S50000.0m S60000.0m 570000.0m  580000.0m  590000.0m  600000.0m 610000.0m 620000.0m 630000.0m 6€40000.0m  65S0000.0m  660000.0m 670000.0m 630000.0m  630000.0m  700000.0m

Figure4.8: Map view of section locations in Move sofre 3D model. Note portions of section 6 outside the bounds of the 3D model.
Black polygon represents 3D model boundary. Red polygons are map view representations of faults in the 3D model.
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Figure4.9: 3D view of 2D seismic lines used to create and interpret section 6. Solid orange line
denotes 2D seismic lines combined to create section 6. Four 2D seismic lines extend from area of
3D seismic data to aid interpretation.
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Figure4.10: Bathymetry (Postnversion 2 seismic horizon) structure map (depth). Scale in meters.
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4.11). Two key depressions, or valigye features can be seen along the northern margin of the
basin which may have been sedithsource aresaduring Postnversion 1 time (~30la)
(Figures2.3and 4.11). The Pogthversionl horizon does not show any faulting from first order
faults. The interpreted Syimversionhorizon shows several northeast trending anticlines along
the northern margin (Fuge 4.12). A prominent valley is present along the northern margins
which may have controlled the development of thkkeys observed on the Pdatersionl

seismic horizon. The Syimversion seismitiorizon is almost completely unfaulted by first order
faults. A weltdefined depocentr@ghe Central Deep¥ observed on the SyRift 2 seismic

horizon (Figure 4.13). Anticlines and inversion structures are not as easihgdished as in the
SynInversionseismic horizon. Some faulting can be observeterynRift 2 seismichorizon,
particularly along the basin margins. The Rift 1 horizon more easily shows inversion along
the northern margin as this horizon has not lsgmficantlyeroded allowing bettesbservation

of the inverted faults. Thousasdf meters of inversion can be seen across inverted faults along
the northern margin (warm colors sharply juxtaposed to cool colors) (Figure 4.14). TRétPre

1 horizon is the easiest horizon to observe the general basin geometry. Warm colors along the
northern and southern boundaries show theéhdon and Southerrigiforms respectively

(Figure 4.15). Cooler colors toward the basin ceate the Northern and Southeenraces with

the coldest colors as the Central Deep. Major fault trends are easgiywed orthe PreRift 1

seismic horizon, particularly between the platforms and terraces. A northeast striking transfer
fault or accommodation zone can be observed near the inversion area along the northern basin

margin
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Figure4.11: Postinversion 1 seismic horizon structure map (depth). Scale in meters.

35




l-m
5790000 — = : | 3 5790000
5780000 — - 5780000
A -
o e ~

5770000 - ! £ _ S~ % o000
< - Elevation depth [m]

5760000 o |- 5760000
” .
— 750,00

5750000 - ! 5750000 [
; 1250.00
:

. 740000 1750.00
-2250.00

5730000
-2750.00
5720000 - - ! L : - L 5720000 2500

5710000 — : 5710000

5700000 — - -+ J L : L P . - L 5700000

1
5690000 5690000
s
_ | .
1 1 | | T
520000 540000 560000 580000 600000 620000 640000 660000 680000 ‘

Figure4.12: SynInversionseismichorizonstructuremap(depth).Scalein meters.

36



Central Deep
Depocentre

Figure4.13: Syn-Rift 2 seismic horizon structure map (depth). Scale in meters.
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CHAPTER 5

RESTORATIONS

5.1 RestorationMethods

Crosssection restoration is a potentially powerful tool for structural analysis. The
objective of the restoration process is toalthfand unfault actual geologic data starting with the
present state of deformation. The total deformation of a sequence can be described as the sum of
deformation due to folding, faulting and compaction; therefore, all effects should be considered
to resore profiles correctly (Novoa et al., 2000). Thethodused in this study for restoration

combines structural and backstiipg techniques and consists of threajor steps.

The first step consists of restoring faults and folds (using the proper ahlyarithilable
in Midland Valleyds Move software). Conceptua
present position (X,Y) to the position that they occupied before folding and/or faulting (X0,Y0)
(Novoa et al., 2000). Even though natural deforamais substantially more complex than any
algorithm available, the choice of an appropriate algorithm is a key factor during restoration
since different algorithms frequently produce noticeably different restored geometries. In this
study, tounfaultaséci on, t he Afault par @buredll)THisl owd al gor
algorithm is based on the principle of particulate laminar flow over a fault ramp. The fault plane
is divided into discrete dip domains where a change in the fault's dip is markedgphyisedtor.
Flow lines are constructed by connecting points on different dip bisectors of equal distance from
the fault plane. Particles in the hanging wall translate along the flow lines, which are parallel to
the fault plane, by a distance defined by tiser. Two principles of the fault parallel flow

algorithm are 1) the footwall remains undeformed and is not translated, and 2)dkadjteof
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Figure5.1: Schematic figure of the fault parallel flowgarithm. (Midland Valley Move

software)

horizons is preserved in parallel systems. A more detailed description of the fault parallel flow

algorithm is available in the Move software help section from which the previous description

was summarized. To unfbl

a

sect

on

t

he

A f | déFigure |2)Of the i p

(@Y

three available unfolding algorithms in Move, flexural slip was considered the most appropriate.

The algorithm works by rotating the limbs of a fold to a datum (an assumed regrdeabptate

geometry). Layer parallel shear is then applied to the rotated fold limbs in order to remove the

effects of the flexural slip component of folding. Unfolding occurs about a pin line and points

along the pin are not translated. The flexural algorithm allows unfolding to occur and

maintain the line length of the template horizon in the direction of unfolding. A more detailed

description of the flexural slip unfolding algorithm is available in the Move software help section

from which the prewus description was summarized.
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Figure5.2: Schematic figure of flexural slip unfolding algorithm. (Midland Valley Move
software)

Thesecondstepis decompactionDecompactions atechniqueusedto removethe
progressiveeffectof rock volumechangglossof porosity)with increasingdepthof burial
throughgeologicaltime (Allen & Allen, 1990).Decompactiorcanbeachievedapplyingthe
methodsproposedy SclaterandCristie (1980).This approachs basedn the following

f= fo(e_cy)

Where:
f: is thepresemntdayporosityat depth

fo: is the porosityat the surface
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c: is the porositydepthcoefficient(km™)
y: is depth(m)

Usinganexponentiadecayof porositywith depthmodel,theremaininglayers afterthe
uppermostayerhasbeenremoved canbedecompactetdy movingeachlayerup theappropriate
porositydepthcurve.Different curvesareusedfor differentlithologies.This enablegshenew
thicknessf thelayerandhencedepthto baseof eachlayerto be calculatedWilliams et. al,
1997).Dueto thelack of a petrophysicatiatabasedecompactionvasperformedn this study
utilizing the defaultvaluesin Move, with the exceptionof elasticthicknesgdiscussedaterin

section5.2) (Table5.1).

Table5.1: Decompaction algorithm parameters.

DecompactiorAlgorithm Parameters
Initial Porosity 0.56
DepthCoeffecient 0.39/ km
IsostaticRelief (Flex Isostacy)
LoadBulk Density 2,000kg/m’
Mante Density 3300kg/m’
ElasticThickness 17 km
Y o u nNoduus 70.0GPa
FlexuralWavelength 276.9km

The third step is isostatic adjustmédsbstasy describes the manner in which surface
topographyis compensated by the subsurface mass distributianflexural isostatic model,
topographic features are treated as loads on a thin elastic plate underlain by a weak fluid, and
compensation occurs on a regional basis because loads are partially supported by the lateral
strength of the lithosphere. The ent to which the lithosphere can support loads is conveniently
characterized by the flexural rigidity or, equivalently, the effective elastic thickness of the plate
(Zuberetal.,, 1989A1 t er nati vel y, in an AAiryo or | ocal

accomplished by thickening crust of constant density. An-éamypensated lithosphere has no
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finite strength and corresponds to the flexural model in the limit of zero rigidity or elastic

thicknesgZuber et al., 1989).

5.2 Restoration Considerations
A discussion of the variables considered during the restoration process is presented in the

following subsections.

5.2.1 Isostag

Flexural isostatic correction was used for restoration as it allowed the parameter of elastic
thickness () to be input as partf éhe decompaction algorithm. An elastic thickness of 17km
was used in the decompaction algoritfifable 5.1) Previous work by Zuber et g{1989)
examined the isostatic compensation of the Australian lithosphere using the coherence of the
two-dimensionaFour i er transforms of Bouguer gravity
Coherence is defined as the square of the correlation coefficient between Bouguer gravity and
topography(Zuber et al., 1989). In their study, the elastic thickness for tectoniegiabs
within the continent was determinéthe area of the Gippsland Basin is identified as having an
effective elastic thickness of 17kigure 5.3. Additional work by Swain and Kirby, 2006, uses
a wavelet version of Fheeffeciive aastg thickeas¥heldcatbror e st
of the Gippsland Basin is between the 20km and 10km effective elastic thickness contour
intervals, closer to the 20km contour produced by Kirby and SW2009 (Figure 5.4).
Therefore, the effective elastic thieess of Tkm identified by Zuber et al1989 appears
reasonable and was used for the restorations in this study. It should be mentioned that previous

work (Power et al, 20Qdused an elastic thickness value of 25km.
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Figure5.3: Map of effective elastic thickness (in kilometers) for tectonic subregions in Australia.

Elastic thickness of 17km for the area of the Gippsland Basin. (Modified from Zuber et al.,
1989).

5.2.2 Unfaulting Algorithm

The fisimpl@meheaon faulto algorithm was
but the algorithm is described as being effective at restoring listric faults and therefore was
considered less appropriate than the fault parallel flow algorithm since the infpréte

appear to be planar. Both the simple shear and fault parallel flow algorithms use a template
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Figure5.4: Elastic thickness contour map of Australia. 10kgedntour interval. (Modified from
Swainand Kirby, 2006).

object(active), generally a horizon in the hangingwillpe unfaulted with passive obje¢adl

other objects in the hangingwadiglected to be unfaulted with respect to the template object
(Figure 5.5) The fault parallel flow algathm is not without concerns either. Due to the nature of
how the algorithm works by moving objects in the hangingwall of faults, positive topography
(above the datum used for unfolding) is sometimes created in the intermediate steps of the
restoration proess(Figure 5.5) If each step of the restoration is to be viewed as a sequence of

events representing the actual deformation within the section, the repeated creation of positive
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A) Rotated fault blocksbefore
restoration in a schematic rift
geometry.

B) Two fault blocks restored
with fault parallel flow
algorithm. Positive topography
created in hangingwall. Green
pin (arrow) used for unfolding

(Step C).

C) All fault blocks restored
with fault parallel flow
algorithm. Restored horizon
unfolded to flat datum with
flexural slip algorithm.

Figure5.5: Schematic figre illustrating the fault parallel flow and flexural slip algorithms used
in the restorations in this study. Rotated faults blocks in a fictitious rift setting (A) with positive
topography created in the hangingwall (B) during restoration before unfatdfteg datum (C).

No scale.



topography and unfolding to a flat datum is surely not an accurate representatiotiugd the

sequence of deformation.

5.2.3 Unfolding Algorithm

The goal of unfolding during the restoration process in this study is to téeir
interpreted seismic horizons to a horizont al
algorithm was considered; however, the inability of the algorithm to unfold more than one object
at a time rendered it not appropriate. In order to presargddngth and area, the simple shear
unfolding algorithm could not be used as line length and therefore area is not preserved. Several
ot her unfolding algorithms exist within the
fol do, but dfonfoldinghllescriped abpve, shess were determined not to be
appropriate. The flexural slip algorithm used to restore seismic horizons to a flat datum in the
restorations is not without concerns. As mentioned before, with the flexural slip algorithm,
unfolding occurs about a pin line and points along the pin are not translated. An easy way to
visualize this process is to imagine bending a deghagfingcards. Each card in the deck slips
along the otherg/hen folded The main concern with using this atiglbbm to unfold and flatten a
horizon along the entire length of the section to be restored is that the entire section is effectively
treated as one fold, regardless of the location of any fold(s) if any are even presdgRigtrall
5.5). Despite thesshortcomings, the flexural slip algorithm appeared to still be the most
appropriate to use in the restoration. To be consistent using this algorithm with all cross sections
to be restored, the pin location about which unfolding occurs was kept unifora vanitcal pin

placed in the center of each section was used for unfolding.
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5.2.4 Estimating Erosion

Another consideration in the restoration process should be estimating and accounting for
the amount of erosion that has occurred. Eroded section veiitaffe load of sediment and will
reflect in the isostatic response of the lithosphere. Many of the seismic horizons interpreted are
erosional unconformities. Estimating the amount of erosion in this case is important to properly
restore the throw on fasltInaccurate estimates of missing section may lead to overestimating or
underestimating the amount of throw on faults and the response of the lithosphere to the added or

removed sediment.

In order to attempt to estimate the amount of erosion that maydtawurred, previous
studies using apatite fission track thermochronologic (backstacking) methods were reviewed.
Thermochronology provides information about the movement of rocks relative to a thermal
frame of reference whose upper boundary is fixed ticther t hés sur face and i s
sea level. Thermochronologic data, particularly apatite fission track analysis can be used to
estimate the amount of denudation, i.e., the component of vertical movement of rocks relative to
the thermal frame of refence. This estimate of denudation can then be used to delimit the
amount of isostatic rebound of the mean surface resulting from the erosional unloading of the
crustal column, measured relative to sea level (Brown, 1991). Aopiesiudy by Weber et al.
(2004)uses apatite fission track thermochronolbgged on data from over 400 previstsdies
compiled bythe Fission Track Research Group at the University of Melbdoroenstrain the
timing, magnitude, and distribution of uplift and denudafmmshoe) and therefore sediment
supply to the Gippsland Basfoffshore) Estimates of the volume of denudation onshore are

compared to the observed volume deposited in the basin. For all but one stratigraphic
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group/subgroup, the results appear inconclusive mahe sediment deposited in the basin than

is accounted for from denudation from the study area ¢taiae 5.3.

Table5.2: Estimated volume of deposited material in the Gippsland Basin and eroded material
from Australian hinterlands. (Reproduced from Weber et al., 2004)

Subgroup/Group Volume deposited Volume denuded Volume denuded

offshore onshore onshore
(after Power, 2003) (basement—GH) (sediments—GoB)

Strzelecki >50,000 km? ~5,000 km? ~250 km3

(140-97.5 Ma) (onshore ~11,000 km?)

Emperor—Golden Beach 10,000-15,000 km? ~13,000 km? ~13,000 km?

(97.5-75 Ma)

Latrobe Siliciclastics 10,000-15,000 km? ~6,000 km? ~2,500 km?

(75-33 Ma)

Neogene ++ carbonates

(33-0 Ma)

The Emperor and Golden Beach Subgroups are estimated to have approximately 26,000
km?®denuded, but only 10,0606,000 knideposited in the bas{Table 5.2) This leaves
approximately 11,00-16,000 kniappearing to have been eroded from the basin or deposited
elsewhere. If this volume is assumed to have been entirely eroded with no consideration for
deposition elsewhere, then approximately L& km thicknessf section is missing from the
<9,000 knf area of the Upper Cretaceous basin defined in the study, and represents the
maximum amount of erosion that can be estimated. Due to uncertainties surrounding this
estimate of erosion in the Upper Cretaceous section such as deposition airidmeaterial
elsewhere, reasonablesal distribution of sediment, and range in thickness of potential missing
section, no adjustment ftarge scalerosion was accounted for in the restorations performed in

this study.
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5.2.5 Detachment Model

Wilcox et d. (1992)present results of a seismic {12 second two way travel time)
reflection and refraction study of the deep structure of the Gippsland Basin undertaken by the
Australian Bureau of Mineral Resources. The study proposeslzosizibntal basin fornmg
detachment surface betweeil® seconds TW,Tor 1216 km depth, throughout most areas of
the basinFigure 5.6)as well as the neighboring Bass Basin to the sduis detachment level
is significantly shallower (approximately 2 seconds TWT) on ththem margin of the basin,
where itdips steeplyo the soutksouthwest. The model also proposes that the southern basin
forming faults are listric, whiclkxtenddown to the basin forming detachment while northern
basin faults may be listric or planar.cAnceptual model for the development of the Gippsland
Basin by means of slip on the sidewalls and major basin forming detachmasts psesented

(Figure 5.7).

Te i

Figure5.6: Interpreted seismic data showibgsin forming detachment, highlighted with dashed
line, between approximately@seconds TWT. (Modified from Wilcox et al., 1992)
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Figure5.7: Conceptual model for the development of the Gippsland B&aproduced from
Wilcox et al., 1992)

The 3D seismic data integged in this study only reaghdepth of 6 seconds TWT. As
such, the deep structure of the basin could not be interpreted or modelled. All of the faults
interpreted did not appear to be lisirand as such have been interpreted as planar faults. It is
possible that the faults have a listric component which is below the depth of the seismic data
interpreted in this study. Likewise, a basin forming detachment was not interpreted for these

same easons.

A basin forming detachment model for the development of the Gippsland Basin was

tested during cross section restorations. A shallow, ssathwest diping detachment was
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added tanterpreted cross sections at the shallowest reasonable depth {(hi2He basin center)

and faults were modelled to be listric faults reaching down to the detachment while still

respecting their interpreted geometries at depths where seismic data were available. Restoration
of thedetachment model cross sec8greldedno significant difference at the depths of

available seismic data to the model without a basmifoy detachment. Additionally,eStion 1,

the westernmost section to be restored, could not reasonably accommodate such a detachment at
a similar depth duentthe interpreted fault geometries in this section. It should be noted that the
conceptual modeFigure 5.7)shows sidewall slip at the western end of the basin and a basin

forming detachment may not affect this area as it does the rest of the&stsinrSection 1

5.3 Restorations
Each section wa®stored with between 18 and iB8lividual steps. Presented here are
the restored (unfaulted and unfolded when necessary) geometrahohterpreted seismic
horizon Eachcrosssection is presented witm aininterpreted and interpreted seismic image
from which the subsequent restoration steps are based. The seismic image is not carried through
the restoration steps presented for ease of viewitigough the restoration process is carried
out backwards tlmugh time, an easier way to discuss and understand the results is by describing

the forward evolution of the area. For that reason, the restoration process is presented this way.

5.3.1 Section 1

Uninterpreted and interpreted seismic data for Section resepted as Figure 5.8he
evolutionbegins (Figuré.9, A) with the interpreted PiRift 1 seismic horizon undeformed
prior to the onset of rifting. The initial length of the sectioapproximately 43.6 kirRifting
commences (Figure 5.9) Bith approxmately 7.26 extension and the deposition of the
interpreted Sy#Rift 1 package andontinues with an additional approximately % &xtension
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Figure5.8: Section 1 seismic image (top) and interpreted seigmage (bottom).
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Figure5.9: Section 1 restoration. No vertical exaggeration. Maximum extension = 10.48%. Net
Extension = 10.45%.
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(Figure 5.9, C) and the deposition of the interpretedSijin2 packageAt the northern end of

Section 1, the SyRift 1 and SyrRIift 2 packageshickento the north. It is interpreted that a

south dippinghormal fault is present off the section to the nostith the SynRift 1 and Syn

Rift 2 packages behaving as growth stratthe hangingwall of the presumed fault. The-Ryf

2 packagealso thickengo the south from the basin centiéis therefore interpreted that

extensional deformation increased stepping to the south from the basin center during the
deposition of thenterpreted SyrRift 2 package. An additional 1.20% extension follows (Figure

5.9, D) withthe deposition ofhe interpreted Syimversion packagdt is interesting that in this

cross section, rifting appears to continue to the end of thdrgnsion eposition time. As

previously mentioned, the term sywversion is meant as the time of earliest onset of inversion
within the project area as a whole. The earliest interpreted inversion event occurs in Section 3,
discussed later in section 5.3Therefoe, in Section 1the interpreted Symversion package

appears to be deposited in an area either still undergoing extension while other areas of the basin
are being inverted, or that the area of the Southern Platform and Southern Terrace along and near
Sedion experienced extension during or after partial basin inversion. Another explanation for

this could simply be that the apparent extension is a result of the reverse modelling process of the
restoration. During the restoration, an assumption that ahamodation space in the basin is

filled was used to show each interpreted seismic horizon flattened to a datum at the end of
deposition. If this assumption is not an accurate representation of the acttill dgposits,

then the amount of extension aakted for each step of the restoration is likely underestimated

or improperly distributed. It is possible that the sifhsediments did not fill all the available
accommodation space. If this is true, earlier rift phases would have a higher percétitage o

overall net extension, and rifting may have ceased prior to the deposition of the interpreted Syn
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Inversion package. Additional evidence for this possibility can be seen as the interpreted Syn
Inversion package at the northern end of the sectioa Fady uniform thickness above the
thickening SyrRift 1 and SyrRift 2 packages (Figure 5.9, D). This is evidence for rifting

having ceased as there is no additional growth strata in the hangingwall of the presumed fault off
section to the north. If thiis the case, it is likely that the interpreted-Byersion package was
simply filling accommodation in the basin as it was deposited without extension during
deposition. Faults do extend through the -8wrersion package in the Southern Terrace though

the throw is relatively small (~50minterpretation of the seismic data shows inversicthef

SynRift 1, SynRift 2, and SyAnversion packageslong the northern margin of the riigure

5.9, E) formingan anticline. This anticline appears to besalteof inversiorof the presumed

fault located off the section to the north.this instance, the interpreted Siyversion package

is folded during the inversion event on the presumed fault, which means that this inversion is the
youngest observed indlproject areal he interpreted Podhversionl package shosseismic
reflectors onlapping the inversiatructure (Figure 5.10). It iherefore interpreted that inversion
must have occurred after the depositiothef Syninversion package and endedqgprio the

deposition of the interpreted Pdatersion 1 package (Figure 5.9, E) followed by theto

Inversion 2 package deposititmthe presentlay seafloor (Figure 5.9, F). Thet extension

calculated restoring this section is 10.45%, and the maxiexaemsion was calculated as

10.48%. Note that the very small difference between the maximum and net extension calculated
after inversion is likely a product of much of the effects of inversion deformation not occurring

within the boundaries of Section 1.
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Pre-Rift1 Syn-Rift2 - Post-Inversion1

Syn-Rift 1 Syn-Inversion - Post-Inversion2

Figure5.10: Section 1 inversion anticline (top Symversion package) showing onlapping
seismic reflectors. 3x vertical exaggeration.

5.3.2 Section 2

Uninterpreted and interpreted seismic data for Se@is presented as Figure 5.The
restoration begins with the interpretedRi& 1 seismic horizon undeformed prior to the onset
of rifting (Figure5.12, A). The inital length of the section is 8lkm. Rifting commences
(Figure 5.12, B) witrapproxmately2.7% extensiorand the deposition of the integbed Syn
Rift 1 package. Riftingontinues witrapproximately 2.9% extension (Figure 5.12, C) and the

depositionof the interpreted SyRift 2 packageA significant amount of erosion is interpreted
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Figure5.11: Section 2 seismic image (top) and interpreted seismic image (bottom).
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Figure5.12: Section 2 restoration. No vertical exaggeration. Maximurareskbon = 5.61%.
Maximum compression = 1.50%. Net Extension = 4.06%.
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for this section. Therefor@ was necessary to estimate the amount of missing section and
incorporate these estimates into the restoration process. Forctiog sée minimum amount of
erosion was estimated by removing all effects of inversion by restoring inversion of the
interpreted SyyRift 1 package and modelling the eroded section by filling accommodation
(dashed line, Figure 5.12, C) above the top-Byh2 package. After estimating the minimum
eroded SyrRift 2 sediment, the interpreted SRRift 1 package was restored to the preskat
geometry allowing the inverted S¥Rift 2 package geometry to be visualized (Figure 5.12, D).
This process allows fdhe visualization and estimation of the minimum amount of eroded
section (Figure 5.12, D and E). It is unlikely that the positive topography shown in Figure 5.12,
D was ever present. Instead, it is more likely that the structure was eroded away asvitilgrew
minimal to no positive topographic relief. Evidence for this can be observed as there is no offset
across the inverted fault for the interpreted top-Byh2 package (Figure 5.12;HH). The
interpreted Syxinversion package is deposited (Figure25 B) and thins to the north over the
northernmost inverted structure (SRift 2 package) with subtle onlapping seismic reflectors
(Figure 5.13). The Syimversion package also has subtle anticline growth with onlapping
seismic reflectors more easily obsed with vertical exaggeration (Figure 5.13). Early stages of
inversion resulted in the inversion of the interpreted-Byh2 package (Figure 5.12, D) and

later stages of inversion resulted in the subtle anticline growth of thén8grsion package

(Figure 5.12, G, and Figure 5.13). As in Section 1, there is similarly minor normal faulting of the
interpreted Sysinversion package. Following inversion, the interpreted-Ru&rsion 1 (Figure
5.12, G) and Podhversion 2 packages are deposited (Figui@,5H).The netextension

calculated restoring this section is 4.06% and the maximum extension calculated iSThé1%.

maximum calculated extension is a minimum calculation of the maximum amount of extension
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Figure5.13: Section 2 inversion anticline (Synversion package) showing onlapping seismic

reflectors. 4x vertical exaggeration.
prior to compression and inversion. Additional normal faulting of the interpreteRByh

package when estimating thenimum amount of eroded SyRift 2 sediment (Figure 5.12, C)

would result in a greater amount of calculated extension prior to compression.

5.3.3 Section 3
Uninterpreted and interpreted seismic data for Section 3 is presented as Figuraé.14

restoraion begins with the interpreted PRaft 1 seismic horizon undeformed prior teetonset

of rifting (Figure 5.15A). The initial length of the section approximately110 km. Rifting

commences (Figure 5.1B) with approximately 3.% extension and the desition of the
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Figure5.14: Section 3 seismic image (top) and interpreted seismic image (bottom).
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Figure5.15: Section 3 restoration. No vertical exagg@n. Maximum extension = 5.00%.
Maximum compression = 6.89%. Net compression = 1.76%.

interpreted Sy+Rift 1 package. Rifting continues widm additional approximately 1.8%
extension anthe depositin of the interpretd SynRift 2 package (Figur&.15 C). As with the

restoration of Section 2, eroded Siift 2 sediment had to be estimated by removing the effects
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of inversion by restoring thiaterpreted SysRift 1 horizon and filling accommodation (dashed
line, Figure5.15, C) before restoring the SfRift 1 horizonto the presentiay geometry to show

the inverted SyRift 2 package (Figure 5.15, D). As with Section 2, it is unlikely that the
positive topography shown in Figure 5.15, D was ever present and thatdkd section was
eroded away as the structure grew with minimal to no positive topographic relief. Again as in
Section 2, evidence for this can be observed as there is no offset across the inverted faults of the
interpreted top SyRift 2 package (Figure 55, EH). The interpreted Syinversion package is
deposited (Figure 5.15, F) and thins to the north over the northernmost inverted structure (Syn
Rift 2 package) with subtle onlapping seismic reflectors (Figure 5.16). The thinning and
onlapping nature dhe interpreted Syinversion package over the northernmost inversion
structure suggest that it was topographically higher than the inverted fault blocks to the south,
but no conclusions can be made as to the age relationships of these structures by seismi
interpretation alone. As in Sections 1 and 2, there is similarly minor normal faulting of the
interpreted Syxinversion package. Following inversion, a period of erosion begins with a
channel eroding through the Simversion package and into the SRift 2 package followed by

the deposition of the Pastversion 1 package (Figure 5.15, G). The interpretedIRgstsion 2
package is deposited (Figure 5.15, H) to the pregayseafloorThe netextension calculated
restoring this section i4.76%, moreappropriately described as 1.76% net compresaiwhthe
maximum extension calculated is 5%0Themaximum calculated extensionagaina

minimum calculation of the maximum amount of extension prior to compression and inversion.
Additional normal fauihg of the interpreted SyRift 1 package when estimating the minimum
amount of erode8yn-Rift 2 sediment (Figure 5.1%) would result in a greater amount of

calculated extension prior to compression.
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Figure5.16: Section 3 inverted fault blocks. 3x vertical exaggeration.

5.3.4 Section 6
The restoration begins with the interpreted-Rii 1 seismic horizon undeformed prior
to the onset of rifting (Figure 5.1A). The initial length of the section &pioximately 73.4 km
Rifting commencesHigure 5.17 B) with approximately 8% extension and the depositi of
the interpreted SyRift 1 package. Rifting continues witin additional approximately @&
extension and the depositi of the interpreted SyRift 2 packaggFigure 5.17C). The
thickness bthe SynRift 2 package is significantly thicker at the northernmost end of the
section, in the tilted fault block. This may be a consequence of erosion, or a poor seismic pick as
the interpretation confidenaeas low in that area. A minor amount of exdiem (0.0P6)
continues with the deposition of the third gyt packagg(Figure 5.17 D). In this cross section,
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Figure5.17: Section 6 restoration. No verdlcexaggeration. Maximum extension = 9.38%.

as in Section 1, rifting appears to continue to the end of theérsgnsion deposition time. The
apparent extension is likely a result of the reverse modelling process of the restoration previously
discussed isection 5.3.1. It is probable that the interpreted-Byersion package was simply

filling accommodation in the basin as it was deposited without extension during deposition. A
period of erosion appears to follow the deposition ofSyre Inversion packag before the

deposition of the interpreted Pdaversion 1 package (Figure 5.17, E). Another period of
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erosion appears to follow prior to the deposition of the-Ro&rsion 2 package to the present

day seafloor (Figure 5.17, F)he netextension calcated restoring this section9s38%.
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

6.1 Discussion
A discussion of the results of this study and previous work is presented in the following

subsections.

6.1.1 Review

The research presentedthis thesis covers a wide ety of work incorporating 3D
seismic interpretation, 2D seismic interpretation, seismic time to depth conversion, 3D structural
modelling, and 2D cross section restoration. All of these were undertaken with the aim of better
understanding the tectonostgaaphic evolution of the Gippsland Basin. Seismic interpretation
andkinematic restoration of crosgctions has been the key in this study to developing an
understanding of the basinbés evolution. Sever
horizors were interpreted across the basin. A regional velocity model was used to depth convert
the seismic data from time to depth, allowing the creation of a 3D structural framework model of
the basin. From the 3D structural model of thsib, 4 crossectionsvere chosen for

restoration.

The restorations presented in this study illustrate a significant anomaly in that the amount
of measured extension from cragsction restoration (5.00.5%) appears too low for the
accumulated thickness18km) of sedimentngsent in the basin. Thiiscrepancys discussed at

length later in this chapter. Thasealso an approximately 2Z8L% measured extension
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discrepancy from the previous work by Power et al. (2001) to that measured in this study, which

is discussed in gater detail in section 6.1.2.

6.1.2 Previous Work

In this study, rift phase extension values calculated from section restorations ranged from
5.00% to 10.48% (section 5.3). These amounts are considerably lower than the previously
determined 36% extensidry Power et al. (2001) using a similar approach to this study
involving 2D seismic interpretation, model buildirand restoration of one crassction.

However, there are several key differences between this study and that by Power et al. (2001).

One mgor difference between this study and that of Power et al. (2001) is that 3D
seismic data were interpreted compared to 2D seismic data used by Power et al. (2001). The 3D
data coverage is considerably denser than regional 2D seismic lines, which alloevedoie
intensive and robust interpretation. Power et al. (2001) used a variety of computational methods
and compilation maps to Ainfill o data between

structural basin model.

The location and length of the crossction restored by Power et al. (2001) may also
contribute to thelifference in calculated extsion. The location of the crossction restored by
Power et al. (2001) (Figure 6.1) is closest to Section 2 (Figure 4.8) presented in this study.
Section 2 pesented in this study has a length of 84,702m (Figure 5.12) whereaegheaection
restored by Power et al. (2001) is 107km (Figure 6.2). Given that thesedsgosectionare
relatively close in location, there may be additional evidence for ewtemsthe section restored
by Power et al. (2001)vhich is not within Section 2 presented in this study. Also of note is the

lack of inversion structures interpreted in thess sectiobby Power et al. (2001) (Figure 6.2) as
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compared to Section 2 in thresudy (Figure 5.12)The seismic data aratoss sectioimterpreted
and restored by Power et al. (2001) is imaged to a depth of approximately 9 sBa6nds

(Figure 6.3) compared to 6 seconds TWT for the seismic data interpreted in this studipeWith
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Figure6.1: Approximate location of Section 2 (dashed line) relative tatbses sectiomestored by Power et al. (2001) (solid line).
(Modified from Power et al., 2001)
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Figure6.3: Interpreted seismic image restored by Power et al. (2001), see Figure 6.2. (From
Power et b, 2001)

shallower available seismic data interpreted in this study, it is possible that the interpreted Pre
Rift 1 seismic horizonwhichrepresergthe top of preift rocks is interpreted too high. If this is

the case and pnéft rocks do lie deepehtin has been interpreted, this would lead to an increased
amount of calculated extension. For the sake of comparison, Power et al. (2001) interpret the top
of prerift rock at approximately 14km depth in the rift center (Figure 6.2) whereas in this study,

in Section 2, preift rocks are interpreted at approximately 8&epthin the rift center (Figures

5.11 and 5.12). Additionally, Power et al. (2001) interpret deep reflectors below 6 seconds TWT
(Figure 6.3) as detachment faulvhich is also used in tiverestoration (Figures 6.2). In this

study, these deep reflectors are not imaged and subsequently not interpreted (discussed
previously in Chapter 5.2.5). If the seismic interpretation in this study is accurate, then the
presence or lack of a detachmemb@ld not affect the amount of extension calculated from the
restorations (where data are available). Only additional seismic interpretation of data deeper than

that interpreted in this study would indicate any potential evidence for additional extension.
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Decompaction gorithms (discussed iniapter 5.1) were applied during the restorations
presented in this study. It is not explicitly clear whether or not Power et al. (2001) used similar
techniques to account for sediment compaction through bliaaxamine this question, an
image of the restoratidoy Power et al. (2001) (Figure .2 was | mported i nto Mi
Move software to make approximate measurements of the geologic package thicknesses through
the restoration stepBased on these approxate measurements, it does appear that
decompaction techniques were used in the restoration, but there is no mention of decompaction
parameters used. A difference in the parameters used for decompaction could account for a small
portion of the discrepanay measured extension, by reducing the throw and heave along faults
during the reverse modelling of the restoration. This happens as greater thicknesses of sediment
are decompacted in the hangingwall of normal faults compared to the footwall and the
underying sediment in the hangingwall is thus allowed to expand, or effectively become thicker
through the restoration steps to a greater extent than in the footwall causing a net decrease in the
throw and heave along the fault. Due to problems with imagengcatid the approximate nature
of the measurements taken from the restoration image in Move software, it is difficult to
compare the amount of compaction/decompaction accounted for in restorations presented in this

study to that by Power et al. (2001).

6.13 Fault Populations and Estimates of Regional Extension

A recurring observation in extensional terrains is the difference between calculated
extensional values by summing fault heaves and the much higher values calculated from crustal
thinning and basemesubsidace studies (Walsh et al., 1991; Walsh and Watterson, 1992;
Marrett and Allmendinger 1992). A fault with minor displacement produces a small amount of

extension, so the cumulative extension due to these small faults is usually assumed to be
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negligble (Marrett and Allmendinger 1992). This assumption is hard to test due to the difficulty
in completely sampling the great number of small faults that exist in a specific region. The
extension due to small faults can be addressed statistically by tesite Ecaling relationships

that quantify scaléinvariant phenomena. For a fault population within its range of scale
invariance, the largest faults can be used to estimate the relative number and size of smaller
faults and thus the cumulative extensiae do slip on small faults may be calculated (Marrett

and Allmendinger 1992).

Although the sum of fault heaves is known not to be a precise measurement of fault
related extension, the relatively small inaccuracy is unlikely to account for the large
discre@ncies reported (Walsh and Watterson, 1992). These discrepant estimates of basin
extension obtained from normal faults can generally be resolved by one or a combination of the
following explanations; a) that summation of fault heaves is not an accuiatatesf
extension, b) a large proportion of extension is accommodated by faults too small to be imaged
seismically, or c) ductile deformation accounts for significant amounts of basin extension (Walsh
and Watterson, 1992). In the last case, the termldueth be taken to refer to strain
accommodated by discontinuities on a scale below that of observation. For seismic reflection
data, this could include faults with throws less thas8@th at depths greater than 2km (Walsh

and Watterson, 1992).

Walsh andVatterson (1992) present a study which addresses the complicated
relationship between active fractures and earthquake populations. For many purposes, there is no
significant difference between a fault on which slip occurs for a few seconds every 2,600 yea
and a fault in which the same slip and energy release are accomplished through stable sliding.

The time averaged characteristics are the same. Earthquake faulting provides useful data in that
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the coseismic slip and energy release are both measureadt (@id Watterson, 1992). A brief
summary of their study as to how it may be useful in explaining the low amount of measured
extension calculated in this study is presented below. The reader is encouraged to reference the
study by Walsh and Watterson (29or additional, more detailed information. Analysis of
theoretical and measured fault populations can be used to estimate the relative importance of
small faults in regional extension. The proportion of displacement accommodated by small faults
relatvet o | arger faults varies with the slope (E)
(Walsh and Watterson, 1992). When deformation ceases, all faults are inactive and referred to as
the dead fault population. Values for this slope derived from etdkind oilfield datasets range

from 1.62.0. For a slope value of 1.6 and a maximum fault size of 2km, the sum of maximum
displacements on faults between 0.1m and 30m maximum displacement is approximately 30
times the sum of displacements on faults betw&@m and 2,000m (Walsh and Watterson,

1992). Similarly, the sum of maximum displacements on faults betweehQI@IN maximum
displacement is approximately 18 times greater than that on faults betwee2, DO (Walsh

and Watterson, 1992). These valdesnot, however, indicate the relative contribution of these

fault size ranges to the regional deformation. The relative total seismic moments contributed by
all faults of final maximum displacements of different size rangsisas/n in Table 6.1 for a

deal fault population with various (E) values and maximum fault size of 2km. Seismic moment

is a measure of seismic strain energy and it varies with the rate of fault related strain of the rock
volume, or rate of displacement of terrain boundaries due tmisdiulting (Walsh and

Watterson, 1992). The size of a fault may be assessed by either maximum displacement or by
maximum dimensions. Where E=1.6, the larger faults contribute an overwhelming proportion of

the fault related regional extension. For popateg with E values
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Table6.1: Sum of lifetime moments for different size ranges of faults in populations with
different E values expressed as percentage of total lifetime moments of all faults. (From Walsh
ard Watterton, 1992)

Size range D (m)

E U.1-1.0 1.0-10 10-100 100-1000 TOO0=-200K)
3.0 90.0 9.0 0.9 0.09 0.0009
2.0 2.0 22.0 22.0 22.0 12.0

.6 2: i 12.8

39.0 40.2

close to 2, displacements on smaller faults make a significant contribution to the regional strain.
In such cases, extension values derived from seismically resolvable displacements will always be
underestimated (Walsh and Wattersa@®92). For dead fault populations with low E values,
approximately 1.6 or less, the simplest explanation for discrepant extension is that a significant
portion of extension is accommodated by mechanisms other than faulting. A similar conclusion

is indicatedby the increasing number of terrains in which the rate of seismic energy release is
reported to be too small to accommodate the bulk strain rate calculated from plate motions by
seismic faulting (Walsh and Watterson, 1992). Plastic strains may accomraqgutatmn of the

bulk strain in extensional regimes, but associated structures will be difficult to identify because
these regional plastic strains are so small that they are likely overshadowed even by
compactional strains (Walsh and Watterson, 19923.lithologically uniform crust, the amount

of extension accommodated by seismic faulting will decrease with depth. Thedritile

transition effectively spans much of the crustal thickness. Observed rates of release of seismic
moment are therefore deed not from a uniform elastic seismogenic layer, but from a

seismogenic layer with marked vertical variation in rheological properties (Walsh and Watterson,
1992). Pronounced lithological layering, as where a sedimentary basin overlies basement, further

complicates the relationship between the recorded seismic moment and extension.
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Walsh et al., (1991) demonstrate another method illustrating the importance of small scale
faulting in regional extension. In their study, regional seismic data spanningkihg &raben

in the northern North Sea, oilfield seismic data, and oilfield well core data from the Troll field in
the North Sea are used to approximate the amount of observable displacement above some
defined threshold displacement. Fault displacementlptipns from the regional seismic

profiles, oilfield maps, and core data were consistent with a single paweelationship over

six orders of magnitude of fault displacement. The exponent (slope of the data distribution) of
this powetlaw relationshigs more negative thai®.7 and may approach.9 (Walsh et al.,

1991). Treating core and seismic data as one population, the slope was found to E&&bout
Figure 6.4 showthe proportion of total heave seen in the fault displacement population with
different values of fault displacement population slope. The average minimum heave measured
on any interpreted seismic horizon in the cross sections presented in this study is approximately
240m. Using this value as the threshold heave amount corresponpiopmgion of extension
observed between approximately-B0% (average of 50%) using tH&9 and-0.7 slope curves
respectively (Figure 6.4). That is to say that the calculated extension from cross section
restoration in this study may only account f6r7% of the total extension or 50% of the total

extension on average.

6.14 Estimating Extension via Subsidence Modelling

McKenzie (1978) proposed a simple model for the development and evolution of
sedimentary basins. The first event consists of a stpatiching of the lithosphere producing
thinning and upwelling of hot asthenosphere (initial subsidencéelt$s stage is associated with
block faulting and subsidence. Then the lithosphere thickens by heat conduction to the surface,

and further slow dasidence not associated with faulting occurs as a result of cooling lofitbie
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Figure6.4: Proportion of fault related extension seen on regional scale profiles as a function of
minimum fault heave inclied in the summation when calculating extension. For each slope

value (D), two curves are shown. The upper curve assumes fault population has a lower cutoff of
1mm (roughly sediment grain size), and the lower curve assumes that the fault population
contintes to zero displacement. Based on the average minimum heave included in the
restorations in this study, the faults in the 3D structural framework are accounting for
approximately 3670% of the total extension, or 50% on average. (Modified from Walsh et al.
1991)

part of the lithospher@hermal subsidence;)§McKenzie, 1978). A simple schematic of the
model is provided as Figufe5. Most basins with basement of continental crust contain large
thicknesses of sediment and it is this thickness of sedwt&oh is directly observed rather than
the subsidence. To obtain the tectonic subsidence, the sediment load must be removed using
either an Airy or flexure model for isostatic compensation (McKenzie, 1978). The aim of

backstripping is to analyze the sulede history of a basin by modelling the progressive

80



T °C

< a > O 1000
A Y 1 T B
RN
a
L
A
t=0 l
< a >
T T T TR T
/B
L
a Vv
A
5 L scscs waves o man—mune
A
t—»ool
SRR TR T B —
L
A

Figure6.5: Simple sketch illustrating principal features of the McKenzie (1978) subsidence

model. At time t=0, thermally equilibrated continental Igpbere is extended. Since temperature
remains unchanged during extension, isostatic compensation causes upwelling of hot
asthenosphere. Cooling of this hot material produces subsidence as the temperature perturbation
decays. (From McKenzie, 1978)
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reversabf the depositional process (Roberts et al., 1998). In extensional basins, backstripping
can be used to determine the magnitude of lithosphere stretching from the rateridif post
subsidence. Backstripping consists of removing units of stratigraphy d@aotvnwards while
making corrections for sedimecvmpaction (decompaction) in response to burial and for
subsidence arising from the isostatic responsediment loading. In extensional basins,
subsidence histories produced by backstripping are usaotdhpreted in terms of the

lithospheric stretching model of McKenzie (1978) (Robertd.etl998) One dimensional
backstripping based on the restorations completed in this study was performed and the resulting
tectonic subsidence curves were compandtidse calculated by McKenzigq78) (Figure 6.6).

The parametergsed for backstripping were the same as used in the restoration process in

Mi dIl and Vv boftveare se€hddters.1). An assumption of 200m water depth was

used in the backstrippimgocess and changes in eustatic sea level were ignored.

The tectonic subsidence curves approxi mate
to 1.7 (Figure 6.6). These stretching factors equate-it0%0 extension, significantly more than
the appro¥nately 51 0 % ( b-1.%0) chlculatdd from the restorations in this study. This is
additional evidence that fault controlled extension measured from the restorations has

underestimated the actual amount of regional extension, as defined by crustaihstret

McKenzie (1978) also provided a means to estimate the stretching factor based on
subsidence and sediment thickness (Figure 6.7). Through the restoration process, the thickness of
accumulated sediment could be tracked through time and these vateqdotied against the
curves by McKenzie (1978) to estimate the regional stretching factor for the Gippsland Basin
(Figure 6.7). The calculated sediment thickness through time correlates to a stretching factor of

approximately 1.9, or 90% regional extemsiOnce again, this is additional evidence that fault
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controlled extension measured from the restorations has underestimated the actual amount of

regional extension.

6.15 Extensional Models

There is widespread acceptance of the lithospheric stretchind progesed by
McKenzie (1978) to explain the crustal thinning, rifting, and subsidence that predate and
accompany continental breakup and lead to the development of continental passive margins

(Lister et al., 1986). The symmetric extension madd&licKenzie (1978) (Figures 6.5 and 6.8,
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Figure6.8: Three models for continental extension. (From Lister et al., 1986)

A) does not, however, predict the wide variation in gross continental margin architectuee. Ther
is a notable absence of symmetrical rift structures in reflection seismic profiles, and opposing
margins do not generally exhibit identical structures (Lister et al., 1986). Structural asymmetry
may be a general feature of passive margin developmenthamdore, symmetrical extension
models may have limited applicability. Extensional models based on detachment faults or
shallow dipping crustal shear zones by Wernicke (1982) maydoeuseful in explaining this
structural asymmetry. Wernicke suggedteat detachment faults represent {amgle normal
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faults that cut through the entire lithosphere (Figure 6.8, B). Symmetrieshaeg models
assume that the detachment faults represents the-drtitde transition of the lithosphere
(Lister et al., 198). An alternative separation geometry involves the delamination of the
lithosphere with the detachment zone running horizontally below the {alittigle transition,
steepening, and then running agaamizontally at the crugnantle boundary (Lister el., 1986)

(Figure 6.8, C).

Asymmetric detachment models imply that continental extension will result in highly
asymmetric structures on all scales as the middle to lower cfitstigged out from underneath
the fracturing and extending upper crust.ektension continues, the asymmetry of the extended
terrain will become increasingly obvious with ongoing extension leading to continental breakup
and the formation of an ocean basin (Lister et al., 1986). On the crustal or lithospheric scale, the
asymmety of the margin is determined by whether the underlying master detachment originally
dipped toward or away from the ocean. Therefore, there will be two broad classes of passive
margins, the uppeplate and loweplate margins. Uppgplate margins comprisef rocks
initially above the detachment fault. Lowgllate margins comprise the deeper crystalline rocks
of the lower plate, commonly overlain by highly faulted remnants of the upper plate (Lister et al.,
1986) (Figure 6.9). The basement of lovpéate magins is generally highly structured with
rotational normal faults, tilt blocks, and haifaben typical of the so called rift phase of passive
margin development. By comparison, the upplate margin is relatively simple with generally
only weakly rotatiomal normal faulting (Lister et al., 1986). In the basic model (Figure 6.9),
continental breakup is predicted within or close to the culmination in the bapvidver plate
because this is where the crust is thinnest. This explains a feature of passime mahgt the

locus of final continental breakup frequently does not coincide with the rift basins, but instead
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Figure6.9: Detachment fault model of passive continental margins with lphete or upper

plate characteristics. Lowgtate margin has complex structures; tilt blocks are remnants from
upper plate, above bowegb detachment faults. Multiple detachment faults have led to two
generations of tilt blocks. Upp@tate margin is relatively unstruged. (From Lister et al.,

1986)

occurs in the oceanward basement blocks. The rift basins represent the extended part of the upper
plate whereas the oceanward basement blocks represent the deeper levels of the crust exposed in
the lowerplate culmination \Wwere the crust is thinnest (Lister et al., 1986). Breakup near this
culmination separates the margins into dominantly upfe and loweplate types. Breakup
significantlylocatedto either side of this location will produce margin pairs with both uppér

lower-plate structures on a single margin (Lister et al., 1986) (Figure 6.9).

Transfer faults in extensional terrains may play an important role particularly in relation
to detachment model extension and upper/leplate structures. Major normal fasiin
extensional terrains commonly terminate at orthogonal s$tipefaults or shear zones which
perform a function similar to that of oceanic transform faults (Lister et al., 1986). These transfer
faults divide the extending terrain into segmentshése individual segments, detachment faults
may terminate at major transfer faults in which case the transfer fault may be stepped or even
reverse dip. Other minor transfer faults may be confined to the upper plate, affecting only the tilt

block geometryl(ister et al., 1986). Where the detachment fault changes dip across one or more
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transfer faults, the passive margin will change along its length from an-plapeto a lower

plate margin, or viceersa, and will exhibit rectinear variations in architture(Figure 6.10).
Transfer faults are important in accommodating oblique extension and result because both high
and lowangle normal faults nucleate at different places along strike and mismatches between

different fault blocks must be accommodated t@gri€t al., 1986).

Transfer fault

Halfgraben
ti/ted West

Half-graben
tilted East

\ -
- =\

‘\““ ~ \ : .
R ‘&\ ', -y'.‘z’e“

ss%’ 1~Z

Detachment fault

Figure6.10: Changes from upper plate to lower plate occur across transfer faults. When
underlying detachment faults change dip across transfer faults, the sense of rotation of overlying
tilt blocks also changes. (From Lister et al., 1986)

A fault block dip reversal can be observed between inlines 4525 and 4621 across an
interpreted transfer fault along the northern margin of the Gippsland Basin (Figure 6.11). These

two inlines exhibitinghis dip reversal are less than 5km apart, yet the dip reversal occurs in a
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Figure6.11: Seismic images showing dip reversal across transfer fault. Inlines less than 5km
apart
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