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ABSTRACT 

 

The Gippsland Basin is located primarily offshore Victoria, Australia (between the 

Australian mainland and Tasmania) approximately 200 km east of Melbourne. The formation of 

the east-west trending Gippsland Basin is associated with the break-up of Gondwana during the 

late Jurassic / early Cretaceous and the basin has endured multiple rifting and inversion events. 

Strong tectonic control on the sedimentary development of the basin is reflected in the deposition 

of several major, basin scale sequences ranging in age from the early Cretaceous to Neogene, 

which are usually bounded by angular unconformities. Schlumberger’s Petrel software package 

has been used to structurally and stratigraphically interpret a basin-wide 3D seismic data set 

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

reconstruction/restorations through the basin have been completed with Midland Valley’s Move 

software to achieve a better understanding of the structural evolution of the Gippsland Basin. 

Rift phase extension calculated from the restorations (5.0-10.5%) appears 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 completed illustrate 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 several extension models and associated implications are discussed as they relate to the 

interpretation carried out in this study. Extension calculated from section restorations ranged 

from approximately 5.0-10.5%. These measured extensional values appear too low to wholly 
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accommodate the accumulated sediment thickness in the basin. Subsidence modelling and 

backstripping estimates approximately 50-90% extension. Several hundred meters of missing 

syn-rift sediments are estimated to have eroded as a result of partial inversion along the basin’s 

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 

 The tectonostratigraphic development of the southeastern Australian margin has been 

widely studied (Moore et al., 1986; Mutter et al., 1985; Bryan et al., 1997; Hegarty et al., 1988; 

Duff et al., 1991; Rahmanian et al., 1990; Featherstone et al., 1991; Dumitru et al., 1991; Kim et 

al., 1996; Glenton 1991), but despite the abundance of work completed in and around the 

Gippsland Basin, a detailed, multi-faceted, systematic reconstruction of the basin’s evolution has 

not been documented, specifically relating to the timing of multiple tectonic phases. Previous 

studies (Moore et al., 1986; Hegarty et al., 1988; Mutter et al., 1985) examined only one or just a 

few factors such as apatite fission track analysis (AFTA), thermal subsidence, and 

paleomagnetism in order to attempt to reconstruct the basin’s evolution. When these studies are 

examined as a whole however, discrepancies between them arise. 

Understanding sedimentation during the development of passive margins is the key to 

understanding the tectonic processes during sedimentary basin formation and continental break 

up. Since the seismic sequence boundaries within the Gippsland Basin are thought to represent 

the tectonostratigraphic expression of deformational phases rather than eustatic sea-level changes 

(Duff et al., 1991), the Gippsland Basin is an ideal location to study the effects of tectonics on 

sedimentation.  

 The primary goal of this study is to achieve a detailed understanding of the basin’s 

structural development using Schlumberger’s Petrel software package to structurally and 

stratigraphically interpret a basin-wide 3D seismic data set provided by the Australian 
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Government (Geoscience Australia), as a portion of the released exploration acreage from the 

year 2011 (Figure 1). The 3D model of the interpreted data is then used for 2D kinematic 

reconstructions/restorations of multiple cross sections through the basin with Midland Valley’s 

Move software. Through this process and review of previous work completed in the Gippsland 

Basin, this study aims to achieve a more thorough 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. 

 

Figure 1.1: Gippsland Basin Location Map. White polygon is approximate boundary of the 3D 

seismic data set. (modified from Geoscience Australia)
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CHAPTER 2  

BACKGROUND GEOLOGY 

2.1 Location and Geologic Setting 

The Gippsland Basin is located primarily offshore Victoria, Australia approximately 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 the west, 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 east-west trending Gippsland basin is associated with the break-up of 

Gondwana during the late Jurassic / early Cretaceous (Moore et al., 1986; Mutter et al., 1985; 

Bryan et al., 1997; Hegarty et al., 1988; Duff et al., 1991; Rahmanian et al., 1990; Featherstone 

et al., 1991; Dumitru et al., 1991; Kim et al., 1996; Glenton 1991) (Figure 2.2). Initial rifting is 

constrained to a relatively short time frame of ~25-30 m.y., followed by much slower thermal 

subsidence (Hegarty et al., 1988). The separation of Australia from Antarctica and the Lord 

Howe Rise (Figure 2.2) was accompanied by ~1.5-3 km 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 major, basin scale sequences ranging in age from the early 

Cretaceous to Neogene, which are commonly bounded by angular unconformities (Moore et al., 

1986; Mutter et al., 1985; Rahmanian et al., 1990). Sediments deposited during the development 

of passive margins can be used to understand the tectonic processes that occur during the 
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Figure 2.1: Gippsland Basin location and structural elements. Black polygon represents the approximate location of the 3D seismic 

dataset. (Modified from O’Brien et al., 2013) 
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Figure 2.2: Tectonic evolution of the Gippsland Basin. A) Early Cretaceous rift complex 

develops. B) Mid-Cretaceous. The Gippsland Basin is separate from the adjacent Otway and 

Bass Basins. C) Latest Cretaceous. Break-up occurs along eastern Australia leaving the Bass, 

Otway, and Gippsland Basins as failed rifts (Modified from Glenton, 1991) 

formation of sedimentary basins and continental separation as they record the unique, long-term 

history of the depositional environment, subsidence, and thermal history of developing passive 
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margins and basins (Hegarty et al., 1988). Seismic sequence boundaries within the Gippsland 

Basin are thought to represent the tectonostratigraphic expression of deformational phases rather 

than eustatic sea-level 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 different spatial and temporal extent: 1) regional plate boundary 

reorganization, 2) basement-cover controlled compressional deformation, and 3) equilibrium 

between the resulting short term uplift and long-term sea-level rise (Duff et al., 1991). 

Megasequence boundaries 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 usage of the seismic stratigraphic terms 

“sequence” and “megasequence” follows that published by BP, for example, Berg and 

Woolverton, 1985) are inferred to reflect interaction of basement-cover to compressional 

deformation. Regressive and transgressive facies tracts within each sequence (3rd order 

processes) reflect equilibrium between long-term sea-level rise and shorter-term uplift as a result 

of compression. Early in the evolution of the basin 3rd order processes
 
represent the relative 

dominance of tectonic controls on sedimentation followed by the waning of tectonism and 

corresponding increase in longer-term sea level changes controlling sedimentation. As such, the 

seismic sequence boundaries in the Gippsland Basin are stratigraphic expressions of 

deformational phases rather than changes in global 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., 1986; Duff 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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Figure 2.3: Stratigraphic 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 O’Brien et al., 2013) 

Featherstone et al., 1991). The rifting between Antarctica and Australia is thought to have 

progressed from west to east as progressively younger magnetic anomalies are truncated to the 

east along the Australian and Antarctic margins (Mutter et al., 1985). Overlapping, 

approximately east-west trending half-graben comprised the initial rift architecture with 

continued rifting into the late Cretaceous resulting in a depocentre (the Central Deep) (Figures 

1.1 & 2.1) flanked by fault bounded platforms and terraces (Geoscience Australia, 2011). The rift 

valley was well-developed during the late Cretaceous, approximately 40-80 km wide and 
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coincides with the deposition of the Latrobe Group (Figure 2.3) (Rahmanian et al., 1990; 

Hendrich et al., 1990). 

The Central Deep (Figures 1.1 and 2.1) was established as the main depocentre during the 

late Cretaceous as a result of renewed crustal extension between Australia and Antarctica (95-

100 Ma) and is associated with the opening of the Tasman Sea and deposition of the Golden 

Beach Subgroup (Figure 2.3) (Geoscience Australia, 2011; Featherstone et al., 1991). AFTA data 

reveal inversion of the Gippsland Basin basement margins, as well as the westernmost portion of 

the basin at ~95 Ma (Green et al., 1995). Santonian age marine fossils indicate fully marine 

conditions were established within the rift during the later stages of rifting (Rahmanian et al., 

1990). Rift related extension continued through the early Eocene producing northwest-southeast 

trending normal faults, particularly in the Central Deep (Geoscience Australia, 2011). Seafloor 

spreading associated with the opening of the Tasman Sea ceased by the middle Eocene, after 

which a period of basin thermal subsidence and offshore basin deepening resulted. During the 

latest Latrobe deposition (Figure 2.3), compression against the southern and northern basin 

margins led to partial inversion of east-west normal faults, formation of anticlines, and the Top 

Latrobe Group unconformity (Rahmanian et al., 1990). This compression is interpreted as the 

result of wrench movements associated with strike-slip motion on Tasman Sea fracture zones 

(Featherstone et al., 1991). Compression and structural growth climaxed during the middle 

Miocene with the development of northeast to east-northeast trending anticlinal structures and 

minor east-west folds (Geoscience Australia, 2011; Rahmanian et al, 1990). These fold structures 

host the major oil and gas accumulations discovered in the basin to date. With more widespread 

marine transgression over the basin during the Oligocene, a sequence of calcareous mudstones 

and marls (Lakes Entrance Formation) (Figure 2.3) was deposited unconformably over the 
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Latrobe Group (Bein et al., 1973; Hendrich et al., 1990). Marine sedimentation continued 

through late Miocene / Pliocene with deposition of the Gippsland Limestone, completing the 

Seaspray Group and is associated with massive scale submarine channeling (Bein et al., 1973) 

(Figure 2.3). Tectonic influence continues today as evidenced by the minor earthquakes 

occurring along and around major basin faults (Geoscience Australia, 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 general summary of the lithostratigraphy and interpreted 

tectonostratigraphy of the Strzelecki Group. 

2.2.1.1 Lithostratigraphy 

The Strzelecki Group (Late Jurassic to Late Albian in age) (Figure 2.3) is a thick 

sequence of non-marine, interbedded lithic and volcanoclastic 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 poorly constrained 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 the on-shore Wellington Park-1 well (McClean and 

Blackburn, 2013). 
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2.2.1.2 Interpreted Tectonostratigraphy 

Structural and seismostratigrphic interpretations suggest that the interval during and 

immediately following the deposition of the Strzelecki Group was characterized by rift tectonics 

(Figure 2.3) (Duff et al., 1991). Basin forming listric faults (interpreted in this study as planar 

faults due to available seismic data not imaging any potential deeper listric component of the 

faults)  trending east-southeast were fragmented by a set of north-northeast trending fault 

systems that are strongly manifested in the Strzelecki Group basement. These broad vertical, 

wrench style fault zones, or transfer faults, are interpreted as having compartmentalized the 

approximately north-northeast extension into discrete blocks 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 the lithostratigraphy and interpreted 

tectonostratigraphy of the Latrobe Group. 

2.2.2.1 Lithostratigraphy 

The Oligocene Latrobe Group (Figure 2.3) has been subdivided into the Emperor, Golden 

Beach, Halibut, and Cobia Subgroups. The Emperor Subgroup contains the Kipper 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, 2013). The 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 and to the 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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Figure 2.4: Uninterpreted East-West oriented seismic cross-line 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 comprised of lithic or 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 faulting within the middle to upper part of the Chimaera 

Formation (McClean and Blackburn, 2013). The majority of the sediments in Halibut Subgroup 

occur in two coal-bearing successions, the Maastrichtian age Volador Formation and the 

Paleocene to early Eocene Kingfish Formation, 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 coarse-grained 

quartzose sandstones with claystones and coals. Major channels, or canyons, were formed during 

the Early Eocene in the Gippsland Basin (McClean and Blackburn, 2013). The Cobia Subgroup 

contains the non-marine Burong Formation and the glauconitic-rich marine facies of the Gurnard 

Formation. All formations within this subgroup are typically non-calcareous. The Burong 

formation consists of interbedded siltstones, shales, sandstones, 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 the formation 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 tectonic conditions with an initial rift 

phase (Emperor Subgroup), followed by basin margin subsidence and rapid subsidence in the 
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Central Deep associated with Santonian to Early Eocene Tasman Sea spreading (Golden Beach 

and Halibut Subgroups). The Cobia Subgroup represents 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 and Golden Beach Subgroups; the Seahorse Unconformity 

between the Golden Beach and the Halibut Subgroups; and the Marlin Unconformity between 

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

older transfer fault zones became rejuvenated in left-lateral 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 adjacent domains (Figure 2.4). Angular unconformities within the Latrobe 

Megasequence correspond to seismic sequence boundaries as a result of basement-cover coupled 

deformation phases that are dated to the early Maastrichtian, end-Masstrichtian, mid-Paleocene, 

end-Paleocene and end-early 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 and younger aged Seaspray Group (Figure 2.3) consists of cool-water 

carbonates and marks the transition of the basin depositional system from largely non-marine 

clastics to open marine fine-grained 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 edge (Phillips et al., 2003). The Seaspray Group consists 
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of marine, lower coastal plain (Latrobe Valley Subgroup), and coastal portions 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 Hapuku Subgroups. 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 and Blackburn, 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 the 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 Intra-Lakes Entrance Formation Unconformity, which 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 are mainly around the basin boundary fault systems (Phillips et 

al., 2003) (Figure 2.5). 
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Figure 2.5: Interpreted seismic inline showing largely unfaulted anticline and interpreted 1st 

order faults. Several unconformities are present in the section above the anticline. No scale.  
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CHAPTER 3  

DATA AND METHODS 

3.1 Data 

The data set provided by Geoscience Australia comprises a “mega survey” of several 

combined 3-D seismic data sets covering approximately 22,900km
2
 (Figure 3.1), as well as 

miscellaneous data 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 

structural cross sections. Data from 31 well bores within the survey area contain some or all of 

the previously mentioned data categories, which were evaluated and used to calibrate the 

interpretation of the seismic data. The 3D mega survey contains 3,601 inlines and 2,438 

crosslines with a 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 convert the interpreted seismic data. 

3.2 Methods 

Schlumberger's Petrel software was used to interpret the available seismic data. First, the 

seismic data were evaluated to determine the best method of visualizing the data for 

interpretation. The data were then realized, and 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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Figure 3.1: Seismic data coverage of the Gippsland Basin. (Modified from Blevin & Cathro, 

2008) 
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several hundred faults (interpretation methods discussed 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 interpreting faults and horizons, the regional, 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 restoration with Midland 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 interpreting two regional 2D seismic lines to span the basin. 

Additional 2D seismic data were used to tie the interpretation of this cross section back to the 

available 3D seismic data. 
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CHAPTER 4  

SEISMIC INTERPRETATION AND MODELLING 

4.1 Seismic Interpretation Methods 

The strategy 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 horizons. The 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 is helpful 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 used to define stratigraphic bodies. 

There are multiple visualization techniques that can be used while interpreting seismic 

data. In this study, two attribute cubes were generated to use for interpretation in Schlumberger’s 

Petrel software; “structural smoothed” and “ant track”. The structural smoothing operation 

results in a smoothing of the input signal guided by the local structure to increase the continuity 

of seismic reflectors (Figure 4.1). Principal component dip and azimuth computation are used to 

determine the local structure. Gaussian smoothing is then applied parallel to the orientation of 

this structure. Structural smoothing is a valuable operation to run prior to auto-tracking as it can 

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

extract surfaces appearing like trends in very noisy data. Intelligent software agents “ants” try to 



20 

 

 

Figure 4.1: Identical seismic data before (top) and after structural smoothing operation (bottom). Seismic line is approximately 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 and remains 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. By writing the 

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 true fault information (Figure 4.2). A 

more detailed description of the structural smoothing and 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 amplitude seismic reflectors, and generally “noisy” data 

(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 lower data 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 ant track attribute was only useful in areas where 

seismic 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 faults were interpreted 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 from information gathered from electronic copies of well 
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Figure 4.2: A) Ant track volume time slice (horizontal) intersecting structural smoothed vertical 

inline (uninterpreted). B) Colored interpreted faults illustrating correlation between “ant tracks” 

and seismic discontinuities (faults). No scale. Arrow points north. 

  



23 

 

Table 4.1: Seismic horizon interpretation parameters. 

Seismic 

Horizon 

Approximate 

Age 

Interpreted 

On 

Characteristics Confidence 

Post-

Inversion 1 
~30 Ma Peak 

Generally high amplitude, 

continuous reflectors 
High 

Syn-

Inversion 
~34 Ma Peak 

Variable amplitude and 

continuity, reflectors 

onlapping inversion structures, 

1
st
 order faults generally do not 

fault stratigraphically higher 

section, interpreted as top of 

syn-rift section 

High 

Syn-Rift 2 ~49 Ma Peak 

Variable amplitude, generally 

low continuity reflectors, 

faulted 

Low – Medium 

Syn-Rift 1 ~80 Ma Peak 

Variable amplitude, generally 

low continuity reflectors, 

faulted 

Low - Medium 

Pre-Rift 1 ~ 96 Ma Peak 

Variable amplitude (generally 

higher than Syn-Rift 1 & 2), 

variable continuity, rotated 

fault blocks, interpreted as top 

of pre-rift section 

Low (Central 

Deep) 

Medium – High 

(Terraces and 

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 tops had 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 platforms and 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 horizons interpreted 
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were given general names as they related to interpreted tectonostratigraphic packages. The Post-

Inversion 1 horizon is an arbitrary horizon within the interpreted post-inversion sediments. The 

Syn-Inversion horizon is interpreted as the transition from post -inversion sediments above and 

syn-inversion sediments below. It should be noted that the term “syn-inversion” in this study 

refers to the earliest onset of inversion within the entire project area; that is to say, the time of the 

oldest / earliest interpreted inversion event in the project area. The Syn-Rift 2 and Syn-Rift 1 

horizons are arbitrary seismic horizons within the interpreted syn-rift package. The Pre-Rift 1 

horizon is interpreted to represent the top of pre-rift rocks (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 study. Additionally, the seafloor 

represents the top of the Post-Inversion 2 package, but as this surface was not interpreted, it is 

not included in Table 4.1. Once the interpretation was completed, the interpreted horizons were 

then compared to the available well tops to approximately correlate them to stratigraphy (Figures 

2.3 and 4.3). 

4.2 Seismic Data Time to Depth Conversion 

In 2013, VicGCS 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 was loaded 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 effectively tie the interval velocity 

model to wells for use throughout the interpreted area. As such, an average velocity model  
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Figure 4.3: 3D window view of structural smoothed seismic line with interpreted horizons and 

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 more appropriate 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 interpretation software. 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 Midland Valley’s Move software for structural 

restoration. Due to the structural nature of the basin, the Syn-Rift 1 and Pre-Rift 1 horizons 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 depth (z) value. This 
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Figure 4.4: Visual representation of the average velocity model used for depth conversion. Cool 

colors are slower velocities and warm colors are higher velocities. Arrow points north. 

proved problematic 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 seismic volume (Figure 4.5). 

Only 42 relatively large faults with approximately 1,000 milliseconds TWT 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).  All 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 the 3D seismic data and the velocity model used for depth conversion. 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 areas beyond interpreted 3D.
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Figure 4.5: 3D oblique view of all (200+) interpreted faults (top) and first order faults (42) used 

for the 3D structural framework model in Petrel (bottom). Arrow points north. 
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Figure 4.6: 3D structural framework zone model with general intersection plane displaying 

interpreted faults and horizons (top). Interpreted Syn-Rift 1 horizon and faults displayed in the 

Petrel 3D structural framework model (bottom). Arrow points north. 
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seismic data. The created 3D structural framework was then exported to Midland Valley’s Move 

software for 2D structural restorations. 

4.4 Structural Model (Move Software) 

 The exported computer files from Petrel were imported in Midland Valley’s Move 

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 throughout the 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 

structural model. Due to the “horseshoe” shaped geographic extent of the 3D model at the 

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 northeastern portion of the 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 interpreting the 2D seismic lines used to create section 6 (Figure 

4.9). 

4.5 Structure Maps 

 A series of structure maps were created that illustrate structural features for each of the 

seismic horizons interpreted in this study and are presented in this section. In the project area, the 

seafloor (top Post-Inversion 2 package) is gently dipping to the east-southeast to the shelf break 

(Figure 4.10). Water depths over the continental shelf are generally less than 500m before 

reaching depths greater than 2,000m beyond the shelf break. The interpreted Post-Inversion 1 

horizon shows influence of underlying anticlines in the north and northwest project area (Figure  
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Figure 4.7: 3D oblique view of the structural model in Midland Valley’s Move software with 

Syn-Rift 3 horizon, faults, and 2D section traces (1, 2, 3, and 6) with projected seismic data used 

for restoration displayed.



31 

 

 

Figure 4.8: Map view of section locations in Move software 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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Figure 4.9: 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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Figure 4.10: Bathymetry (Post-Inversion 2 seismic horizon) structure map (depth). Scale in meters.
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4.11). Two key depressions, or valley-like features can be seen along the northern margin of the 

basin which may have been sediment source areas during Post-Inversion 1 time (~30Ma) 

(Figures 2.3 and 4.11). The Post-Inversion 1 horizon does not show any faulting from first order 

faults. The interpreted Syn-Inversion horizon shows several northeast trending anticlines along 

the northern margin (Figure 4.12). A prominent valley is present along the northern margins 

which may have controlled the development of the valleys observed on the Post-Inversion 1 

seismic horizon. The Syn-Inversion seismic horizon is almost completely unfaulted by first order 

faults. A well-defined depocentre (the Central Deep) is observed on the Syn-Rift 2 seismic 

horizon (Figure 4.13). Anticlines and inversion structures are not as easily distinguished as in the 

Syn-Inversion seismic horizon. Some faulting can be observed in the Syn-Rift 2 seismic horizon, 

particularly along the basin margins. The Syn-Rift 1 horizon more easily shows inversion along 

the northern margin as this horizon has not been significantly eroded allowing better observation 

of the inverted faults. Thousands of meters of inversion can be seen across inverted faults along 

the northern margin (warm colors sharply juxtaposed to cool colors) (Figure 4.14). The Pre-Rift 

1 horizon is the easiest horizon to observe the general basin geometry. Warm colors along the 

northern and southern boundaries show the Northern and Southern platforms respectively 

(Figure 4.15). Cooler colors toward the basin center are the Northern and Southern terraces with 

the coldest colors as the Central Deep. Major fault trends are easily observed on the Pre-Rift 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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Figure 4.11: Post-Inversion 1 seismic horizon structure map (depth). Scale in meters.
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Figure 4.12: Syn-Inversion seismic horizon structure map (depth). Scale in meters.  
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Figure 4.13: Syn-Rift 2 seismic horizon structure map (depth). Scale in meters.  
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Figure 4.14: Syn-Rift 1 structure map (depth). Scale in meters.  
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Figure 4.15: Pre-Rift 1 structure map (depth). Scale in meters.
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CHAPTER 5  

RESTORATIONS 

5.1 Restoration Methods 

 Cross section restoration is a potentially powerful tool for structural analysis. The 

objective of the restoration process is to unfold and 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 restore profiles correctly (Novoa et al., 2000). The method used in this study for restoration 

combines structural and backstripping techniques and consists of three major steps.  

The first step consists of restoring faults and folds (using the proper algorithm available 

in Midland Valley’s Move software). Conceptually, a correct restoration moves points from their 

present position (X,Y) to the position that they occupied before folding and/or faulting (X0,Y0) 

(Novoa et al., 2000). Even though natural deformation is 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, to unfault a section, the “fault parallel flow” algorithm was used (Figure 5.1). This 

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 marked by a dip bisector. 

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 the user. Two principles of the fault parallel flow 

algorithm are 1) the footwall remains undeformed and is not translated, and 2) the line-length of 
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Figure 5.1: Schematic figure of the fault parallel flow algorithm. (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 unfold a section, the “flexural slip” algorithm was used (Figure 5.2). Of the 

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 regional, or template 

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 slip 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 previous description was summarized. 
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Figure 5.2: Schematic figure of flexural slip unfolding algorithm. (Midland Valley Move 

software) 

The second step is decompaction. Decompaction is a technique used to remove the 

progressive effect of rock volume change (loss of porosity) with increasing depth of burial 

through geological time (Allen & Allen, 1990). Decompaction can be achieved applying the 

methods proposed by Sclater and Cristie (1980). This approach is based on the following 

equation: 

f = f0(e
-cy) 

Where: 

 f: is the present-day porosity at depth 

f0: is the porosity at the surface 
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c: is the porosity-depth coefficient (km
-1

) 

y: is depth (m) 

 Using an exponential decay of porosity with depth model, the remaining layers, after the 

uppermost layer has been removed, can be decompacted by moving each layer up the appropriate 

porosity depth curve. Different curves are used for different lithologies. This enables the new 

thickness of the layer and hence depth to base of each layer to be calculated (Williams et. al, 

1997). Due to the lack of a petrophysical database, decompaction was performed in this study 

utilizing the default values in Move, with the exception of elastic thickness (discussed later in 

section 5.2) (Table 5.1). 

Table 5.1: Decompaction algorithm parameters. 

Decompaction Algorithm Parameters 

Initial Porosity 0.56 

Depth Coeffecient 0.39 / km 

Isostatic Relief (Flex Isostacy) 

Load Bulk Density 2,000 kg/m
3
 

Mantle Density 3300 kg/m
3
 

Elastic Thickness 17 km 

Young’s Modulus 70.0 GPa 

Flexural Wavelength 276.9 km 

 

The third step is isostatic adjustment. Isostasy describes the manner in which surface 

topography is compensated by the subsurface mass distribution. In a flexural 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 extent to which the lithosphere can support loads is conveniently 

characterized by the flexural rigidity or, equivalently, the effective elastic thickness of the plate 

(Zuber et al., 1989). Alternatively, in an “Airy” or local isostatic model, compensation is 

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

thickness (Zuber 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 Isostasy 

Flexural isostatic correction was used for restoration as it allowed the parameter of elastic 

thickness (Te) to be input as part of the decompaction algorithm. An elastic thickness of 17km 

was used in the decompaction algorithm (Table 5.1). Previous work by Zuber et al. (1989) 

examined the isostatic compensation of the Australian lithosphere using the coherence of the 

two-dimensional Fourier transforms of Bouguer gravity and topography (Forsyth’s method). 

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 tectonic subregions 

within the continent was determined. The area of the Gippsland Basin is identified as having an 

effective elastic thickness of 17km (Figure 5.3). Additional work by Swain and Kirby, 2006, uses 

a wavelet version of Forsyth’s method for estimating the effective elastic thickness. The location 

of the Gippsland Basin is between the 20km and 10km effective elastic thickness contour 

intervals, closer to the 20km contour produced by Kirby and Swain, (2006) (Figure 5.4). 

Therefore, the effective elastic thickness of 17km identified by Zuber et al. (1989) appears 

reasonable and was used for the restorations in this study. It should be mentioned that previous 

work (Power et al, 2001) used an elastic thickness value of 25km. 



45 

 

 

Figure 5.3: 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 “simple shear” “move on fault” algorithm was considered for use in the restorations, 

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 interpreted faults 

appear to be planar. Both the simple shear and fault parallel flow algorithms use a template
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Figure 5.4: Elastic thickness contour map of Australia. 10km Te contour interval. (Modified from 

Swain and Kirby, 2006). 

object (active), generally a horizon in the hangingwall, to be unfaulted with passive objects (all 

other objects in the hangingwall) selected to be unfaulted with respect to the template object 

(Figure 5.5). The fault parallel flow algorithm 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 process (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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Figure 5.5: Schematic figure 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 unfolding to flat datum (C). 

No scale. 
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topography and unfolding to a flat datum is surely not an accurate representation of the true 

sequence of deformation.  

5.2.3 Unfolding Algorithm 

The goal of unfolding during the restoration process in this study is to return the 

interpreted seismic horizons to a horizontal state prior to deformation. The “line length” 

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 preserve line length and area, the simple shear 

unfolding algorithm could not be used as line length and therefore area is not preserved. Several 

other unfolding algorithms exist within the Move software, such as “trishear” and “detachment 

fold”, but for the purposes of unfolding described above, these 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 deck of playing cards. Each card in the deck slips 

along the others when folded. The main concern with using this algorithm 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 present at all (Figure 

5.5). Despite these shortcomings, 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 uniform, and a vertical 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 will affect the 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 faults. Inaccurate 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 may have occurred, 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 to the Earth’s surface and is independent of 

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 reference. 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). A previous study by Weber et al. 

(2004) uses apatite fission track thermochronology based on data from over 400 previous studies 

compiled by the Fission Track Research Group at the University of Melbourne to constrain the 

timing, magnitude, and distribution of uplift and denudation (onshore) and therefore sediment 

supply to the Gippsland Basin (offshore). 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 with more sediment deposited in the basin than 

is accounted for from denudation from the study area alone (Table 5.2).  

Table 5.2: Estimated volume of deposited material in the Gippsland Basin and eroded material 

from Australian hinterlands. (Reproduced from Weber et al., 2004) 

 

The Emperor and Golden Beach Subgroups are estimated to have approximately 26,000 

km
3 

denuded, but only 10,000-15,000 km
3 

deposited in the basin (Table 5.2). This leaves 

approximately 11,000-16,000 km
3 

appearing 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 1.2-1.8 km thickness of section is missing from the 

<9,000 km
2
 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 of hinterland material 

elsewhere, reasonable areal distribution of sediment, and range in thickness of potential missing 

section, no adjustment for large scale erosion was accounted for in the restorations performed in 

this study. 
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5.2.5 Detachment Model 

 Wilcox et al. (1992) present results of a seismic (12-14 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 proposes a sub-horizontal basin forming 

detachment surface between 6-10 seconds TWT, or 12-16 km depth, throughout most areas of 

the basin (Figure 5.6), as well as the neighboring Bass Basin to the south. This detachment level 

is significantly shallower (approximately 2 seconds TWT) on the northern margin of the basin, 

where it dips steeply to the south-southwest. The model also proposes that the southern basin 

forming faults are listric, which extend down to the basin forming detachment while northern 

basin faults may be listric or planar. A conceptual model for the development of the Gippsland 

Basin by means of slip on the sidewalls and major basin forming detachments is also presented 

(Figure 5.7). 

 

Figure 5.6: Interpreted seismic data showing basin forming detachment, highlighted with dashed 

line, between approximately 2-6 seconds TWT. (Modified from Wilcox et al., 1992) 
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Figure 5.7: Conceptual model for the development of the Gippsland Basin. (Reproduced from 

Wilcox et al., 1992) 

The 3D seismic data interpreted in this study only reach a depth 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 listric, and 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 reasons. 

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

tested during cross section restorations. A shallow, south-southwest dipping detachment was 
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added to interpreted cross sections at the shallowest reasonable depth (12 km in the 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 the detachment model cross sections yielded no significant difference at the depths of 

available seismic data to the model without a basin forming detachment. Additionally, Section 1, 

the westernmost section to be restored, could not reasonably accommodate such a detachment at 

a similar depth due to the interpreted fault geometries in this section. It should be noted that the 

conceptual model (Figure 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 basin east of Section 1. 

5.3 Restorations 

Each section was restored with between 18 and 35 individual steps. Presented here are 

the restored (unfaulted and unfolded when necessary) geometries of each interpreted seismic 

horizon. Each cross section is presented with an uninterpreted 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 viewing. Although the restoration process is carried 

out backwards through 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 1 is presented as Figure 5.8. The 

evolution begins (Figure 5.9, A) with the interpreted Pre-Rift 1 seismic horizon undeformed 

prior to the onset of rifting. The initial length of the section is approximately 43.6 km. Rifting 

commences (Figure 5.9, B) with approximately 7.7% extension and the deposition of the 

interpreted Syn-Rift 1 package and continues with an additional approximately 1.3% extension
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Figure 5.8: Section 1 seismic image (top) and interpreted seismic image (bottom). 
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Figure 5.9: 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 interpreted Syn-Rift 2 package. At the northern end of 

Section 1, the Syn-Rift 1 and Syn-Rift 2 packages thicken to the north. It is interpreted that a 

south dipping normal fault is present off the section to the north, with the Syn-Rift 1 and Syn-

Rift 2 packages behaving as growth strata in the hangingwall of the presumed fault. The Syn-Rift 

2 package also thickens to the south from the basin center. It is therefore interpreted that 

extensional deformation increased stepping to the south from the basin center during the 

deposition of the interpreted Syn-Rift 2 package. An additional 1.20% extension follows (Figure 

5.9, D) with the deposition of the interpreted Syn-Inversion package. It is interesting that in this 

cross section, rifting appears to continue to the end of the Syn-Inversion deposition time. As 

previously mentioned, the term syn-inversion 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 5.3.3. Therefore, in Section 1, the interpreted Syn-Inversion 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 

Section 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 all accommodation 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 actual syn-rift deposits, 

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

or improperly distributed. It is possible that the syn-rift sediments did not fill all the available 

accommodation space. If this is true, earlier rift phases would have a higher percentage of the 

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 section has a fairly uniform thickness above the 

thickening Syn-Rift 1 and Syn-Rift 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 this is the case, it is likely that the interpreted Syn-Inversion package was 

simply filling accommodation in the basin as it was deposited without extension during 

deposition. Faults do extend through the Syn-Inversion package in the Southern Terrace though 

the throw is relatively small (~50m). Interpretation of the seismic data shows inversion of the 

Syn-Rift 1, Syn-Rift 2, and Syn-Inversion packages along the northern margin of the rift (Figure 

5.9, E) forming an anticline. This anticline appears to be a result of inversion of the presumed 

fault located off the section to the north. In this instance, the interpreted Syn-Inversion package 

is folded during the inversion event on the presumed fault, which means that this inversion is the 

youngest observed in the project area. The interpreted Post-Inversion 1 package shows seismic 

reflectors onlapping the inversion structure (Figure 5.10). It is therefore interpreted that inversion 

must have occurred after the deposition of the Syn-Inversion package and ended prior to the 

deposition of the interpreted Post-Inversion 1 package (Figure 5.9, E) followed by the Post-

Inversion 2 package deposition to the present-day seafloor (Figure 5.9, F). The net extension 

calculated restoring this section is 10.45%, and the maximum extension 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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.  

Figure 5.10: Section 1 inversion anticline (top Syn-Inversion package) showing onlapping 

seismic reflectors. 3x vertical exaggeration. 

5.3.2 Section 2 

Uninterpreted and interpreted seismic data for Section 2 is presented as Figure 5.11. The 

restoration begins with the interpreted Pre-Rift 1 seismic horizon undeformed prior to the onset 

of rifting (Figure 5.12, A). The initial length of the section is 81.4 km. Rifting commences 

(Figure 5.12, B) with approximately 2.7% extension and the deposition of the interpreted Syn-

Rift 1 package. Rifting continues with approximately 2.9% extension (Figure 5.12, C) and the 

deposition of the interpreted Syn-Rift 2 package. A significant amount of erosion is interpreted 
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Figure 5.11: Section 2 seismic image (top) and interpreted seismic image (bottom).
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Figure 5.12: Section 2 restoration. No vertical exaggeration. Maximum extension = 5.61%.                            

Maximum compression = 1.50%. Net Extension = 4.06%.
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for this section. Therefore, it was necessary to estimate the amount of missing section and 

incorporate these estimates into the restoration process. For this section, the minimum amount of 

erosion was estimated by removing all effects of inversion by restoring inversion of the 

interpreted Syn-Rift 1 package and modelling the eroded section by filling accommodation 

(dashed line, Figure 5.12, C) above the top Syn-Rift 2 package. After estimating the minimum 

eroded Syn-Rift 2 sediment, the interpreted Syn-Rift 1 package was restored to the present-day 

geometry allowing the inverted Syn-Rift 2 package geometry to be visualized (Figure 5.12, D). 

This process allows for the 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 as it grew with 

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 Syn-Rift 2 package (Figure 5.12, E-H). The 

interpreted Syn-Inversion package is deposited (Figure 5.12, F) and thins to the north over the 

northernmost inverted structure (Syn-Rift 2 package) with subtle onlapping seismic reflectors 

(Figure 5.13). The Syn-Inversion package also has subtle anticline growth with onlapping 

seismic reflectors more easily observed with vertical exaggeration (Figure 5.13). Early stages of 

inversion resulted in the inversion of the interpreted Syn-Rift 2 package (Figure 5.12, D) and 

later stages of inversion resulted in the subtle anticline growth of the Syn-Inversion package 

(Figure 5.12, G, and Figure 5.13). As in Section 1, there is similarly minor normal faulting of the 

interpreted Syn-Inversion package. Following inversion, the interpreted Post-Inversion 1 (Figure 

5.12, G) and Post-Inversion 2 packages are deposited (Figure 5.12, H). The net extension 

calculated restoring this section is 4.06% and the maximum extension calculated is 5.61%. The 

maximum calculated extension is a minimum calculation of the maximum amount of extension 
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Figure 5.13: Section 2 inversion anticline (Syn-Inversion package) showing onlapping seismic 

reflectors. 4x vertical exaggeration. 

prior to compression and inversion. Additional normal faulting of the interpreted Syn-Rift 1 

package when estimating the minimum amount of eroded Syn-Rift 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 Figure 5.14. The 

restoration begins with the interpreted Pre-Rift 1 seismic horizon undeformed prior to the onset 

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

commences (Figure 5.15, B) with approximately 3.2% extension and the deposition of the 
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Figure 5.14: Section 3 seismic image (top) and interpreted seismic image (bottom). 
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Figure 5.15: Section 3 restoration. No vertical exaggeration. Maximum extension = 5.00%.                                    

Maximum compression = 6.89%. Net compression = 1.76%. 

interpreted Syn-Rift 1 package. Rifting continues with an additional approximately 1.8% 

extension and the deposition of the interpreted Syn-Rift 2 package (Figure 5.15, C). As with the 

restoration of Section 2, eroded Syn-Rift 2 sediment had to be estimated by removing the effects 
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of inversion by restoring the interpreted Syn-Rift 1 horizon and filling accommodation (dashed 

line, Figure 5.15, C) before restoring the Syn-Rift 1 horizon to the present-day geometry to show 

the inverted Syn-Rift 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 that the eroded 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 Syn-Rift 2 package (Figure 5.15, E-H). The interpreted Syn-Inversion 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 of the interpreted Syn-Inversion 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 seismic 

interpretation alone. As in Sections 1 and 2, there is similarly minor normal faulting of the 

interpreted Syn-Inversion package. Following inversion, a period of erosion begins with a 

channel eroding through the Syn-Inversion package and into the Syn-Rift 2 package followed by 

the deposition of the Post-Inversion 1 package (Figure 5.15, G). The interpreted Post-Inversion 2 

package is deposited (Figure 5.15, H) to the present-day seafloor. The net extension calculated 

restoring this section is -1.76%, more appropriately described as 1.76% net compression, and the 

maximum extension calculated is 5.00%. The maximum calculated extension is again a 

minimum calculation of the maximum amount of extension prior to compression and inversion. 

Additional normal faulting of the interpreted Syn-Rift 1 package when estimating the minimum 

amount of eroded Syn-Rift 2 sediment (Figure 5.15, C) would result in a greater amount of 

calculated extension prior to compression.
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Figure 5.16: Section 3 inverted fault blocks. 3x vertical exaggeration. 

5.3.4 Section 6 

The restoration begins with the interpreted Pre-Rift 1 seismic horizon undeformed prior 

to the onset of rifting (Figure 5.17, A). The initial length of the section is approximately 73.4 km. 

Rifting commences (Figure 5.17, B) with approximately 8.8% extension and the deposition of 

the interpreted Syn-Rift 1 package. Rifting continues with an additional approximately 0.5% 

extension and the deposition of the interpreted Syn-Rift 2 package (Figure 5.17, C). The 

thickness of the Syn-Rift 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 confidence was low in that area. A minor amount of extension (0.07%) 

continues with the deposition of the third syn-rift package (Figure 5.17, D). In this cross section, 
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Figure 5.17: Section 6 restoration. No vertical exaggeration. Maximum extension = 9.38%. 

as in Section 1, rifting appears to continue to the end of the Syn-Inversion deposition time. The 

apparent extension is likely a result of the reverse modelling process of the restoration previously 

discussed in section 5.3.1. It is probable that the interpreted Syn-Inversion 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 of the Syn-Inversion package before the 

deposition of the interpreted Post-Inversion 1 package (Figure 5.17, E). Another period of 
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erosion appears to follow prior to the deposition of the Post-Inversion 2 package to the present-

day seafloor (Figure 5.17, F). The net extension calculated restoring this section is 9.38%. 
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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 presented in this thesis covers a wide variety 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 tectonostratigraphic evolution of the Gippsland Basin. Seismic interpretation 

and kinematic restoration of cross sections has been the key in this study to developing an 

understanding of the basin’s evolution. Several tectonostratigraphically important seismic 

horizons 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 the basin, 4 cross sections were chosen for 

restoration. 

 The restorations presented in this study illustrate a significant anomaly in that the amount 

of measured extension from cross section restoration (5.0-10.5%) appears too low for the 

accumulated thickness (>10km) of sediment present in the basin. This discrepancy is discussed at 

length later in this chapter. There is also an approximately 26-31% measured extension 



70 

 

discrepancy from the previous work by Power et al. (2001) to that measured in this study, which 

is discussed in greater 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% extension by Power et al. (2001) using a similar approach to this study 

involving 2D seismic interpretation, model building, and restoration of one cross section. 

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

 One major 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 allowed for a more 

intensive and robust interpretation. Power et al. (2001) used a variety of computational methods 

and compilation maps to “infill” data between regional 2D seismic lines to generate a 3D 

structural basin model. 

 The location and length of the cross section restored by Power et al. (2001) may also 

contribute to the difference in calculated extension. The location of the cross section restored by 

Power et al. (2001) (Figure 6.1) is closest to Section 2 (Figure 4.8) presented in this study. 

Section 2 presented in this study has a length of 84,702m (Figure 5.12) whereas the cross section 

restored by Power et al. (2001) is 107km (Figure 6.2). Given that these two cross sections are 

relatively close in location, there may be additional evidence for extension in the section restored 

by Power et al. (2001), which is not within Section 2 presented in this study. Also of note is the 

lack of inversion structures interpreted in the cross section by Power et al. (2001) (Figure 6.2) as 
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compared to Section 2 in this study (Figure 5.12). The seismic data and cross section interpreted 

and restored by Power et al. (2001) is imaged to a depth of approximately 9 seconds TWT 

(Figure 6.3) compared to 6 seconds TWT for the seismic data interpreted in this study. With the 
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Figure 6.1: Approximate location of Section 2 (dashed line) relative to the cross section restored by Power et al. (2001) (solid line). 

(Modified from Power et al., 2001)
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Figure 6.2: Cross section restoration from Power et al. (2001). (From Power et al., 2001)



74 

 

 

Figure 6.3: Interpreted seismic image restored by Power et al. (2001), see Figure 6.2. (From 

Power et al., 2001) 

shallower available seismic data interpreted in this study, it is possible that the interpreted Pre-

Rift 1 seismic horizon, which represents the top of pre-rift rocks is interpreted too high. If this is 

the case and pre-rift rocks do lie deeper than 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 pre-rift rock at approximately 14km depth in the rift center (Figure 6.2) whereas in this study, 

in Section 2, pre-rift rocks are interpreted at approximately 8km depth in 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 a detachment fault which is also used in their restoration (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 detachment should 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 algorithms (discussed in Chapter 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 burial. To examine this question, an 

image of the restoration by Power et al. (2001) (Figure 6.2) was imported into Midland Valley’s 

Move software to make approximate measurements of the geologic package thicknesses through 

the restoration steps. Based on these approximate 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 discrepancy in 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 

underlying 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 image scaling and 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). 

6.1.3 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 basement subsidence 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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negligible (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 using fractal scaling relationships 

that quantify scale-invariant 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 extension due to 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 

discrepancies 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 accurate estimate of 

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 term ductile can 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 than 20-30m at depths greater than 2km (Walsh 

and Watterson, 1992).  

 Walsh and Watterson (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 2,000 years 

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 measureable (Walsh and 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 (1992) for 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 

relative to larger faults varies with the slope (E) of the ancient, “dead”, fault population curve 

(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 coalfield and oilfield datasets range 

from 1.6-2.0. 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 between 30m and 2,000m (Walsh and Watterson, 

1992). Similarly, the sum of maximum displacements on faults between 100-1000m maximum 

displacement is approximately 18 times greater than that on faults between 1,000-2,000m (Walsh 

and Watterson, 1992). These values do not, 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 ranges is shown in Table 6.1 for a 

dead 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 to seismic faulting (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 populations with E values 
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Table 6.1: 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 

and Watterton, 1992) 

 

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 Watterson, 1992). 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 indicated by 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 accommodate a portion 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, 1992). In a lithologically uniform crust, the amount 

of extension accommodated by seismic faulting will decrease with depth. The brittle-ductile 

transition effectively spans much of the crustal thickness. Observed rates of release of seismic 

moment are therefore derived 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 spanning the Viking Graben 

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 displacement populations from the regional seismic 

profiles, oilfield maps, and core data were consistent with a single power-law relationship over 

six orders of magnitude of fault displacement. The exponent (slope of the data distribution) of 

this power-law relationship is more negative than -0.7 and may approach -0.9 (Walsh et al., 

1991). Treating core and seismic data as one population, the slope was found to be about -0.8. 

Figure 6.4 shows the 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 corresponds to a proportion of extension 

observed between approximately 30-70% (average of 50%) using the -0.9 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 for 30-70% of the total extension or 50% of the total 

extension on average. 

6.1.4 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 rapid stretching of the lithosphere producing 

thinning and upwelling of hot asthenosphere (initial subsidence, Si). This stage is associated with 

block faulting and subsidence. Then the lithosphere thickens by heat conduction to the surface, 

and further slow subsidence not associated with faulting occurs as a result of cooling of the lower 
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Figure 6.4: Proportion of fault related extension seen on regional scale profiles as a function of 

minimum fault heave included 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 

continues 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 30-70% of the total extension, or 50% on average. (Modified from Walsh et al., 

1991) 

part of the lithosphere (thermal subsidence, St) (McKenzie, 1978). A simple schematic of the 

model is provided as Figure 6.5. Most basins with basement of continental crust contain large 

thicknesses of sediment and it is this thickness of sediment which 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 subsidence history of a basin by modelling the progressive 
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Figure 6.5: Simple sketch illustrating principal features of the McKenzie (1978) subsidence 

model. At time t=0, thermally equilibrated continental lithosphere 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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reversal of the depositional process (Roberts et al., 1998). In extensional basins, backstripping 

can be used to determine the magnitude of lithosphere stretching from the rate of post-rift 

subsidence. Backstripping consists of removing units of stratigraphy from top downwards while 

making corrections for sediment compaction (decompaction) in response to burial and for 

subsidence arising from the isostatic response to sediment loading. In extensional basins, 

subsidence histories produced by backstripping are usually interpreted in terms of the 

lithospheric stretching model of McKenzie (1978) (Roberts et al., 1998). One dimensional 

backstripping based on the restorations completed in this study was performed and the resulting 

tectonic subsidence curves were compared to those calculated by McKenzie (1978) (Figure 6.6). 

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

Midland Valley’s Move software (see Chapter 5.1). An assumption of 200m water depth was 

used in the backstripping process and changes in eustatic sea level were ignored.  

 The tectonic subsidence curves approximately coincide with a stretching factor (β) of 1.5 

to 1.7 (Figure 6.6). These stretching factors equate to 50-70% extension, significantly more than 

the approximately 5-10% (β = 1.05-1.10) calculated 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 crustal stretching. 

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 values were plotted 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 extension. Once again, this is additional evidence that fault 
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Figure 6.6: Tectonic subsidence curves calculated from backstripping overlain onto stretching 

factor (β) curves calculated by McKenzie (1978) using 31.2 km crustal thickness and 125km 

lithosphere thickness.
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Figure 6.7: Subsidence as a function of time (√t). Sediment thickness calculated from 

restorations compared to stretching factor (β) curves calculated by McKenzie (1978). (Modifed 

from McKenzie, 1978) 

controlled extension measured from the restorations has underestimated the actual amount of 

regional extension. 

6.1.5 Extensional Models 

 There is widespread acceptance of the lithospheric stretching model proposed 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 model of McKenzie (1978) (Figures 6.5 and 6.8, 
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Figure 6.8: Three models for continental extension. (From Lister et al., 1986) 

A) does not, however, predict the wide variation in gross continental margin architecture. There 

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 development, and therefore, symmetrical extension 

models may have limited applicability. Extensional models based on detachment faults or 

shallow dipping crustal shear zones by Wernicke (1982) may be more useful in explaining this 

structural asymmetry. Wernicke suggested that detachment faults represent low-angle normal 
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faults that cut through the entire lithosphere (Figure 6.8, B). Symmetric pure-shear models 

assume that the detachment faults represents the brittle-ductile transition of the lithosphere 

(Lister et al., 1986). An alternative separation geometry involves the delamination of the 

lithosphere with the detachment zone running horizontally below the brittle-ductile transition, 

steepening, and then running again horizontally at the crust-mantle boundary (Lister et al., 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 crust is “dragged” out from underneath 

the fracturing and extending upper crust. As extension 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 

asymmetry 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 upper-plate and lower-plate margins. Upper-plate margins comprise of rocks 

initially above the detachment fault. Lower-plate 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 lower-plate margins is generally highly structured with 

rotational normal faults, tilt blocks, and half-graben typical of the so called rift phase of passive 

margin development. By comparison, the upper-plate margin is relatively simple with generally 

only weakly rotational 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 bowed-up lower plate 

because this is where the crust is thinnest. This explains a feature of passive margins in that the 

locus of final continental breakup frequently does not coincide with the rift basins, but instead 
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Figure 6.9: Detachment fault model of passive continental margins with lower-plate or upper-

plate characteristics. Lower-plate margin has complex structures; tilt blocks are remnants from 

upper plate, above bowed-up detachment faults. Multiple detachment faults have led to two 

generations of tilt blocks. Upper-plate margin is relatively unstructured. (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 lower-plate culmination where the crust is thinnest (Lister et al., 1986). Breakup near this 

culmination separates the margins into dominantly upper-plate and lower-plate types. Breakup 

significantly located to either side of this location will produce margin pairs with both upper and 

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/lower-plate structures. Major normal faults in 

extensional terrains commonly terminate at orthogonal strike-slip faults 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 segments. In these 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 geometry (Lister 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 upper-plate to a lower-

plate margin, or vice-versa, and will exhibit recti-linear variations in architecture (Figure 6.10). 

Transfer faults are important in accommodating oblique extension and result because both high 

and low-angle normal faults nucleate at different places along strike and mismatches between 

different fault blocks must be accommodated (Lister et al., 1986). 

 

Figure 6.10: 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 exhibiting this dip reversal are less than 5km apart, yet the dip reversal occurs in a 
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Figure 6.11: Seismic images showing dip reversal across transfer fault. Inlines less than 5km 

apart. 
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shorter distance. Due to seismic data quality, inlines 4525 and 4621 were chosen to more easily 

illustrate this phenomenon in Figure 6.11. This scenario appears very similar to the adjacent, 

oppositely tilted half-graben across a transfer fault shown in Figure 6.10 and is perhaps evidence 

for a change from upper to lower-plate characteristic structures along the length of the basin. 

Kusznir and Egan (1991) proposed a coupled simple-shear/pure-shear model to apply to 

extensional basins. In this model, upper lithosphere brittle faulting deformation is assumed to 

give way to plastic distributed deformation (pure shear) at 20km depth. It is this pure-shear 

deformation beneath the brittle-ductile transition that thins the lower crust, elevates the 

asthenosphere/lithosphere boundary, and perturbs the lithosphere temperature field (Kusnir and 

Egan, 1991). The previously discussed models by McKenzie (1978) and Wernicke (1985) 

represent end members of this coupled simple-shear/pure-shear model. A self-supporting flexural 

cantilever extensional model was developed by Kusznir and Egan (1991) for lithosphere 

extension on planar faults based on seismic reflection data and earthquake seismology that 

showed many major basement faults controlling continental lithosphere extension are planar 

rather than listric in the brittle seismogenic layer (Kusnir and Egan, 1991). The flexural (elastic) 

bending of the footwalls and hangingwalls on the internal fault blocks constructively and 

destructively interfere to produce the familiar “domino style” block rotations of multiple fault 

systems (Figure 6.12). Flexural response of these cantilevers to the isostatic forces produced by 

extension generate footwall uplift and hangingwall collapse. This model is better able to predict 

the subsidence histories and structural geometries than the previously discussed models by 

McKenzie (1978) and Wernicke (1985).
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Figure 6.12: Coupled pure-shear/simple-shear model by Kusznir and Egan (1991) applied to 

planar fault controlled basins. Tilted fault blocks exemplify the typical “domino style” fault 

block rotation. (From Kusznir and Egan, 1991) 

6.1.6 Unrecognized Extension 

 The previous discussions of using fault populations and subsidence to estimate the 

amount of extension a rift basin has undergone, and how the basin geometry may relate to certain 

extensional models fails to address a key issue when estimating the amount of extension; the 

interpreter. If the interpreter is dramatically underestimating the amount of extension, they must 

somehow be underestimating the amount of fault heave (Reston, 2009). The correct 

identification of fault heave depends on the identification of a continuous pre-rift marker horizon 

on both sides of a fault. This is generally the pre-extension top of the crust, typically a pre-rift 

sequence, although in terrains that were originally above sea level before rifting, the pre-rift crust 

may consist entirely of basement rocks. On seismic data however, any sub-crop of top basement 

beneath the post-rift or syn-rift and the top of the pre-rift crust cannot be distinguished unless a 

true pre-rift sequence is identifiable. Identification of a true pre-rift sequence is problematic as 

the main criteria are continuity, close to parallel bedding, and shallow water deposition (Reston, 
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2009). The danger is that any mostly continuous unit offset by only minor faulting may be 

interpreted as pre-rift even if it was deposited after considerable amounts of extension. Units 

deposited during the thermal subsidence (post-rift) to an early phase of rifting would exhibit all 

the characteristics of a deposition during a thermal subsidence phase prior to a later phase of 

faulting (Reston, 2009). Thickness variations might indicate that the sequence is not truly pre-rift 

although downward-thickening units will become more constant in thickness as the deeper parts 

of the sequence undergo greater compaction. This effect is exacerbated by the tendency to work 

with time sections (as were used for interpretation in this study) whereby downward-increasing 

compaction results in downward-increasing seismic velocity, and hence downward-decreasing 

interval times for a given thickness (Reston, 2009). Original syn-rift wedges are also likely 

difficult to recognize if the margin is subsequently extended along a new array of faults. A 

classic example of this is the Triassic rift beneath the western flank of the north Viking Graben 

where the Late Triassic formations show gentle thickening consistent with deposition in a 

thermal subsidence basin, but convincing evidence has been presented that these were syn-rift 

sediments deposited in half-graben bound by faults dipping in approximately the opposite 

direction to the later Jurassic faults (Reston, 2009). In other settings more poorly controlled by 

well data and dense seismic coverage, the early syn-rift sequences might be interpreted as true 

pre-rift and used to calibrate the entire extension and thinning of the crust. Another problem is 

that the interpretation is often steered not by what can be seen, but by what the interpreter 

expects to see. 

 In the simplest model in which fault blocks remain little deformed internally, extension is 

accommodated by both slip between the fault blocks and the rotation of the fault blocks. As a 

result, the faults also rotate to a lower angle, remaining active due to the loss of cohesion along 
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the fault and possible through the development of weak fault rocks such as clay-rich fault gouge 

(Reston, 2009). At angles below approximately 30
○ 

reached after approximately 100% extension 

(β = 2), even weak faults should lock up causing the extensional system to lock up. Further 

extension then requires the development of new faults either cutting across the original structures 

or shifting the locus of extension (Figure 6.13) (Reston, 2009). Such polyphase faulting has been 

described in several locations on land, but as highly extended terrains should be under water (at 

rifted margins) their geometries are not familiar to many interpreters (Reston, 2009). The 

simplest domino model in which the second generation of faults dip in the same direction as the 

first generation predicts that as polyphase faulting develops; 1) old fault segments isolated within 

the basement may become increasingly hard to recognize, 2) local deep basins may develop 

bounded by steep-sided highs that may be starved of external sediment, but may collect the 

products of mass wasting of highly fractured basement blocks and exposed early syn-rift 

sediments, 3) faulted exposures of syn-rift sediments are likely to be subjected to reworking and 

mass wasting leading to the partial destruction of early syn-rift geometries, 4) old faults continue 

to dip in the same direction, but at even lower angles until approximately 300% extension (β = 3) 

where a combination of the old and new faults might be interpreted as a single phase of faulting 

(partly convex-up and concave-up) dipping at approximately 20
○
, 5) at higher stretching factors, 

old faults rotate to low angles and even dip opposite to the direction of transport, 6) there are 

steep top basement surfaces and earliest syn-rift sediments, both of which are likely to be poorly 

imaged, 7) there is preferential reworking of the thicker portions of the syn-rift sediment wedges 

which are likely to occur in the footwall of the new faults, and 8) true pre-rift sequences are 

widely scattered across the margin (Reston, 2009). Especially when the effects of mass wasting, 

which both remove the tops of fault blocks and fill the intervening basin, are included, the result 
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Figure 6.13: Illustration of the complex fault geometries predicted by polyphase faulting. A) 

25% extension, deposition in half-graben. B) 100% extension, original faults lock up, new faults 

form. C) 160% extension, early geometries dismembered by later faults, mass wasting. D) 300% 

extension, second phase faults now rotated to ~30
○
 and lock up to be replaced by third generation 

of faults. E) Same as D) except fault block geometry is steeper than 30
○
 (basement) or 15

○
 (syn-

rift removed to simulate mass wasting, only latest faults and blocks recognizable. F) 330% 

extension, only most recent fault blocks identified giving the incorrect interpretation (G) which 

vastly underestimates extension (H). (From Reston, 2009)
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is a section where the extension simply cannot be estimated accurately. Measuring the geometry 

of the apparent fault blocks after 330% extension (β = 4.3) yields an estimate of only 10% 

extension (β = 1.1), an enormous discrepancy (Figure 6.13) (Reston, 2009). The implication is 

that at large scales of extension, most of the fault controlled extension will not be recognized on 

seismic data. This example is not presented as to suggest such a gross underestimation of the 

extension estimated in this study, but to highlight the importance of an accurate interpretation, 

particularly of the pre-rift marker in assuring an accurate estimate of extension. As previously 

discussed in Chapter 6.1.2, there is a possibility that the Pre-Rift 1 seismic horizon is not 

accurately interpreted and may contribute to any potential underestimate of extension. 

6.2 Conclusions 

 The main conclusions of this study are: 

1) Calculated minimum extension values for the Gippsland Basin based on 2D section 

restoration ranges from 5% to 10.48% (Chapter 5.3). 

2) The calculated extension from section restorations likely underestimates the true extension, 

and may only account for 30-70%, or 50% on average, of the true extension based on the average 

minimum fault heave in the restored cross sections (Chapter 6.1.3). 

3) Subsidence modelling and backstripping estimates a stretching factor between approximately 

1.5-1.9 (~1.5< β < ~1.9), or 50-90% extension (Chapter 6.1.4). 

4) Accurate interpretation of the top pre-rift is crucial to correctly estimate extension, which may 

be a source of error in the extension estimates in this study (Chapters 6.1.2 and 6.1.6). 
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5) Extension estimates could be increased by reinterpreting the Pre-Rift 1 seismic horizon at a 

greater depth and increasing the amount of eroded syn-rift sediment in the restoration process 

(Chapters 5.3 and 6.1.2). 

5) Several hundred meters of the interpreted syn-rift sediments have been eroded as a result of 

inversion along the northern margin of the Gippsland Basin (Chapters 5.3.2 and 5.3.3). 

6) The interpreted Syn-Inversion 1 horizon suggests that inversion deformation stepped to the 

west through time along the inverted northern margin of the Gippsland Basin (Chapter 5.3). 

7) The pure-shear model proposed by McKenzie (1978) does not adequately explain the 

subsidence history of the Gippsland Basin (Chapter 6.1.4). The simple shear and flexural 

cantilever models may better account for various structural observations in the basin, though it is 

unlikely that any one model completely accounts for all structural characteristics observed. 

8) Upper-plate and lower-plate structural characteristics may exist at different locations along the 

length of the basin across transfer faults. This implies that multiple detachment faults may have 

contributed to the development of the basin and that the previous detachment fault model for the 

Gippsland Basin may be oversimplified (Chapters 5.2.5 and 6.1.5). This has implications 

regarding accommodation space and thermal variability across the basin which in turn may affect 

reservoir type/quality and thermal maturation. 

6.3 Recommendations for Future Work 

 Through carrying out this study, it was realized that several aspects could be strengthened 

to more accurately understand the evolution of the Gippsland Basin. The following suggestions 

are recommended for future work to bolster this study. 
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1) Interpretation of deeper seismic data may lead to a more accurate interpretation of the top pre-

rift. The study area is covered with several 2D seismic surveys that may be useful in a more 

accurate interpretation of the top pre-rift.  

2) Additional well and paleontological data from the Central Deep would be useful in 

constraining the interpretation across the basin. 

3) Additional apatite fission track data could prove beneficial for understanding burial and 

denudation histories throughout the basin and lead to an improved interpretation and restoration. 

4) Backstripping of available well data would result in a more robust subsidence history and 

could better constrain stretching factors. 

5) Fault population analysis specific to the Gippsland Basin would better constrain the 

proportion of extension observed on seismic data. 

6) The conclusions of this study with the previous recommendations above would be useful in 

hydrocarbon maturation and petroleum systems modelling. 
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