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ABSTRACT   

 

The Timor foreland basin, as a young, under-filled foreland basin seated on the NW margin of 

Australia, formed in the Neogene as a result of the subduction-collision between Northwest 

Australia and the Banda Arc. It provides us a great opportunity to investigate flexural extensional 

structures in the early-stage foreland development. Based on detailed seismic interpretation and 

fault analysis using 2D/3D seismic data, this thesis shows that the timing of flexural normal 

faulting on the foredeep part of the basin is from late Miocene to present, which is generally 

consistent with the development of Timor orogenic belt. Using a new normal fault classification 

scheme proposed in this study, fault throw profiles indicate that the Neogene normal faults 

contain three basic components: newly formed fault, Jurassic fault reactivation, and growth fault. 

Results show that the Neogene faults usually initiate in the Miocene carbonate sections, while 

the shaly section in Eocene and Oligocene strata act as a propagation barrier zone. Three key 

factors are identified for controlling the distribution, propagation pattern, and linkage pattern of 

Neogene normal faults: 1) pre-existing Jurassic faults, 2) mechanical stratigraphy of post-rift 

strata, and 3) extension obliquity. These three factors can also be used to better understand the 

hourglass structures observed in the basin. This study also provides important insights on the 

flexural stresses, tectonic districting scheme, and 4D concept of foreland basin.  

 

Within the foredeep part of the Timor foreland, I documented a geological phenomenon from 

Vulcan Sub-basin in NW Australia of a salt diapir reactivated in an oblique extensional system. 

This is arguably the first well-documented natural example that combines salt diapir reactivation 

and oblique extension. With a detailed analysis of the normal fault system, I characterized the 

oblique extensional system and investigated how the pre-existing structural fabrics and salt diapir 

controlled deformation and interacted under oblique extension. After comparison with forward 

modelling results and using constraints from geological evidence, our fault strike analysis 

indicates that Neogene flexural extension orientation in the oblique extensional system is around 

347°, revealing a perpendicular relationship between extension direction and fault strikes from 

the inner deformation zone. The salt diapir, reactivated during Neogene extension, strongly 

influences local structure in the oblique extensional system by altering fault strikes, stepping 
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patterns, fault zone width and fault density, leaving two less-deformed areas near the salt diapir 

as structural highs. These structures indicate a “stress/strain concentration” effect of salt diapir in 

extension due to its extremely low strength.  

 

To further investigate the kinematics and mechanisms behind the deformation observed in 

nature, I also used scaled physical modeling techniques to simulate the evolution of salt diapir 

reactivation in an oblique extensional system. Eight models were divided into two groups based 

on the different diapir setups: 1) isolated diapir; 2) diapir with base source layer. Research results 

show that the diapirs in both cases, i.e. with or without source layer, all reveal deformation 

concentration effect during extension, including strain accumulation along near-diapir faults, 

fault strike deflection, and deformation zone width narrowing, along with less-deformed 

structural highs near the diapir. Different diapir roof subsidence histories from the two cases 

demonstrate the presence of source layer plays a major factor in controlling the diapir’s 

subsidence behavior during the diapir reactivation under extension. As I observe in the natural 

example, that the diapir roof strata are higher than the surrounding graben areas, our modeling 

results demonstrate that the Swan salt diapir in Vulcan Sub-basin had an open feeder connected 

to a deeper salt layer in Neogene time, instead of being an isolated diapir during the extension.  

 

The results of this study provide geoscientists or explorationists another perspective to explore 

new territories or revisit existing petroleum-bearing foreland basins. This study also has 

important implications and ramifications for the salt diapirisms, near-salt structures and oblique 

extensional systems. These are crucial for petroleum exploration and development activities in 

the Northwest Shelf of Australia and other sedimentary basins worldwide. 
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CHAPTER 1   GENERAL INTRODUCTION 

 

This chapter will introduce the background and scope of this research, tectonic setting of the 

study areas, as well as brief summaries of key findings in each chapter. 

1.1. Research context, objectives, and contributions 

The first part of this study is focused on flexural extension during the early-stage development of 

a foreland basin. Foreland basins are the sedimentary basins that lie adjacent to, and parallel the 

orogenic belts upon the continental lithosphere. Topographic growth of mountain belts during 

orogenic processes loads the surrounding continental crust, generates the downward flexure of 

the crust and creates accommodation for the syn-orogenic sediments (Fig. 1.1). Foreland basins 

have been studied by numerous researchers for decades, and the concept has been developed 

over the last forty years due to the wide acceptance of plate tectonic theory and its close 

relationship with the exploration and development activities of the oil and gas industry. 

Numerous world-class oil and gas giant fields were discovered in foreland basins around the 

globe, like the Zagros foreland in Persian Gulf, the Rocky Mountain foreland basins in western 

North America (e.g. Alberta foreland basin), Andean foreland basins in South America (e.g. 

Neuquén Basin), and western China (e.g. northern Tarim Basin). Besides the importance for oil 

and gas industry, the study of foreland basins has been put under the spotlight by the geoscience 

community for decades, because it can help us better understand important geological processes 

such as plate tectonics, mountain building, depositional and surficial processes, and climate 

change. However, most of our current understanding of foreland basins has been largely derived 

from the studies of 1) fold and thrust belts, 2) foreland basin fill stratigraphy, 3) lithospheric 

rigidity and flexural profiles, and 4) geodynamics. Compared to these studies, extension 

generated by foreland flexuring (Fig. 1.1), a critical part to fully understand the development 

processes of foreland basin, is less- studied and understood. Key questions for the first part of the 

thesis include, but are not limited to: What kind of faults and structures develop during the 

process? What are the key factors that control the development of these extensional structures? 

What’s the driving mechanism for extension? How would answering these questions improve  
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Fig. 1.1. Schematic diagram showing key structures in foreland development (modified from Tavani et al. 2015). 
Compression induced folding, thrusting, layer parallel shortening in the basin development are well documented, 
while the foreland flexural extension is still understudied. 
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our understanding of the early-stage development of foreland basin, and thus benefit the 

exploration and development activities for the petroleum industry in foreland basins?  

The second part of this thesis is to investigate the geometry and kinematics of salt diapir 

reactivation in oblique extensional systems. Oblique extension and salt diapirism have their own 

unique mechanisms that control the development of structures (Fig. 1.2). Oblique extension 

occurs when the extension direction is oblique to pre-existing structures/weak zones, which is 

commonly observed in nature, especially in continental rifts, passive margins, and local 

extensional systems (e.g. Fig. 1.2). Pre-existing structures play a major role in controlling 

structures during the extension, usually creating en echelon pattern fault arrays and relay ramps 

as soft-linkage between faults at meso-to-small scales. These fault arrays are of interest to the 

petroleum industry since they can control or influence the pathways of syn-kinematic deposition 

and hydrocarbon migration. Besides the numerous studies from natural examples, physical 

modeling techniques have been utilized in several studies to analyze fault systems since this is an 

effective way to investigate the kinematics and major controlling factors of normal faulting.  

Salt diapirs are commonly observed in salt provinces around the globe, such as Gulf of Mexico, 

North Sea, southern Barents Sea, offshore Brazil, and western African margins. Salt is an 

interesting rock type in structural deformation due to its extremely weak rock strength. This 

fluid-like behavior enables a salt diapir to create a unique salt structure and fault systems around 

it during halokinetic deformations, commonly radial or concentric structures (Fig. 1.2). A better 

understanding of salt diapirs is important for oil and gas industry because it directly influences 

the fault patterns and thus the reservoir compartmentalization in near-salt rocks. This also has a 

crucial impact on decisions in well planning and mud weight used during the pre-drill, as-drill, 

and post-drill phases. However, our knowledge of near-salt structures falls short when compared 

to other aspects of salt tectonics, largely due to the complex nature of salt-sediment interface and 

related seismic imaging challenges. Besides, previous studies of near-salt diapir structures 

mostly show radial or concentric faults, thus our understanding of how would a pre-existing salt 

diapir behave under tectonic forces (e.g. oblique extension) and controls the structures around it 

is still limited.  

In this study, the NW Australia–Timor area provides a great opportunity to study both 1) 

foreland flexural extension and 2) salt diapir reactivation in an oblique extensional system. The  
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Fig. 1.2. Oblique extension and halokinetic deformation have their unique deformation mechanisms (modified from 
McClay et al., 2002; Stewart, 2006; Corti, 2012) 
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Neogene collision between NW Bonaparte Basin and Banda Arc generated downward flexure of 

Australia plate and induced extensive flexural extensional structures in the young, under-filled 

Timor foreland basin. Within the foredeep part of the Timor foreland basin, the Vulcan Sub- 

basin reveals a unique natural example of a pre-existing salt diapir reactivated in an oblique 

extensional system during the Neogene flexural extension, which combines the analysis of 

oblique extension and salt diapir reactivation. The methodology we use includes 2D and 3D 

seismic interpretation, well data analysis, fault system measurements and analysis, and scaled 

physical modeling to better understand the geometries and kinematics of these structures.  

Subsurface and modeling results from this study provide geologists and explorationists with: 1) a 

better understanding of foreland flexural extension during the early-stage development of 

foreland systems; 2) a well-documented natural example that combines the oblique extension and 

salt diapir reactivation, thus improving our understanding of how salt behaves under tectonic 

forces (extension in this case) and how salt diapir interacts with a pre-existing weak zone under 

oblique extension; 3) a direct improvement of our understanding of the geology in NW 

Australia–Timor area during Neogene time. This information and knowledge can be transferred 

and used in other field studies, physical experiments, and subsurface studies, and will also 

benefit petroleum and development activities in foreland basins, extensional systems and salt 

systems worldwide. 

 

1.2. Overview of the Northwest Australia–Timor area 

Present-day tectonic setting 

The Northwest Shelf of Australia consists of four long-lived epicontinental basins, from 

southwest to northeast, namely the Northern Carnarvon, Roebuck (Offshore Canning), Browse 

and Bonaparte basins (Fig. 1.3; Longley et al., 2002). Cumulatively, these four basins comprise 

the “Westralian Superbasin” (Yeates et al., 1987a). These basins were the depocenters of an 

intra-continental rift during Permo-Carboniferous defining the Northwestern Australian margin, 

which stretched for several thousand kilometers.  

The Northwest Australia margin can be divided into two sectors based on their position and 

evolution in the regional tectonic framework. In the northeastern sector (mainly the northwest 
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Fig. 1.3. Regional tectonic map of Westralian Superbasin with main basin divisions 
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Fig. 1.4. Regional map showing the basement structures of NW Shelf of Australia (modified from Oz SEEBASETM Study, 2005) 
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part of the Bonaparte Basin), the passive margin has been colliding with Banda fore-arc for a few 

million years (> 4 Ma), leaving the “collision tip” to the west, where the subduction–collision of 

stretched continental crust (i.e. Scott Plateau) has just began (Fig. 1.3). The yet-to-collide part of 

the margin, the southwestern sector, is rimmed by ancient oceanic crust (e.g., Argo Abyssal 

Plain, Gascoyne Abyssal Plain) oblique to the on-going subduction zone along the Java Trench 

(Fig. 1.3).  

Tectonic evolution 

The Northwest Australian Shelf is composed of one major Archean craton, the Pilbara block 

(Fig. 1.4), which was involved in the early stage of global tectonics evolution, such as the break-

up of Vaalbara and generation and preservation of juvenile continental crust at ca. 2.7–2.5 Ga 

(Bleeker, 2003; Barley et al., 2005; Huston et al., 2012). It was assembled with other Pre-

Cambrian blocks (e.g. Kimberley block, ~1.8 Ga age) during the formation of proto-Australia as 

the consequence of the amalgamation of supercontinent Columbia or Nuna in Paleoproterozoic 

(Huston et al., 2012; Tyler et al., 2012) and the supercontinent Rodinia in Meso- to 

Neoproterozoic (Li et al., 2008). The beginning of the Rodinia break-up commenced at ca. 850 

Ma and reached final breakup at ca. 750 (Li et al., 2008). This break-up event gave birth to the 

formation of Gondwanaland at ca. 650–500Ma (Hoffman, 1991; Li et al., 2008).  

Two major Paleozoic intra-plate extensional events largely formed the tectonic-stratigraphic 

framework of NW Australia. The first extensional event in Ordovician to Mississippian time is 

believed to be of a NE–SW orientation and responsible to the NW–SE-trending structures in 

Petrel Sub-basin and Canning basin. The second extensional event occurred in Late 

Carboniferous–Early Permian time, as a rift started to split a thin and long arc from southern arm 

of the main continental Pangaea (include the Sibumasu Terrane from Australia), called the 

Cimmerian continent, which divided the Paleo-Tethys to the north and new-created Meso-Tethys 

Ocean to the south (Metcalfe, 2013b). The onset of this NE–SW striking rifting event is 

considered as the most important rifting event on the North West Shelf, as it resulted in a thick 

and continuous Permian–Mesozoic sedimentary package covering the entire NE–SW striking 

shelf, marking the birth of the Westralian Superbasin (AGSO North West Shelf Study AGSO 

North West Shelf Study Group, 1994; Longley et al., 2002). Part of the Bonaparte basin, 
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including Petrel Sub-basin and proto-Vulcan Sub-basin, were covered by thick salt deposits 

formed in these two intra-plate events (Gunn, 1988; Smith and Sutherland, 1991).  

For Australia, another important period of continental dispersion occurred along the northwest 

margin from Late Triassic to Late Jurassic, associated with the drift of the Lhasa block (in 

Norian time), South West Borneo and East Java-West Sulawesi (i.e., the missing “Banda” and  

“Argoland” blocks) by opening of the Ceno-Tethys (Fig. 1.5; Longley et al., 2002; Hall, 2012; 

Metcalfe, 2013b). Before the onset of this regional rifting event, Triassic tectonism, known as the 

“Fitzroy Movement”, resulted in some transpression and transtension deformation along certain 

part of the northwest margin, especially in Canning Basin areas (Etheridge and O’brien, 1994a; 

Symonds et al., 1994; Longley et al., 2002). The major extension phase of the Jurassic rifting 

event in Bonaparte Basin occurred in the late Callovian, coincident with the beginning of sea 

floor spreading in Argo Abyssal Plain (Woods, 1992; O'Brien et al., 1996a; O'Brien et al., 

1996b). The rifting continued to Tithonian times and resulted in the widespread marine 

transgression and retro-gradational deltaic sandstones (e.g. Browse Basin and Bonaparte Basin), 

followed by thick succession of marine mudstones. The extension ceased in the Valanginian, 

followed by post-Valanginian thermal subsidence throughout the Cretaceous and Cenozoic 

(Geoscience Baxter et al., 1999; Geoscience Australia, 2011).  

Australia began to move north at ca. 45 Ma when seafloor spreading accelerated in South 

Australia, with the newly formed subduction zone south of Indonesia continued to Present (Hall, 

2012). The convergence between Australia and Southeast Asia led to the Neogene collision 

between NW Australian margin and the Banda Arc (Fig. 1.5). This continent–arc collision 

resulted in the rapid emergence and uplift of Timor Island and rapid subsidence of the NW 

Australian margin. The regional-scale characteristics of this collisional margin have been well 

documented in regional seismic profiles across this area. In 2006, a German-Indonesian project, 

SINDBAD (Seismic and Geoacoustic Investigations Along the Sunda-Banda Arc Transition), 

was completed and its results had been used to characterize the transition from ocean-island arc 

subduction in the eastern Sunda Arc to continent-island arc collision at the western Banda arc 

(Lüschen et al., 2011). Two seismic profiles (BGR06-313 and BGR06-319) in Fig. 1.6 reveal the 

along-strike structural variations related to the transition.  

Brief energy overview 
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Fig. 1.5. Tectonic reconstruction maps showing two key tectonic events for Timor–Bonaparte 
Basin area in Late Jurassic and Late Miocene (Modified from Hall, 2011). Bo = Bonaparte 
Basin. BA = Banda Arc. 
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Fig. 1.6. a). Generalized tectonic map showing two sectors of North to Northwest Australia 
margin (modified from Bradley, 2008). b). Two corridors of wide-angle/refraction seismic 
PSDM profiles (BGR06-313 and BGR06-319) with their velocity-depth models showing 
subduction regime (BGR06-313) and collision regime (BGR06-319); Two seismic profiles and 
velocity-depth model are from (Lüschen et al., 2011), and the model for BGR06-319 is from 
Shulgin et al. (2009); locations of these two lines are marked in a).  
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The importance of the Northwest Shelf to Australia’s energy industry and economic growth has 

increased since it replaced the Gippsland Basin as the main hydrocarbon producing area in the 

1990s. Most (around 92%) of Australia’s conventional gas resources are located off the North 

West Shelf and are being progressively developed for the domestic market and LNG export 

(Geoscience Geoscience Australia and ABARE, 2010; Geoscience Australia and BREE, 2012). 

In the Timor Sea area, the main exploration targets are horst blocks and the footwall side of tilted 

blocks formed during the Early Jurassic–Early Cretaceous rifting (Baxter et al., 1999). The fault 

system developed during this time period also largely influenced fault reactivation during 

Neogene time. The rift-phase fault size, location, orientation, linkage and reactivation are 

considered the important factors for hydrocarbon migration, accumulation, as well as leaking 

risks in this region (Chen et al., 2002; Gartrell et al., 2006; Frankowicz and McClay, 2010; 

Langhi et al., 2010; Langhi et al., 2011b; Çiftçi and Langhi, 2012).  

 

1.3. Summary of chapters 

In this section I provide a brief summary of the three journal/paper-style chapters in this 

dissertation. The first chapter (Chapter 2) is the subsurface study of flexural structures in Timor 

foreland basin. The other two chapters (Chapters 3 and 4) focus on salt diapir reactivation in 

oblique extensional system using subsurface data analysis and physical modeling. Chapter 3 has 

been submitted to Journal of the Geological Society, and has been accepted pending minor 

revisions. Chapters 2 and 4 will be submitted to the Tectonics and Journal of Structural Geology, 

respectively. Regarding co-authors in these chapters, Dr. Bruce Trudgill and Dr. Chuck Kluth are 

geology professors at Colorado School of Mines, and Dr. Jürgen Adam is I am Senior Lecturer in 

Structural Geology at the Department of Earth Sciences at Royal Holloway University of 

London. 

1.3.1 Chapter 2: Extensional structures in early-stage foreland basin development: insights 

from Timor foreland, NW Australia 

Neogene collision between NW Australia and Banda Arc generated a young, underfilled foreland 

basin seated on the Australian continental crust—Timor foreland. This foreland basin provides a 

great opportunity to study foreland flexural extension during the early-stage development of the 

foreland system. Using the seismic and well data from the foredeep part of the basin, I conducted 
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detailed seismic interpretation and Neogene fault system measurements. The expansion index 

results show that the normal faulting on the foredeep part of the basin is late Miocene to present. 

The fault throw profile analysis reveals that the Neogene normal fault can actually be divided 

into three components: growth fault, newly formed fault, and older fault reactivation. I also 

identified three key controlling factors for the Neogene flexural normal faults: pre-existing 

Jurassic structures, mechanical stratigraphy, and extension obliquity. The extensional structures 

suggest a NNW–SSE foreland flexural extension wave with width more than 250 km on the 

Australian margin.  

1.3.2 Chapter 3: Salt diapir reactivation and normal faulting in an oblique extensional 

system, Vulcan Sub-basin, NW Australia 

Vulcan Sub-basin reveals a great natural example of a pre-existing salt diapir reactivated in an 

oblique extensional system during Neogene flexural extension. This is arguably the first reported 

example that combines oblique extension and salt diapir reactivation. I use 2D/3D seismic 

interpretation and detailed fault system analysis to characterize this natural example. Oblique 

Neogene extension created en echelon fault arrays in the Swan Graben. After comparison with 

published physical modeling results, fault strike analysis results, coupled with geological 

evidence, indicate that the Neogene oblique extension should be perpendicular to the fault strike, 

thus suggest an extension direction of around 347°. The pre-existing Swan salt diapir in the 

Swan Graben reactivated during extension strongly influenced the fault strike around it and 

controlled the local structural patterns, indicating a deformation concentration effect. Salt roof 

analysis reveals higher elevations than surrounding graben areas, thus suggestive that the salt 

diapir had an open feeder during extension. 

1.3.3 Chapter 4: 4D evolution of salt diapir reactivation in oblique extensional system: 

insights from scaled physical models 

A series of scaled physical models were designed and conducted to simulate the natural example 

in the Vulcan Sub-basin, and investigate the kinematics and mechanisms of salt diapir 

reactivation under oblique extension. The models can be generally divided into two groups 

according to their diapir setups: 1) Group 1: isolated diapir case; 2) Group 2: diapir with base 

source layer case. Modeling results show that, no matter whether there is a base source layer or 

not, all diapirs reveal deformation concentration effects, including 1) fault strike deflection 
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around the diapir, 2) strain field continuously build up along near-diapir faults, 3) deformation 

zone narrowing around diapir. Two groups of models reveal contrasting results in terms of the 

diapir roof subsidence. The diapir roof continuously subsides in the Group 1 models, while the 

diapir roof in Group 2 reveals higher elevation than surrounding subsiding graben areas during 

extension. After comparison with the natural example, the modeling results suggest that the 

Swan salt diapir had an open feeder connected with a deeper source layer during Neogene 

extension.   
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CHAPTER 2   EXTENSIONAL STRUCTURES IN EARLY-STAGE FORELAND BASIN 

DEVELOPMENT: INSIGHTS FROM TIMOR FORELAND, NW AUSTRALIA 

 

A paper to be submitted to Tectonics 

Long Wu, Bruce D. Trudgill, Chuck F. Kluth 

In this chapter we investigated the foreland flexural extensional structures during the early-stage 

foreland basin development. 

2.1 Abstract 

The Timor foreland basin is a young, under-filled basin located on the NW margin of Australian 

plate. It provides a great opportunity to investigate flexural extensional structures in the early-

stage of foreland basin development. Our study shows that the timing of flexural normal faulting 

in the foredeep part of the basin is late Miocene to Present. Using a new normal fault 

classification scheme, fault throw profiles of Neogene normal faults can be divided into three 

components: newly formed fault, Jurassic fault reactivation, and growth fault. Results show that 

the Neogene faults usually initiate in the Miocene carbonate sections, while the shaly section in 

Eocene and Oligocene strata acts as a propagation barrier zone. The distribution, propagation 

pattern, and linkage pattern of Neogene normal faults are controlled by three key factors: 1) pre-

existing Jurassic faults, 2) mechanical stratigraphy of post-rift strata, and 3) extension obliquity. 

These three factors can also be used to better understand the “hourglass” structures observed in 

the basin. The Neogene extensional structures indicate that the minimum stress (σ3) in the 

foredeep part of the basin is horizontal with a NNW–SSE orientation, and two end-member 

faulting mechanisms associated with the decrease of σ3 during the flexural extension are 

summarized. This study also provides insights on the tectonic districting scheme and 4D concept 

of foreland basin studies. 

 

2.2 Index Terms and Keywords 

Flexural extension, early-stage foreland development, Timor foreland basin, NW Australia 



 

23 
 

2.3 Introduction 

Foreland basins are one of the most common basin types observed around the globe, with close 

relationships to the accumulation of hydrocarbon resources due to the structural and stratigraphic 

processes involved in their development. Example include the Persian Gulf (Beydoun et al., 

1992), Western Canada (Creaney and Allan, 1992), Western China (Lu et al., 1994; Jia and Wei, 

2002), and circum-Caribbean areas (Lugo and Mann, 1995). Our understanding of foreland basin 

systems has largely advanced over the last four decades through studies focused on: 1) foreland-

associated fold and thrust belts, 2) stratigraphy-driven basin evolution research, 3) rigidity and 

flexural profiles of lithosphere, and 4) geodynamics (Fig. 2.1a; e.g. Price, 1973; Beaumont, 

1981; Jordan, 1981; Allen et al., 1986; Schwartz and DeCelles, 1988; Flemings and Jordan, 

1989; Jordan, 1995; Miall, 1995; DeCelles and Giles, 1996; Lorenzo et al., 1998; DeCelles, 

2004; Londono and Lorenzo, 2004; Evenchick et al., 2007; Miall et al., 2008; Naylor and 

Sinclair, 2008; DeCelles, 2011; Garcia-Castellanos and Cloetingh, 2011; Liu et al., 2011; 

Sinclair, 2011). 

However, relatively few studies have concentrated on flexural extensional structures in these 

compression-dominated systems (Bradley and Kidd, 1991; Zouhri et al., 2002; Billi and Salvini, 

2003; Langhi et al., 2011a; Tavani et al., 2015). This is because flexural extension is: 1) probably 

a transient phase during foreland system development compared to the entire foreland basin 

evolution history, 2) easily superimposed and modified by subsequent compression, 3) usually 

covered by thick sediments of the foreland sequence, which makes outcrop exposure limited 

and/or recognition in seismic challenging, and 4) accompanied by significant involvement of 

pre-existing fabrics.  

The Timor foreland provides us a great opportunity to investigate the flexural extensional 

structures in the early-stage development of foreland basins (Fig. 2.1b). As a young, under-filled 

foreland basin located on the NW margin of Australia (Fig. 2.2), it formed in Neogene time as a 

result of the collision between Australian plate margin and the Banda Arc system, and is closely 

associated with the development of the Timor orogenic belt to the northwest (Audley-Charles, 

1986; Bradley and Kidd, 1991; Keep et al., 2002; Harrowfield et al., 2003; Londono and 

Lorenzo, 2004; Harris, 2011; Langhi et al., 2011a).  

  



 

24 
 

Fig. 2.1. a) A schematic cross-section depicting the basic architecture and typical tectonic districting scheme of foreland 
system (modified from DeCelles and Giles, 1996); note that the passive margin mega-sequence is covered by thick foreland 
deposits, without any flexural extensional structures shown. b) A schematic conceptual cross-section from this study depicting 
the early-stage development of foreland system: syn-kinematic flexural normal faults in the passive margin mega-sequence in 
the basin are generated by the foreland flexural extension, and are largely controlled by the underlying pre-existing structures; 
the foreland deposits do not fill out the accommodation created by flexural subsidence. 
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Based on industrial subsurface seismic data in this area, we first conducted detailed seismic 

interpretation in the foredeep part of the Timor foreland basin, and then characterized the 

faulting activities and propagation patterns of Neogene normal faults using our proposed normal 

fault classification scheme. These results were further used to investigate the major controlling 

factors on the development of flexural extensional structures. We integrate our observations with 

previous studies of this area into a tectonic-scale context and discuss the stresses, flexural wave 

patterns, and 4D evolution concepts involved in the development of foreland basins. The value of 

this study includes: 1) a better understanding of the flexural extensional structures in the early-

stage foreland development; 2) identification of key controlling factors in development of these 

extensional structures; 3) a better understanding of the regional geology and Neogene tectonic 

evolution of the Timor–NW Australia area.  

 

2.4 Geological setting 

This section will introduce the geological setting of this study area. 

2.4.1 Tectonic setting and pre-Neogene evolution of NW Australia 

The Timor foreland basin is seated on the NW margin of Bonaparte Basin (Fig. 2.2), which 

occupies the northeast part of the Westralian Super Basin (WASB) underlying the NW Shelf of 

Australia (Yeates et al., 1987b; Butcher, 1990; O'Brien et al., 1993; AGSO North West Shelf 

Study Group, 1994; Longley et al., 2002). The regional tectono-stratigraphy of Bonaparte Basin 

have been well described by numerous previous papers and industrial reports (Gunn, 1988; 

Mory, 1988; Mory, 1991; Harrowfield and Keep, 2005; Amir et al., 2010; Frankowicz and 

McClay, 2010; Bourget et al., 2012; Geoscience Australia, 2013; Saqab and Bourget, 2015a). 

The basin evolved from two major Paleozoic extensional events that have nearly perpendicular 

extension directions, thus creating proto-type major depocenters with different orientations (e.g. 

Petrel Sub-basin, Malita Graben, Vulcan Sub-basin). The basin is also believed to have been 

affected by a N–S compression event in Middle–Late Triassic time (O'Brien et al., 1993), 

however its extent and intensity are still poorly defined in Bonaparte Basin. The major rifting 

event in the Mesozoic culminated during the continental breakup of northeastern Gondwana in 

Jurassic time (O'Brien et al., 1993; Hall, 2002; Longley et al., 2002; Metcalfe, 2013b). Beginning  
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Fig. 2.2. Map of the present-day bathymetry and tectonic setting of Australia–Timor Island area. The ENE–WSW-trending Timor 
foreland basin is comprised of the Timor Trough and the carbonate shelf on the NW margin of Bonaparte Basin. Locations of three 
regional physiographic profiles in Fig. 2.3 are marked on the map. WS = Wetar Suture; ICBs = Isolated Carbonate Build-ups. 
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in the Early Cretaceous (Valanginian), the basin evolved into the post-rift thermal subsidence 

phase and developed a thick succession of clastic–carbonate sediments that prograded across the 

basin throughout Cretaceous and Cenozoic time.  

2.4.2 Neogene collision and Uplift of Timor orogenic belt and subsidence of Timor trough 

The NW Australian margin subducted beneath and collided with the Banda Arc and the fore-arc 

basin, i.e. Savu Basin, to the north in Neogene time. The start time of this arc-continent collision 

is still debated among geoscientists (e.g. Hall, 2002; Keep and Haig, 2010; Audley-Charles, 

2011). Nevertheless, this Neogene arc-continent collision resulted in the rapid uplift of Timor 

orogenic belt and the rapid subsidence of NW margin of the Australian plate. Due to the lateral 

crust shortening and underplating of the Australian plate, Timor Island started exhumation 

during late Miocene (~ca. 7–5 Ma) and had a rapid uplift in Pliocene time (~ ca. 3 Ma) based on 

evidence from pollen, charcoal, foraminifera and thermalchronology studies (Haig, 2012; 

Nguyen et al., 2012; Tate et al., 2014).  

The subsidence of the NW Australian margin is clearly documented in the Deep Sea Drilling 

Project (DSDP) leg-262, where shelf facies limestones of early Pliocene age are overlain by a 

Pliocene and younger deep-water pelagic ooze (Veevers et al., 1974), indicating that the margin 

rapidly subsided from very shallow-water (~5–20 m) to deep water (~2000 m) in late Pliocene–

Pleistocene time (Veevers, 1974; Veevers et al., 1978). Accompanying this rapid subsidence, 

flexural extension across the Australian margin caused wide-spread normal faulting and pre-

existing fault reactivation in Bonaparte Basin areas (Bradley and Kidd, 1991; Woods, 1992; 

O'Brien et al., 1996; Peresson et al., 2003; Amir et al., 2010; Frankowicz and McClay, 2010; 

Langhi et al., 2011a; Çiftçi and Langhi, 2012; Saqab and Bourget, 2015b).  

The present-day tectonic setting is shown on the map (Fig. 2.2), with three regional 

physiographic profiles across the Banda Arc, through Savu forearc basin, to Timor foreland 

basin shown in Figure 2.3. The fore-arc Savu Basin narrows towards east, and interestingly 

maintains a deeper depth than the Timor foreland basin (Fig. 2.3). The Timor Trough, which  
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Fig. 2.3. Three regional physiographic profiles of across the Banda Arc, through Savu forearc basin, to Timor foreland basin. 
Locations are marked in Fig. 2.2. Three profiles are lined up across the Timor Trough. Savu Basin narrows towards the east, while the 
height of Timor orogenic belt (including Rote) decreases towards west. The Deep Sea Drilling Project (DSDP) well 262 is projected 
on the profile 1. V.E. = Vertical Exaggeration. 
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represents the thrust front of the Timor orogenic belt, is a classic structural transition between 

laterally compressional Timor thrust-fold system and the flexural extensional system on the 

Australian margin (Fig. 2.4; also see Baillie and Milne, 2014).  

The western part of the Timor foreland has three major structural domains mainly formed in 

Jurassic rifting event, Londonderry high, Vulcan Sub-basin, and Ashmore Platform (Fig. 2.5).  

The tectono-stratigraphy of Ashmore Platform is summarized in Fig. 2.6, and can be divided into 

four mega sequences: 1) Permo-Triassic pre-rift, 2) a Jurassic syn-rift section that is well 

preserved in the Vulcan Sub-basin but pretty much missing on the platform, 3) Cretaceous to 

Neogene post-rift, and 4) a syn-collision sequence from Late Miocene to present.  

 

2.5 Data and methodology 

This section will introduce the details of subsurface datasets we used in this study, as well as our 

analyzing methodologies with detailed procedures. 

2.5.1 Seismic data and well data 

The 2D/3D seismic dataset and well data used in this study (Fig. 2.4, Fig. 2.5) is generously 

provided by CGG and Geoscience Australia. The seismic line used in Fig. 2.4 is from CGG’s 

newly acquired BroadSeisTM grid covering the Timor Trough area (Baillie and Milne, 2014). The 

2D regional lines (see Fig. 2.5) use in this study are from SPA BR 98 Marine Seismic grid and 

Vulcan Tertiary Tie (VTT) seismic grid. The 3D seismic volume in the Vulcan Sub-basin is part 

of a seismic survey acquired in 1998 (Onnia 3D Phase-2). Inlines (14.1 m spacing) are orientated 

NE–SW and crosslines (9.4 m spacing) are orientated NW–SE. The quality of the seismic data is 

generally good-to-excellent between sea bed and the Valanginian unconformity, and is good-to-

fair between Valanginian unconformity and the top Permian.  

2.5.2 Seismic interpretation and seven key horizons 

Seven horizons are interpreted in the seismic profiles, and their stratigraphic levels are marked in 

the tectono-stratigraphic chart (Fig. 2.6). The horizons 2–5 are controlled by well data on  
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Fig. 2.4. BroadSeisTM seismic profile across the western Timor foreland basin area showing the contrasting structural patterns between 
the Timor fold-thrust belt and the NW Australian margin. Timor Trough represents the thrust front of the Timor fold-thrust belt, 
characterized by stacking of a series of thrust sheets. The NW Australian margin is subject to flexural extension. The normal fault 
system on the margin can be divided into two parts by the Valanginian Unconformity: the underlying Jurassic rift sequence, and the 
overlying Neogene flexural fault. Reflection close to near top Permian can also be observed in the deeper part of the profile. Data 
courtesy of CGG and P. Baillie.  
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Ashmore Platform (Fig. 2.5). The Sea Bed, i.e., horizon 1, is interpreted by tracing water bottom 

seismic reflection (Fig. 2.7). The Near top Permian is interpreted following the stronger 

reflections around 3–5 seconds (Two Way Travel time; Fig. 2.7), which is considered a good 

representative boundary between the shale and carbonates near the top Permian strata (Fig. 2.6). 

2.5.3 Normal faulting classification scheme 

To better characterize the normal faults observed on the seismic data, we propose a normal fault 

classification scheme that divides the normal faults into four basic types (Fig. 2.8): 1) Type I: the 

normal fault reaches the free surface, and its propagation direction is downward, thus the fault 

throw profile has the largest throw (throw max) at the free surface level and the throw is 

decreasing downward to zero at the fault tip. 2) Type II: the normal fault initiates at the center of 

the rock mass and propagates bi-directionally, it’s either a blind fault or its upper tip has reached 

the free surface; the throw max is where the fault initiates and decreases both upward and 

downward. 3) Type III: the normal faulting is an extension of a reactivated pre-existing fault; the 

fault propagates upward, thus the throw max is at the base of the fault and the fault decreases 

upward towards zero at the tip. 4) Type IV: growth fault; the fault propagates upward thus the 

fault throw decreases upward to the top of the growth sequence.  

2.5.4 Fault parameter measurements 

Based on the seismic interpretation and measurements (Fig. 2.9), we used expansion index (EI; 

Fig. 2.9c, g) and fault throw profile (Fig. 2.9d, h) to characterize the timing of Neogene normal 

faulting and the fault propagation pattern, respectively. On the regional seismic profile (Fig. 2.7), 

we sampled twenty representative Neogene faults across the Timor Trough and Ashmore 

Platform for the measurements (i.e. F1–F20; Fig. 2.7). For lateral comparisons and timing 

control, we used six horizons (horizon 1 to 6) which can be regionally mapped and tied to wells 

(Fig. 2.6; Fig. 2.7). Some internal seismic reflections near each fault are also utilized for 

measurements to provide more control points (see Fig. 2.9b, f), although they are hard to 

correlate laterally among different fault blocks.  
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Fig. 2.5. Map of the western part of the Timor foreland basin showing the structural divisions of Bonaparte Basin, 2D/3D seismic 
coverage, and well data used in this study. 
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Fig. 2.6. Tectono-stratigraphic chart of the Ashmore Platform. Lithostratigraphic column is 
coupled with rock strength to represent the general mechanical stratigraphy of the Ashmore 
Platform. Tectonic and sedimentological events are marked. Seven key horizons used throughout 
this study are numbered from top to bottom; they are controlled by the available well data and 
seismic correlations.  
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2.6 Results 

In this section, we documented the detailed results from seismic interpretation, structural analysis 

focusing on the Jurassic and Neogene normal fault systems, as well as their relationships.  

2.6.1 Mesozoic thin-skin rifting structures 

Normal faults between the Near top Permian (horizon 7) and Valanginian Unconformity (horizon 

6) are interpreted on the seismic profile (see Fig. 2.7). These faults are believed to have formed 

during the rifting–breakup event in Jurassic–Early Cretaceous time, although the syn-rift strata 

are largely missing across the Ashmore Platform area. The domino-style fault geometries are 

prominent on the seismic profile, with a series of fault blocks tilted toward or away from Timor 

foredeep (Fig. 2.7). The reflections in these tilted blocks are truncated by the Valanginian 

Unconformity, indicating footwall uplift and extensive erosion. These geometries suggest that 

these fault blocks are largely detached on a surface within the shaly Lower Triassic strata, 

showing a thin-skinned extension pattern during the Jurassic rifting event. Although some 

horizon offsets can be observed on the Near top Permian level, these offsets cannot match the 

extension involved in the domino-style faulting. The fault blocks close to the Timor foredeep 

reveal more of a graben–horst pattern. This might indicate that detachment surface geometry 

changes underneath, although seismic quality is very poor below this section (Fig. 2.7b).  

2.6.2 Neogene fault overall geometry and linkage with Jurassic faults 

Neogene normal faults reveal more planar fault geometries, and may or may not have penetrated 

through the whole post-rift strata on the seismic profiles (Fig. 2.7). The distribution of these 

Neogene faults is largely controlled by the underlying Jurassic normal faults, with several 

Neogene faults having direct linkage with the underlying Jurassic faults (Fig. 2.7; Fig. 2.9a). 

2.6.3 Neogene fault activities across foredeep 

Expansion index (E.I.) graphs of twenty sampled faults are grouped together in Figure 2.10 to 

show the general normal faulting activity across the margin. Each graph is scaled according to its 

maximum E.I. value so that each profile only shows the relative activity of each normal fault and 

is not comparable laterally with other graphs. The vertical axis of each graph represents E.I.=1 

(i.e. no strata thickness change across fault), thus the red blocks is E.I.>1 while grey is E.I.<1
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Fig. 2.7. a) A composite 2D seismic time profile across the foredeep part of the Timor foreland basin, including Timor Trough and 
Ashmore Platform; location is indicated in Fig. 2.5. b) Interpretation of the seismic line, showing two normal fault systems: Jurassic 
rifting related faults (black) and Neogene flexural normal faults (red); the stratigraphic levels of seven key horizons are marked in 
Fig. 2.6; twenty representative Neogene normal faults analyzed in this study are labeled. 
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Fig. 2.8. Normal fault classification scheme used in this study. Type I is the newly formed fault that reaches the free surface and 
propagates downward. Type II is a fault that initiates in the middle of the rock mass and propagates bi-directionally, with its upper 
fault tip either blind or reaching the free surface. Type III is a fault derived from reactivation of an underlying older fault. Type IV is a 
syn-depositional growth fault. Schematic fault throw profiles are shown on the right side of each diagram.  
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 (Fig. 2.10). This expansion index diagram show that the red blocks are largely located between 

horizons 1 and 3, indicating that the active normal faulting of these Neogene faults is from late 

Miocene–present, although each fault reveals slightly different faulting activity and intensity 

history during this time range (Fig. 2.9; Fig. 2.10). We believe those E.I. blocks (E.I.>1 or <1) 

below horizon 3 fall into the measurement uncertainties on the seismic data, since they’re very 

close to 1 and don’t have any seismic evidence to show stratigraphic thickening or thinning (e.g. 

Fig. 2.9). 

2.6.4 Neogene fault propagation pattern 

In Figure 2.11, twenty fault throw profiles for F1 to F20 are aligned together based on the six 

stratigraphic levels (i.e. horizon 1–6). Auxiliary fault throw measurements between these six 

interpreted horizons are plotted evenly between dashed lines (see data points between horizon 3 

and 4 in F1), thus they are useful to show relative fault throw for each fault although their 

stratigraphic level cannot be laterally correlated (Fig. 2.11). The results show that the Neogene 

normal faults in this study are actually composed of three components: 1) based on the expansion 

index results shown in Figure 2.10, the growth fault section (Type IV) of the profile are marked 

by black arrows showing upward propagation; 2) newly formed faults in the pre-kinematic strata 

are marked by red arrows propagating downward (e.g. F1, F11; Type I), bi-directionally (e.g. F8, 

F19; Type II), as well as their combinations (e.g. F13); 3) the rest of the profiles showing 

upward-decreasing fault throw, marked by blue arrows, represent the fault sections derived from 

Jurassic fault reactivation (Type III).  

2.6.5 Mechanical stratigraphy & fault propagation pattern 

From the propagation pattern of these faults, the section between horizons 3 and 4 (the shaded 

area in Fig. 2.11) is usually where the fault initiated, while the section between horizons 4 and 5 

commonly acts as fault propagation barrier zone, where the fault throws of the new faults and 

older fault reactivation decrease (e.g. F2, F6; Fig. 2.11). These fault propagation patterns can be 

correlated well with the mechanical stratigraphy on Ashmore Platform illustrated in Figure 2.6. 

The strata between horizon 3 and 4 are dominated by the carbonates from Oliver Formation and 

Barracouta Shoal Formation, which act as the strong/competent layer during the Neogene 

extension. The strata between horizon 4 and 5 however, are mechanically weaker because of the  
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Fig. 2.9. Two examples of fault analysis from this study (F7 and F20 in Fig. 2.6). Based on the 
seismic interpretation, stratal thickness and slip along the fault surface are measured and used to 
construct the Expansion Index charts and Fault Throw Profiles. Pre-kinematic and syn-kinematic 
strata are shown on the expansion index chart, indicatin the fault activity. Faults can be divided 
into different types of sections based on fault throw profiles (i.e. Type I–IV marked on the right 
side). 
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Fig. 2.10. Expansion Index chart of twenty sampled normal faults indicating that the active normal faulting on the foredeep part of 
the basin occurred from late Miocene to present.  
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Fig. 2.11. Fault throw profiles of twenty Neogene normal faults with normal fault types and probable propagation directions. Growth 
faulting is marked based on the Expansion Index results in Fig. 2.10. The newly formed Neogene normal faults are commonly 
initiated from the shaded zone between horizons 3 and 4, while the interval between horizons 4 and 5 commonly acts as a fault 
propagation barrier zone. 
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existence of shally sections (e.g. shally section in Cartier Formation, Grebe sandstone Member; 

Fig. 2.6). 

 

2.7 Discussion 

This section will discuss key controlling factors of normal fault systems in Timor foreland basin, 

hourglass structures, stresses involved in the foreland flexural process, as well as the 4D concept 

of foreland basin development. 

2.7.1 Understanding of Neogene normal fault system in Timor foreland development and 

its implications 

There are three key factors that control the structural development and characteristics of the 

normal faults in the Neogene flexural extension in Timor Foreland Basin: 1) pre-existing Jurassic 

faults; 2) mechanical stratigraphy of the post-rift package; 3) Neogene flexural extension 

obliquity. These three key factors control or influence the spatial distribution, propagation 

pattern, and linkage pattern of Neogene normal faults, respectively.  

Pre-existing structures control the location of newly formed structures 

On the Ashmore Platform, the location and distribution of Neogene normal faults in the post-rift 

section has strong correlations with the underlying pre-existing Jurassic normal faults (Fig. 2.7). 

Most of the faults analyzed in this study have directly linked with underlying Jurassic faults (e.g. 

F6, F12, F18; Fig. 2.7), although the older fault reactivation component (Type III) in the throw 

profiles is limited (Fig. 2.9; Fig. 2.10). This is because pre-existing fault zones and fault rock are 

generally weaker than neighboring intact rocks, so these are usually the ideal place to localize 

stress and subsequent strain during extension. As a result, the post-rift strata directly overlying 

these weak zones cannot be “protected” by underlying strata and will fail earlier than 

neighboring post-rift sediments.  

Mechanical stratigraphy controls the fault propagation pattern 

Although pre-existing structures can largely control the location of newly formed faults, they 

cannot control their initiation and growth—propagation pattern specifically. Mechanical 

stratigraphy of the post-rift package (Fig. 2.6), in this case, plays a major role in controlling how 
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the faults initiate and propagate through the strata. As shown in our fault throw analysis (Fig. 

2.11), the Neogene normal faults preferably initiate in strong, competent carbonate strata, and 

propagate either downward or bi-directionally (Type I or II). As the fault propagates through the 

strata, the fault throw generally decrease since the slip is absorbed by internal deformation of the 

sedimentary rocks to some extent. The muddy–shaly strata, compared to other type of rocks, 

would more likely behave in a ductile manner and absorb more fault slip by internal deformation 

during fault propagation, thus commonly reveal a very low fault propagation-slip ratio. This is 

why the shaly section between horizons 4 and 5 acts as fault propagation barrier for both Jurassic 

fault reactivation (blue arrows) and new formed Neogene faults (red arrows; see Fig. 2.11). 

Extension obliquity controls the lateral linkage patterns of faults 

Extension obliquity has long been recognized as a major structural factor in oblique extensional 

systems observed around the globe, and is another crucial factor that controls the normal fault 

system—especially its lateral linkage patterns. The same extension superimposed on differently 

orientated underlying structures—thus defining different extension obliquity—can reveal 

different fault linkage patterns. In this study, the Timor Foreland Basin is underlain by several 

pre-Cretaceous structural domains with different orientations, so that the NNW–SSE-direction 

foreland flexural wave generated differently oriented Neogene normal fault patterns (Fig. 2.12). 

The Vulcan Sub-basin is dominated by NE–SW-trending structures, thus resulting in a strong 

left-stepping en echelon pattern of normal faulting (Fig. 2.12b). In areas like the Nancar Trough 

(Fig. 2.12c, d) and the marginal Sahul Platform (Fig. 2.12e, f) where Jurassic structural grains 

are predominantly E–W direction, the normal faults mapped at Neogene levels also show en 

echelon pattern but are right-stepping (Amir et al., 2010; Frankowicz and McClay, 2010; 

Bourget et al., 2012; Çiftçi and Langhi, 2012). Naturally, if the underlying Jurassic structures are 

perpendicular to the Neogene extension direction (i.e. the orthogonal extension case), then the 

Neogene normal faults would reveal orthogonal extension structural patterns (e.g. McClay et al., 

2002; McClay et al., 2004), rather than en echelon patterns.  

In a broader sense, these three controlling factors not only help us characterize and understand 

the Neogene flexural normal faults in Timor foreland flexural extension, but can also be utilized 

in analyzing other multi-phase extensional/rifting systems (e.g. North Sea, Barents Sea, offshore 

Brazil, West Africa). Although we discuss these three key factors separately above, they actually 
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interact with each other and work together in natural processes, thus a comprehensive analysis 

integrating all these three factors is recommended.  

2.7.2 Analysis of hourglass structure in multi-stage extension 

Hourglass structures are widely observed in the foreland extensional system due to the two-

phases of extension. In this study, at least three hourglass structures are present on the regional 

seismic line (Fig. 2.7; Fig. 2.13). Each hourglass structure is composed of two fault structures: 

Jurassic fault bounded horst below and Neogene fault bounded graben above (Fig. 2.13). A 

intersection point is commonly located in the shaly section between horizons 4 and 5 (Fig. 

2.13a). Similar hourglass structures have been also observed from other parts of the foreland 

basin such as Vulcan Sub-basin (Saqab and Bourget, 2015b) and Laminaria High areas (Çiftçi 

and Langhi, 2012). 

To fully understand the evolution and mechanism of this type of hourglass structure we still refer 

to those three key factors summarized above: pre-existing structure, mechanical stratigraphy, and 

extension obliquity. As illustrated in Figure 2.13b, the pre-existing Jurassic faults underlying the 

thick pre-kinematic strata control the location of newly formed Neogene faults and show some 

reactivation propagating upward. The Neogene normal faults initiate in carbonate-dominated 

section, propagate downward and join the reactivated Jurassic fault reactivated section in the 

shaly section between horizons 4 and 5. The uppermost section of the Neogene faults show a 

growth fault section. These two factors had been noticed by previous researchers to explain the 

hourglass structures on NW Australian margin (Çiftçi and Langhi, 2012). In addition to these 

two factors, we point out that extension obliquity should also be considered as an independent 

factor in analyzing this kind of hourglass structure formed by two phases of extension. The 

reason is, in an ideal case where two extensional systems (older v.s. younger) with different 

structural azimuth are perfectly decoupled (e.g. by salt layer), we would inevitably find similar 

structural patterns on a line cutting through the overlain areas of two extensional systems. In this 

case, the mechanisms behind the observed structure will be totally different.  

2.7.3 Stresses involved in foreland flexural extension 

An understanding of the stress field is important to better characterize and understand foreland 

flexural extension during the early stage development. The model in the Figure 2.14a has been 

commonly used to illustrate flexural structures. In this model the neutral zone divides the model 
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Fig. 2.12. a) Map showing the sub-basins in Bonaparte Basin and the foreland flexural wave on 
the NW Australian margin. b) ENE–WSW Neogene normal faults from Vulcan Sub-basin show 
left-stepping, en echelon patterns. c) En echelon Neogene normal faults are controlled by the 
underlying Jurassic faults in Nancar Trough area (redrafted from Amir et al. 2010). d) Right-
stepping en echelon Neogene normal faults mapped from Laminaria High area (modified from 
Çiftçi & Langhi, 2012). e) Top Miocene structural map from western Sahul Platform showing 
the en echelon fault arrays (modified from Frankowicz & McClay, 2010). f) Neogene normal 
faults mapped from eastern Sahul Platform area (redrafted from Bourget et al. 2012).  
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into two different stress regime sections: the upper extensional section characterized by tension 

cracks, and the lower compressional section by contractional structures. This flexural model can 

be used to explain outcrop scale flexural structures, for example, the flexural structures on the 

crest of folds. However, this model is not applicable to explain the flexural extension at the 

foreland basin scale.  

In Timor foreland basin, the Neogene faults we observe from seismic data are all shear faults 

(Fig. 2.4; Fig. 2.7; Fig. 2.9), indicating a typical Andersonian stress regime. The maximum stress 

(σ1) should be vertical and equal to the overburden (Sv). During extension, the minimum stress 

will be parallel to the extensional direction, and the faulting occurs when the minimum stress 

(σ3; Shmin) decreases to a point when the differential stress (Sv-Shmin) fractures the rock mass 

(Fig. 2.14b). We should also point out that, in the sub-seismic resolution regime, there should be 

a second end-member stress scenario that can contribute to the foreland flexural structures (Fig. 

2.14c).  In this regime, the minimum stress decreases to a point when the difference between 

pore-pressure and minimum stress (σp - σ3) is larger than the tensile strength of the sedimentary 

rock creating tensile faults/fractures (Fig. 2.14c). The tensile strength of the rock is extremely 

low and usually assumed to be zero (Zoback, 2007). Thus, in the subsurface during extension, 

both end-member mechanisms can take effect. Note that in both cases above, the minimum stress 

(σ3; Shmin) is always positive, i.e., always compressional in the subsurface (Fig. 2.14b, c).  

Tavani et al. (2015) proposed a model of  the along-foredeep stretching in the monoclinal-

dipping areas of the foredeep during the early-stage development of foreland flexural structures. 

In this case, the minimum stress (σ3) is parallel to the foredeep, and forms transverse extensional 

structures perpendicular to the orogenic belt. We believe this is possible, although our structural 

analysis from the Timor foreland did not show evidence for this stress regime due to two 

reasons: 1) lack of 3D seismic data coverage, thus we cannot justify the strikes of faults observed 

from foredeep-parallel seismic lines; 2) the Timor foreland is dominated by the foreland flexural 

extension, thus the along-foredeep stretching is subsidiary in nature and can be easily 

accommodated by smaller scale fault linkage structures like breached relay ramps (Trudgill and 

Cartwright, 1994). 
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Fig. 2.13. a) Hourglass structure from the study area, comprised of Jurassic normal faults and Neogene normal faults. b) Conceptual 
model showing the two-step formation of the hourglass structures in this study; lateral extension generates the newly formed, 
downward-propagating faults and older faults reactivation; the intersecting section falls into the shaly interval between horizons 4 and 
5. 
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Fig. 2.14. Upper diagram: flexural model for small-scale flexural structures (from Bradley & 
Kidd, 1991). Lower diagram: two end-member faulting mechanisms involved in foreland-scale 
flexural extension.  
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2.7.4 Forebulge and backbulge for Timor foreland basin? 

Forebulge and backbulge are two typical foreland basin features that are well defined and 

observed in several foreland basins around the world (Fig. 2.1; DeCelles and Giles, 1996). These 

features are also modelled by numerous studies, and are commonly used when discussing 

foreland basin architectures. Previous studies have modeled the foreland profiles of Timor and 

suggested 570 km Australian margin was flexed (Lorenzo et al., 1998). Similarly, using 2D 

elastic half-beam model with different Effective Elastic thickness (EET), Langhi et al. (2012) 

modeled the forebulge hinge migration of Timor foreland, correlated with Neogene fault 

activities observed from Laminaria High. However, in the Timor foreland basin, no evidence or 

geological observations have been reported that support the existence of either a forebulge or 

backbulge. This is probably because: 1) backbulge is a very subtle feature in the foreland system 

and thus is hard to observe; 2) it’s difficult to differentiate between the subsidence represented 

by the backbulge and other extension-related subsidence mechanisms, like in pre-existing graben 

areas (e.g. Vulcan Sub-basin; Fig. 2.12b).  

Our alternative suggestion is that the forebulge and backbulge do not necessarily exist in the 

early-stage foreland basin development. EET is used in modeling which assumes an elastic 

behavior of crust, but rocks in nature rarely behave with pure elastic behavior, especially at the 

basin scale. Besides, the multi-stage tectonic events created a complex set of faults, thus rocks 

with pre-existing structures provide another challenge to define and estimate the crustal 

mechanical behavior. We suggest that EET is probably more suitable for later-stage foreland 

modeling where the hinterland crust is more rigid, while Timor is an early-stage foreland and 

thus the crust reveals more inelastic behaviors during deformation.  

2.7.5 Future of Timor foreland and 4D concept of foreland basin 

The present-day Timor foreland basin cannot be categorized into current foreland basin 

classification schemes, like retro-arc foreland or peripheral foreland (further into pro- and retro-

foreland; Naylor and Sinclair, 2008). This is because the Timor foreland originally evolved from 

the subduction of Australian plate underneath Banda Arc in Neogene time (Harris, 2011). The 

subducted Australian slab beneath Banda Arc can be identified from tomography data of this 

region (Spakman and Hall, 2010). Whether the Australian slab has stopped subducting is 

debatable. Spakman and Hall (2010) documented a continuous subducting slab on P-wave  
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Fig. 2.15. Schematic diagram showing the 4D concept of foreland basin. The 4D foreland basin evolution framework is constructed 
from the current foreland classification schemes and the “Time” dimension. The Timor foreland represents an early-stage foreland 
basin, and might have the “retro-arc” and/or “peripheral” superimposed phases during its future evolution. Other foreland basins 
around the world can be plotted in this 4D framework and have their own unique evolution routes not necessarily involving just one 
foreland basin type. 
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seismic tomography across the Timor area. However, Widiyantoro et al. (2011) reported a hole 

in the subducted slab in the upper mantle beneath eastern Java. Nevertheless, the convergence 

between Australia and Banda Arc is still ongoing. GPS velocity data reveal that Australia has a 

~7 cm/year velocity relative to Asia, and ~2 cm/year velocity relative to Banda Arc (Nugroho et 

al., 2009). Seismicity and GPS studies (e.g. Mccaffrey et al., 1985) imply that the convergence is 

accommodated by backthrusing of the Timor orogenic belt along the Wetar thrusts (Lorenzo et 

al., 1998). In a few million years, the heavy south Banda oceanic crust will probably subduct 

under the Timor orogenic belt and Australian margin. This process would create its own arc 

system and superimpose a back-arc foreland phase on the current Timor foreland. If subduction 

continues, consuming the Banda Sea oceanic crust, we would then expect continent-continent 

collision between the NW Australia and SE Asia blocks and another peripheral foreland phase 

superimposed on Timor foreland. Or, a peripheral foreland basin can probably form directly 

from collision of two continents without the “retro-arc foreland” phase. 

Our purpose in thinking forward is to invoke and emphasize the 4D concept of foreland basin 

(Fig. 2.15). The current existing foreland basin classification schemes are defined by specific 

tectonic settings, and the foreland basins are usually classified using their current or most 

representative types (e.g. Taconic foreland—peripheral, Western Interior foreland—retro-arc). 

As a young foreland, the Timor foreland basin represents an early-stage foreland basin 

development on the time line, and might have subsequent multiple evolution paths between 

different types as we discussed above. Similarly, other foreland basins would have their own 

evolution path in this 4D framework. Further improvement and application of this 4D framework 

will also have important implications and ramifications for global hydrocarbon exploration, 

including but not limited to: 1) helping us unravel the evolutionary path of a specific basin in 

basin analysis, 2) a better understanding of the key timing of the basin evolution to integrate into 

petroleum system analysis, and 3) benefitting the comparison and classification work of foreland 

basins. 

 

2.8 Conclusions 

The Timor foreland basin provides a great opportunity to investigate flexural extensional 

structures during the early-stage of foreland development. The foreland flexural wave on NW 
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Australian margin, generated by the rapid uplift and development of Timor orogenic belt in 

Neogene time, has a present-day width of more than 250 km and a NNW–SSE extension 

direction. Our normal fault analysis from the foredeep part of the basin (i.e. Ashmore Platform) 

shows that the timing of Neogene flexural normal faulting is late Miocene–Present. Using the 

normal fault classification scheme proposed in this study, the Neogene normal faults on the 

vertical cross-section can be divided into three components based on the fault throw analysis: 1) 

newly formed faults in the post-rift, pre-kinematic package, 2) Jurassic normal fault reactivation, 

and 3) growth faults. The Neogene fault throw profiles show clear relationships between 

mechanical stratigraphy and fault propagation patterns. In this study, we identify three key 

controlling factors for the development of the Neogene normal faults: 1) the pre-existing Jurassic 

faults controlled the locations of younger faults; 2) the mechanical stratigraphy of the post-rift 

package controls the fault propagation patterns; 3) the extension obliquity controls the lateral 

linkage patterns. These three factors help us understand the mechanism of hourglass structures 

observed in this area, and are also transferrable to investigate other extensional/rifting systems. 

This study can help better understand the stress states and tectonic districting scheme of the 

early-stage foreland development, as well as the importance of 4D concepts in foreland system 

analysis.  
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CHAPTER 3   SALT DIAPIR REACTIVATION AND NORMAL FAULTING IN AN 

OBLIQUE EXTENSIONAL SYSTEM, VULCAN SUB-BASIN, NW AUSTRALIA 

 

A paper accepted by Journal of the Geological Society 

Long Wu, Bruce D. Trudgill, Charles F. Kluth 

This chapter focuses on the subsurface example of a salt diapir reactivation in an oblique 

extensional system located in the Vulcan Sub-basin, NW Australia. 

3.1 Abstract  

Oblique extension and salt diapirism have their own distinct mechanisms that control geometry 

and kinematics of structures. In this study, we document a geological phenomenon from Vulcan 

Sub-basin in NW Australia that combines these processes—a salt diapir reactivated in an oblique 

extensional system. Detailed structural analysis of this natural example, with a focus on normal 

fault systems, allows characterization of the oblique extensional system and investigation of how 

the pre-existing structural fabrics and salt diapir control deformation, and interact with each other 

under oblique extension. After comparison with forward modelling results and using constraints 

from geological evidence, our fault strike analysis indicates that the Neogene flexural extension 

orientation in the oblique extensional system is around 347°, revealing a perpendicular 

relationship between extension direction and fault strikes from the inner deformation zone. The 

salt diapir, reactivated during Neogene extension strongly influences local structure in the 

oblique extensional system by altering fault strikes, stepping patterns, fault zone width and fault 

density, indicative of a “stress/strain concentration” effect of  salt diapir due to its extremely low 

strength. These results provide valuable insights on the understanding of oblique extensional 

system, salt’s geomechanical role during extension, and the Neogene tectonic evolution of NW 

Australia.                                                         

Supplementary material: Dominant seismic frequency analysis, un-interpreted seismic profiles, 

additional structural and isochron maps, 3D view of fault systems, and original measurements of 

the fault system are available at Appendix A. 
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3.2 Introduction 

In this paper we present a unique and well-documented natural example combining an oblique 

extensional system with salt diapirism (Fig. 1). As two widespread geological phenomena around 

the globe, both oblique extension/rifting and salt diapirism have their own distinctive and unique 

mechanisms that control the geometry and evolution of associated structures. 

Oblique extension/rifting occurs when the extension direction is oblique to a pre-existing weak 

zone (Fig. 1a). The angle between the extension direction and the orthogonal to the pre-existing 

weak zone axis is the extension obliquity, α (0°<α<90°). In nature, extension orthogonal to pre-

existing structural fabrics is rare (i.e. α=0°); most extensional systems reveal obliquity to some 

extent, as documented worldwide from continental rifts to oceanic ridges, e.g., East African Rift 

system (Chorowicz and Sorlien, 1992; Corti, 2008; Morley, 2010), Baikal Rift (Petit et al., 

1996), North Sea (Firseth et al., 1997), rifts of Thailand (Morley et al., 2004), Gulf of Aden 

(Dauteuil et al., 2001; Lepvrier et al., 2002; Autin et al., 2013a), Australia’s southern margin 

(Willcox and Stagg, 1990), African–South American margins (Moulin et al., 2010; Heine et al., 

2013; Heine and Brune, 2014), eastern North America (Olsen and Schlische, 1990; Schlische, 

1993; Withjack et al., 2012), Reykjanes and Mohns ridges (Dauteuil and Brun, 1993; McAllister 

et al., 1995) and South West Indian Ridge (Dick et al., 2003; Montési et al., 2011).  

Complex sets of normal fault systems form during the development of rifting/extensional 

systems in terms of fault array stepping patterns, fault strikes and slip kinematics. Numerous 

forward, analogue and analytical models—including physical modelling on both crustal and 

lithospheric scale (Withjack and Jamison, 1986; Tron and Brun, 1991; McClay and White, 1995; 

Bonini et al., 1997; Keep and McClay, 1997; Clifton et al., 2000; McClay et al., 2002; Schlische 

et al., 2002; McClay et al., 2004; Corti, 2008; Agostini et al., 2009; Henza et al., 2010; review by 

Corti, 2012; Autin et al., 2013a) and 3D numerical experiments (Corti et al., 2007; Brune, 2014; 

Heine and Brune, 2014)—have been conducted in the last three decades to better understand the 

structural evolution of oblique rift/extensional systems and how pre-existing structures control 

the geometry and kinematics of newly formed faults. However, several aspects of the oblique 

extensional systems still remain unclear and challenging, such as reconstruction of the palaeo-

stress field from the resultant fault system.  
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Fig. 3.1. Schematic diagrams showing rationale for this study. (a) Map-view of oblique extensional system configuration; 
extension/rifting direction is oblique to the pre-existing weak zone, with α defined as extension obliquity. (b) Map-view of a salt 
diapir surrounded by intact rocks with no influence from tectonic far-field stresses. (c) This study combines (a) and (b), showing 
one oblique extensional system with three mechanical components (i.e. intact rocks, pre-existing weak zone and salt diapir). 
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Salt and its related structures are also globally distributed (see review by Hudec and Jackson, 

2007), and well documented in hydrocarbon-rich, major salt provinces, including North Sea (e.g. 

Davison et al., 2000a; Stewart, 2007), Gulf of Mexico (e.g. Diegel et al., 1995), and offshore 

Brazil (e.g. Davison, 2007; Mohriak et al., 2012). Due to its extremely low strength and 

incompressibility, salt can easily deform under a wide variety of conditions, forming complex 

salt structures (e.g. diapirs, walls, stocks; Jackson and Talbot, 1989; Hudec and Jackson, 2007) 

and associated salt-related fault systems (e.g. Rowan et al., 1999). Salt diapirism has been 

studied for decades, and most of our understanding has mainly advanced and focused on 

initiation, rise and growth mechanisms (e.g. Vendeville and Jackson, 1992; Schultz-Ela et al., 

1993; Jackson and Vendeville, 1994; Giles and Lawton, 2002; Rowan et al., 2003).  

Few studies, however, have been published focusing on map-view fault patterns and structures 

adjacent to salt diapirs. In addition, even in these few studies—including ones from North Sea 

(Davison et al., 2000a; Davison et al., 2000b), coastal Gulf of Mexico (Johnson and Bredeson, 

1971; Vendeville et al., 2003) and offshore Brazil (Stewart, 2006)—nearly all report radial and 

concentric faults in the roof and adjacent strata of salt diapirs. The existence of these radial and 

concentric fault systems can be directly associated with the cylindrical nature of salt diapirs (Fig. 

1b), so little information is gleaned about the direct influence of tectonic far-field stresses. Thus, 

our understanding of how a pre-existing salt diapir interacts with tectonic forces and how it 

influences local stress field and structures, i.e. its geomechanical role, still remains limited.  

In this study, the Vulcan Sub-basin in NW Australia reveals a unique geological phenomenon of 

one salt diapir reactivated in an oblique extensional system, formed in an “colliding rifted 

margin” setting where the Australia–Banda Arc collision in Neogene generated upper-crust 

flexural extension on the Australian shelf. The relative simple tectonic history and salt system in 

this area enable us to analyse how the pre-existing weak zone and salt diapir influence the 

faulting patterns in the overburden and how they interact under oblique extension (Fig. 1c). We 

first build a detailed structural model using seismic and well data, with focus on normal fault 

systems. After characterization of the oblique extensional system, we identify the extension 

direction by first comparing our results with physical modelling (e.g. Withjack and Jamison, 

1986; Agostini et al., 2009) and then constraining the direction from geological observations. We 

analyse the salt diapir’s structural influence on the oblique extensional fault system, and use our  
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Fig. 3.2. Map of the present-day bathymetry and tectonic setting of NW Australia–Banda Arc area, showing 3D seismic data in this 
study and location of 2D regional seismic line (A–A’; shown in Figure 3), basin boundaries (thicker white dashed line) with sub-basin 
domains (thinner white dashed line), and major faults (black line) in Bonaparte and Browse basins.  Active faults (red; dashed lines 
are poorly defined), active volcanos (red triangles) and collision tip are adapted from Harris (2011) and Bradley (2008). Insert map 
shows plate boundary elements and GPS vectors (after Nugroho et al. 2009). SG = Swan Graben; PG = Paqualin Graben; CT = Cartier 
Trough. 
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results to clarify the initiation mechanism of this salt diapir reactivation and to investigate its 

potential implications for the deeper salt system. This study also shows how the combined 

analysis of oblique extension and salt diapirism can benefit the analysis of each system. 

Ultimately we present a model of the geological evolution of the study area and its tectonic 

implications. 

The value of this study lies in: 1) this is arguably the first well-documented, natural example 

combining oblique extension and salt diapir reactivation; 2) a better understanding of oblique 

extensional systems and Neogene flexural deformation in NW Australia, providing insights for 

the hydrocarbon industrial activities in this area; 3) a better understanding of the salt diapir’s 

geomechanical role in modifying the tectonic stress field, shedding light on salt-related fault 

studies in other areas with complex pre-existing structures and salt (e.g. North Sea). 

 

3.3 Present-day tectonic setting 

Located in the NE section of the North West Shelf of Australia, the Bonaparte Basin is the 

northernmost sedimentary basin within the Westralian Superbasin—which also includes 

Carnarvon, Roebuck (or Offshore Canning) and Browse Basin (Yeates et al., 1987b; Longley et 

al., 2002). The Bonaparte Basin has been part of an active margin setting since the Australian 

passive margin collided with Banda Arc in the Neogene time, leaving the yet-to-collide part of 

the passive margin to its southwest (Fig. 2; Longley et al., 2002; Bradley, 2008; Shulgin et al., 

2009; Harris, 2011). The “collision tip”, which reveals a westward propagating sense, is the 

transition between oceanic Benioff subduction along the Java Trench and the colliding passive 

margin along Timor Trough (Fig. 2; Bradley, 2008; Shulgin et al., 2009).  

The Vulcan Sub-basin is a NE–SW-trending major depocentre in the western Bonaparte Basin 

(Fig. 2). It is flanked by two Permian–Triassic platforms—Londonderry High to its southeast and 

Ashmore Platform to its northwest (Figs. 2, 3; Pattillo and Nicholls, 1990; Woods, 1992; O'Brien 

et al., 1996). The Vulcan Sub-basin extends to the southwest and connects with Heywood 

Graben in Browse Basin, and opens northeastward to Nancar Trough and Timor Trough (Figs. 2, 

3). It comprises the Swan Graben, Paqualin Graben and younger Cartier Trough as its internal 

main depocentres from SW to NE (Woods, 1992; O'Brien et al., 1996; Peresson et al., 2003).  
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Fig. 3.3. Regional uninterpreted and interpreted seismic profile across the Vulcan Sub-basin, Ashmore Platform and Londonderry 
High. Stratigraphic units are from well control in this study and published seismic sections (e.g. O'Brien et al. 1996). Location of the 
section is shown in Figure 2. Unc. = unconformity; ss. = sandstone; TWT = two-way traveltime. 
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The 2D and 3D seismic data used in this study are situated in the southwest part of Vulcan Sub-

basin, covering the NE–SW-trending Swan Graben bounded by Jurassic extensional fault blocks 

(Figs. 2, 3).  

 

3.4 Basin evolution 

The basin evolution of the Bonaparte Basin has been described in numerous articles and reports 

(e.g. Gunn, 1988; Pattillo and Nicholls, 1990; Mory, 1991; Etheridge and O’brien, 1994b; 

O'Brien et al., 1996; Keep et al., 2002; Longley et al., 2002; Frankowicz and McClay, 2010; 

Bourget et al., 2012). The Bonaparte Basin experienced two phases of NE-directed extension in 

the Palaeozoic and a Late Triassic compressional event (Fitzroy movement; AGSO, 1994). These 

events were followed by two key extensional events, which largely framed the tectono-

stratigraphic history of the Vulcan Sub-basin: 1) a NW-directed rifting event in Jurassic–Early 

Cretaceous; 2) Neogene flexural extension related to the Banda Arc–Australia collision (Fig. 4). 

3.4.1 Jurassic–Early Cretaceous rifting 

The present-day NW Australia passive margin developed during Jurassic–Early Cretaceous 

rifting related to the continental break-up of several peri-Gondwanan terranes and microplates 

from NW Australian margin (Hall, 2012; Metcalfe, 2013a). In response to the Mesozoic 

extension, the Vulcan Sub-basin formed as an intra-continental rift in Callovian time (Pattillo 

and Nicholls, 1990; Smith and Sutherland, 1991; Woods, 1992, 1994; Baxter et al., 1999; 

Peresson et al., 2003), which coincided with the commencement of continental break-up and 

seafloor spreading in the Argo Abyssal Plain to the west of the Browse Basin (O'Brien et al., 

1996; Longley et al., 2002). The Callovian unconformity marks the onset of this event in Vulcan 

Sub-basin, with the Permian–Triassic and Early Jurassic succession developed as the pre-rift 

megasequence (Figs. 3, 4; e.g. Pattillo and Nicholls, 1990; Woods, 1992; O'Brien et al., 1996). 

The syn-rift section is dominated by wide-spread marine shale (i.e. Lower and Upper Vulcan 

formation; Pattillo & Nicholls 1990; O'Brien et al. 1996).  
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Fig. 3.4. Tectono-stratigraphic chart of the Vulcan Sub-basin. Lithostratigraphic column (after Smith et al. 2014) coupled with rock 
strength has been correlated with seismic stratigraphic units. Tectono-stratigraphic significance is indicated. Ages are calibrated with 
geological timescale of the International Stratigraphic Committee (http://www.stratigraphy.org/ICSchart/ChronostratChart2014-
10.pdf). Unc.= unconformity. 
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3.4.2 Early Cretaceous–Cenozoic post-rift phase 

The Valanginian unconformity marks the cessation of extension and start of post-rift phase, and 

has been broadly correlated with full continental break-up (Pattillo and Nicholls, 1990; Woods, 

1992; Baxter et al., 1999; Peresson et al., 2003; Frankowicz and McClay, 2010). The post-rift 

Cretaceous interval, which is fairly thick and uniform across the passive margin (Longley et al., 

2002), is dominated by fine-grain shaly–marly marine sediments—a weak layer in terms of 

mechanical stratigraphy (Fig. 4). Progradational clastic and carbonate wedges largely developed 

during Cenozoic time. After an Oligocene hiatus, carbonate sedimentation continued into the 

Miocene (Pattillo and Nicholls, 1990; Frankowicz and McClay, 2010).  

3.4.3 Neogene collision and flexural extension 

Neogene oblique collision between Australia and the Banda Arc resulted in flexural extension 

during the down-warping of Australian lithosphere, giving rise to the development of new 

Neogene normal faults, as well as wide-spread reactivation of many pre-existing Jurassic normal 

faults (Bradley and Kidd, 1991; Woods, 1992; Peresson et al., 2003; Harrowfield and Keep, 

2005; Frankowicz and McClay, 2010; Langhi et al., 2011a). Although the timing of initial 

collision between Australia and Banda Arc is still debated (e.g. Hall, 2002; Keep and Haig, 

2010; Audley-Charles, 2011), fault analyses and growth strata of syn-extensional carbonate  

successions indicate that the continental margin was affected by flexural extension from late 

Miocene–Pliocene onwards (Fig. 3; e.g. Frankowicz and McClay, 2010; Bourget et al., 2012). 

This is also consistent with Timor’s rapid uplift and subaerial emergence from the Indonesian 

seaway, plus rapid subsidence of the Australian shelf (Harris, 2011; Nguyen et al., 2012).  

 

3.5 Salt in Vulcan Sub-basin and Swan salt diapir 

Salt deposition and locally mobilized salt diapirism have long been observed and documented in 

Bonaparte Basin, especially in Petrel Sub-basin and Vulcan Sub-basin (e.g. Edgerley and Crist, 

1974; Gunn, 1988; Smith and Sutherland, 1991; Woods, 1994; O'Brien et al., 1996; Longley et 

al., 2002). Two salt diapirs identified in Vulcan Sub-basin are the Swan salt diapir locating near 

the central section of the Swan Graben and the Paqualin salt diapir to its north (around 40 km 
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apart) in the Paqualin Graben (Smith and Sutherland, 1991; Woods, 1994; O'Brien et al., 1996). 

The presence of salt in the Vulcan Sub-basin was confirmed when the Paqualin salt diapir was 

drilled in 1988 and 627 m of evaporates was encountered, including 205 m of anhydrite, 255 m 

of halite and 158 m of an unusual mineralized section in the cap rock of the diapir (Smith and 

Sutherland, 1991). The similarities shared between the Paqualin and Swan structures on seismic 

data and the presence of large negative Bouguer gravity anomaly clearly indicate the existence of 

Swan salt diapir although there is no direct penetration of the salt section in adjacent wells 

(Smith and Sutherland, 1991; Woods, 1994). The age of the autochthonous salt source layer is 

unclear in Vulcan Sub-basin, but it is considered to have a pre-Permian age, coeval with 

Palaeozoic salt deposits in the Petrel Sub-basin to the east (Edgerley and Crist, 1974; Gunn, 

1988; Smith and Sutherland, 1991; Woods, 1992, 1994; O'Brien et al., 1996; Longley et al., 

2002).  

 

3.6 Data and research methodology 

This section will cover the data we used in this study and the analyzing methods. 

3.6.1 Seismic data 

The 2D and 3D seismic data used in this study were kindly provided by Geoscience Australia 

(Fig. 2). The 2D regional line used in Figure 3 is from Geoscience Australia’s (previous known 

as AGSO) Vulcan Tertiary Tie (VTT) seismic grid. The 3D seismic volume used here is part of a 

pre-stack time migration (PSTM) seismic survey acquired in 1998 (Onnia 3D Phase-2). Inlines 

are orientated NE–SW and crosslines are orientated NW–SE. The spacing of inlines and 

crosslines are 14.1 m (46.1 ft) and 9.4 m (30.8 ft), respectively. The vertical axis in these surveys 

extends to 5.5 seconds two-way travel time (TWT). The quality of the 3D data is good-to-

excellent between sea bed and the Valanginian unconformity at around 1.2–2.0 s TWT. The 

dominant frequency of this part of the data is around 46 Hz, which gives a vertical seismic 

resolution of approximately 20 m (~66 ft). The data quality below Valanginian unconformity 

deteriorates downward, with dominant frequency at 15 Hz; an approximate vertical resolution of 

80 m (~262 ft).  
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3.6.2 Well data 

Four wells with wireline logs, checkshot information and stratigraphic tops are utilized in this 

study. They are all located on the structural high area to the northwestern of Swan Graben (Fig. 

5). Wells are tied to seismic using checkshot information and synthetic seismograms. 

Stratigraphic information from these wells provide critical constraints on the age of key horizons 

as well as their correlations.  

3.6.3 Seismic interpretation 

Horizons were picked manually on every 5 inlines and crosslines throughout the volume, then if 

applicable, a 3D auto-tracking algorithm was used to develop a continuous 3D interpretation. 

Among the seven main seismic horizons interpreted in 3D, five post-rift horizons have good 

seismic and well constraints: the Valanginian unconformity defines the base of post-rift 

magasequence and the other four horizons represent Top Palaeocene, Top Grebe sandstone, Base 

Miocene and Intra Upper Miocene respectively (Figs. 4, 6). No well constraints are available for 

Callovian unconformity because of either shallow penetration or lack of syn-rift section on 

structural highs (e.g. Puffin-5 on Puffin Horst; Figs. 3, 6). The Near top Permian is characterized 

by a group of continuous high amplitude reflections (see Figs. 3, 6, 7), and has long been 

recognized and mapped regionally in the Bonaparte Basin to represent the boundary between 

Permian carbonate succession and an overlying thick section of early Triassic marine shale (Fig. 

4; O'Brien et al., 1996; Peresson et al., 2003). These reflections are the primary indicators of 

deep structure in this study. The Callovian unconformity and Near top Permian are correlated 

with published seismic sections (e.g. O'Brien et al., 1996). 

Detailed fault interpretation was undertaken on closely spaced (125 m) sections that are 

orthogonal to the fault strikes. A seismic coherency volume was also calculated and used to 

guide the fault interpretation and lateral correlation. Two fault systems were interpreted: Jurassic 

rift-related normal faults and overlying Neogene normal faults in the post-rift package. 

Interpreting Jurassic faults within the Swan Graben is challenging due to the poor data quality 

but border faults that define the Swan Graben are well constrained by the well-imaged Near top 

Permian horizon as well as reflections in the un-deformed footwall blocks (Figs. 3, 6, 7). 

Neogene normal faults are well imaged at the shallower, Cenozoic level, and characterized by 
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Fig. 3.5. (a) Structural map of the Base Miocene horizon (time domain) with well locations, 
showing Neogene normal fault arrays and Swan salt diapir reactivation in the NE–SW-trending 
Swan Graben. (b) Index map showing locations of Figures 6, 7, 8a, 9a and 11a. 
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Fig. 3.6. Oblique view of four interpreted key seismic profiles, showing lateral variation of 
structural style in the Swan Graben (e.g. graben–half graben change), and the Swan salt diapir (in 
c–c’), with probable autochthonous salt level. The locations of seismic profiles are shown in 
Figure 5b. Horizons, seismic stratigraphic units and color scheme are identical to Figure 4. 
Enlarged, un-interpreted and interpreted seismic sections are available in the supplementary 
material. 
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throw gradually diminishing downward into Cretaceous marl successions, with limited linkage to 

underlying Jurassic border faults (Figs. 4, 6, 7).  

On the structural map of Base Miocene (Fig. 5), Neogene fault polygons were mapped out based 

on hanging wall and footwall cutoffs. Smaller faults with throws equal or close to the vertical 

resolution of seismic data are hard to interpret on vertical profiles, but are recognizable on 

detailed horizon maps as lineaments (Figs. 5, 8). These lineaments (smaller faults in nature) were 

integrated into the fault analysis below since they also carry important information on 

deformation (Figs. 8, 9).  

The location of the Swan salt diapir is determined by seismic sections and attributes (Figs. 6, 7), 

and is also supported by the overlying structural style (see discussion). The actual boundaries of 

Swan salt diapir are not well imaged due to geological and geophysical challenges associated 

with salt body imaging (e.g. complex evolution history, high velocity). Thus, our interpretation 

of the actual boundaries of salt diapir is not definitive (Figs. 6, 7b).  

3.6.4 Fault analysis 

In addition to the 2D/3D seismic interpretation and 3D structural model construction, detailed 

fault analysis of Neogene normal fault system was conducted based on structural map of Base 

Miocene (Figs. 8, 9).  

Strike analysis of normal faults 

Normal fault strikes provide important insights into the direction and obliquity of 

extension/rifting. Here we measured strikes of both mappable normal faults and near sub-seismic 

lineaments revealed on the Base Miocene structural map (Fig. 8). We chose 3 sub areas in Figure 

8, away from areas of salt influence, to measure fault strikes that are more representative of 

Neogene normal faults. The fault strike difference between the Neogene normal faults and 

underlying Jurassic border faults are used to investigate the Neogene extension direction and 

obliquity. We also measured 5 areas around the salt diapir to document fault strike deflections 

around salt (Fig. 8). These data were plotted on the rose diagrams with bin size of 5° using 

Grapher®. Average strike with standard deviation was calculated for mappable faults and 

lineaments in each measured group. 
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Fig. 3.7. (a) Three time-slices from different levels of the calculated seismic coherency volume, 
showing normal faulting on top of salt and chaotic nature of salt diapir of timeslices; higher 
values (blue) indicate higher discontinuity of seismic reflections; vertical positions of timeslices 
are marked in (b). (b) 3D image of seismic volume showing normal fault systems revealed at 
Base Miocene surface, Swan salt diapir and structural configurations around the diapir; location 
of the composite seismic line is shown in Figure 5b.   
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Fault zone width and fault density 

We utilized 45 evenly spaced (~766 m) scan lines with orientations sub-perpendicular to the 

faults across the fault zone (Fig. 9a). Fault zone width and number of faults within the zone were 

measured, based on which, we calculated fault density and fault spacing (Fig. 9b). The length of 

each line was determined by following two criteria: 1) area should represent the typical inner 

deformation zone of Swan Graben, and 2) trying to avoid those normal faults reactivated from 

underlying Jurassic border faults to the south (e.g. Figs. 8a, 9a). This is a relatively objective 

analysis but consistency was kept throughout the measurements. These data were plotted in 

Figure 9b to show how the salt diapir (centered at line 33) influenced deformation around it.  

 

3.7 Description of structural architecture 

The structural architecture of this oblique extensional system is best presented on the structural 

map of Base Miocene—a pre-kinematic horizon that predates the Neogene flexural extension 

(Figs. 4, 5). The locations of four wells with stratigraphic control are shown on the map in Figure 

5.  

The first-order structural trend revealed by this map is the NE–SW-trending Swan Graben 

flanked by structural highs controlled by underlying Jurassic normal faults (Fig. 5). The 

geometry of the Swan Graben from SW to NE is shown by four cross-sections in Figure 6. Their 

locations are shown in Figure 5b. The southwestern part of Swan Graben is characterized by 

horst and graben structures (see seismic profiles a–a’, b–b’; Fig. 6), where the graben is bounded 

by two sets of Jurassic border faults. The structural pattern gradually changes to a half-graben 

towards the northeast, where a major northwest-facing border fault dominates the structure, and 

introduces a clear “fault shadow effect” on seismic (see seismic profile d–d’; Fig. 6). In addition, 

reflection truncations observed across the horst area (e.g. Puffin Horst) indicate footwall uplift 

and erosion of these fault blocks.  
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Fig. 3.8. (a) Map showing mappable Neogene normal fault arrays (red), near-subseismic 
lineaments revealed on structural map of Base Miocene (grey), projections of underlying Jurassic 
border faults (dashed purple lines) and sampling areas for strike statistics. (b) Rose diagrams for 
fault/lineament strike measurements from 3 sub areas (i.e. A, B, C) and 5 areas near Swan salt 
diapir (i.e. 1, 2, 3, 4, and 5); the numbers (n), average strike and standard deviation of faults (red) 
and lineaments (grey) are shown on the right side of each rose diagram; general strike of 
underlying Jurassic border faults are plotted in rose diagrams for area A, B and C.  
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Seismic profile c–c’ in Figure 6 shows our interpretation of Swan salt diapir, characterized by 

internal chaotic seismic features and convergent reflections around it. The salt diapir is also 

documented in the coherence volume as shown in Figure 7a. Down to the graben level, the salt 

body is juxtaposed against a rotated fault block to the southeast (c–c’ in Fig. 6; Fig. 7b). Upper 

Cretaceous–Palaeocene strata (light green) reveal thickness changes around salt diapir, while the 

Eocene Grebe sandstone member and overlying carbonate succession remain constant in 

thickness, indicating that salt diapirism continued until Palaeocene times. 

The Neogene normal faults on the map in Figure 5 reveal en enchelon, left-stepping pattern and 

follow the first-order structural trend in terms of distribution. Soft-linkage of neighboring 

synthetic normal faults developed relay ramps. Most Neogene normal faults are planar, with a 

few arcuate faults around the salt diapir. On seismic profiles, their direct vertical linkage with 

underlying Jurassic normal faults is limited (Fig. 6). The throw of these Neogene faults usually 

diminishes downward into the shaly–marly Cretaceous level (Fig. 4), with only a few on the 

margin showing clear reactivation of Jurassic faults (Figs. 5, 6). The structural features atop and 

around Swan salt diapir, however, are different from other parts of the graben: 1) the normal 

faults converge towards the top of salt diapir, narrowing the deformation zone (see detailed fault 

analysis below); 2) the typical left-stepping en enchelon fault pattern becomes less common 

when close to salt diapir; 3) two areas on the NW and SE side of the salt diapir are characterized 

by relative high, three-way dipping structures with little deformation; 4) structures directly on 

top of salt diapir are higher than neighboring graben areas (Figs. 5, 6, 7b).  

 

3.8 Fault analysis results 

This section shows the results of the fault analysis. 

3.8.1 Strike measurements in 3 sub areas 

A total of 164 fault strikes were measured from 3 sub areas (i.e. A, B, C) on the Base Miocene 

structural map (Fig. 8), including 78 mappable Neogene normal faults and 86 near sub-seismic 

lineaments. The overall fault strikes range from 221° to 270°. Areas A and B cover the most 

representative area for the Neogene normal fault populations in Swan Graben, and they share a  



 

83 
 

 

 

Fig. 3.9. (a) Map of Neogene fault and lineaments at Base Miocene showing 45 scan lines used 
for fault zone width and fault density measurements. (b) Fault zone width (orange) and fault 
density/spacing (navy blue) profiles across 45 scan lines, showing that fault zone width decreases 
towards the Swan salt diapir (centered on line 33), accordingly fault density increases towards it. 
An area between line 25 and 41 drawn in (a) and (b) represents the fault zone that has been 
influenced by the salt diapir regarding fault strikes, stepping patterns, fault zone width and fault 
density.  
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similar strike range (Fig. 8b). Their combination yields an average strike of 257±7°. Area C, on 

the other side (northeast) of salt diapir, reveals a slightly different strike of the fault population at 

245±10° (Fig. 8). This difference can be attributed to 1) the change of underlying Jurassic border 

fault strikes and 2) proximity of area C to these underlying structures. The graben–half graben 

geometry transition itself doesn’t seem a major contributing factor here, since areas away from 

reactivated basement faults, including northern part of area C, reveals similar fault strikes to 

areas A and B. The general strikes of the underlying Jurassic graben are projected in the rose 

diagrams. In areas A and B, the angles between the Neogene normal faults and underlying 

structural trend are ~40°; area C reveals a ~15° divergent angle (Fig. 8b).  

3.8.2 Strike measurements near Swan salt diapir 

The location of the Swan salt diapir, especially in the shallower section, is best determined by the 

calculated seismic coherency volume as shown in the time slice section in Figure 7a. High values 

(low coherency of seismic signals) indicate the chaotic feature of salt on seismic. The fault 

strikes directly on top of salt diapir (i.e. in area #1) are 256±3°, similar to the results measured 

from area A and B. The presence of the Swan salt diapir, however, influences the fault 

population strikes around it (i.e. areas #2, #3, #4 and #5; Fig. 8). Strike deflections of mappable 

fault populations in sampling areas mainly range from 10° to 24°; lineaments reveal larger 

deflections (e.g. lineaments in area #4).  

3.8.3 Fault zone width and fault density 

3D mappable normal faults and lineations intersected along each scan line are counted in fault 

numbers (Fig. 9). The edges of the underlying Jurassic graben are projected vertically on the 

map. The measurements show that the fault zone has a general width of 10–14 km along the 

overall trend of the graben, and reduces dramatically towards the top of salt diapir to 3.4 km 

(centered on line 33) from both sides (Fig. 9b). Accordingly, the calculated fault density curve 

shows that the fault density increases towards the top salt diapir from both sides; fault spacing is 

the reverse of fault density in this calculation.  
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3.9 Discussion 

This section will discuss the results and their implications of the oblique extensional system and 

salt diapir reactivation. 

3.9.1 Determining extension direction for natural examples 

The understanding of extension direction is crucial in reconstructing palaeo-stress fields and 

constraining extension/rifting history of sedimentary basins and plate kinematics, but the 

complexity of oblique extensional systems makes it challenging for geoscientists.  

In studies where field data are available (e.g. continental rifts), fault slip measurements are 

usually, and preferably, used by geoscientists to reconstruct the palaeo-stress field. However, 

fault slips measured from the fault surface data should be used with caution to constrain the real 

extension direction because of the existence of stress and slip re-orientation of normal faults in 

oblique extensional systems (Morley, 2010; Corti et al., 2013; Philippon et al., 2015). In offshore 

and subsurface studies (e.g. passive margins, buried failed rifts), data are more limited in terms 

of types and resolution (e.g. seismic resolution related issues). The stepping pattern of fault array 

and shape of fault polygon mapped from seismic data can sometimes provide good indications of 

extension direction but are not quantitative. Fault strike is probably the best data type available to 

constrain extension direction, although to reach a quantitative conclusion such analyses usually 

require comparisons with forward modelling results (e.g. Dauteuil and Brun, 1993). 

Previous modelling of oblique extensional systems provides important insights into the 

relationship between normal fault strike and displacement direction. Oblique extension clay 

models (Withjack and Jamison, 1986; Clifton et al., 2000) reveal that, in a low extension strain 

regime, the normal fault strikes approximately bi-sects the angle between the normal to 

displacement direction and the rift axis. The “bi-secting” relationship is also observed in 

numerical modelling results from Brune (2014), and is supported by theoretical analyses under 

low stretching strains (i.e. stretching factor β < 1.1; see discussion in Fournier and Petit, 2007). 

More recent, mostly quartz sand-based analogue and analytical modelling (McClay et al., 2002; 

McClay et al., 2004; Agostini et al., 2009; Corti, 2012; Philippon et al., 2015) reveal more 

partitioning of deformation within the extensional system and further categorize normal faults 

into two groups considering their location and fault strike: border faults and inner-rift faults. The  
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Fig. 3.10. (a) Histogram of fault/lineament strike statistics from area A and B; 257±7° represents 
the average strike of all normal faults; bin size = 5° (b) Based on fault strike statistics from (a), 
two extension directions are calculated by using “bi-secting” relationship (navy blue) and 
“perpendicular” relationship (purple) revealed in physical models, respectively; they are 
considered as end-members for the uncertainty range of true extension direction (strike from 
~347° to ~027°; marked as purple–navy blue). (c) Constraints from geological evidence support 
the extension orientation predicted by “perpendicular” relationship (i.e. ~347°), e.g., present-day 
minimum horizontal stresses from borehole breakouts in Vulcan Sub-basin area (World Stress 
Map database id: SEA 1146, 1376, 1379, 1382, 1383, 1394, 1396, 1397, 3371 and 5244; 
Heidbach et al. 2008), present-day orientation of Timor trough, and Neogene normal fault strikes 
on top of Swan salt diapir (orange histogram; bin size = 5°; data from area #1 in Figure 8). 
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strikes of border faults in these models are clearly influenced by underlying pre-existing 

structural fabrics, sometimes revealing the “bi-secting” relationship (e.g. Philippon et al., 2015). 

In contrast, strikes of the inner rift faults are different from previous modelling results (e.g. 

Withjack & Jamison 1986), being roughly perpendicular to the extension direction of the 

model—indicating a “perpendicular” relationship (e.g. McClay et al., 2002; Agostini et al., 2009; 

Philippon et al., 2015).  

We believe the discrepancy revealed among these physical modeling originates from different 

model designs in terms of modelling materials (e.g. wet clay, quartz sand, and other mixed 

materials), scales (e.g. upper crust, lithospheric), and setups (e.g. stretching velocity, final 

extension, gravity factor). Direct comparison of these forward modelling results cannot be made, 

and is beyond the scope of this paper. Nevertheless, by honoring the differences and 

uncertainties revealed among modelling results as well as between models and natural examples, 

our approach here is to consider the “bi-secting” and “perpendicular” relationships as end 

members of the spectrum of possibilities, and ultimately use different lines of geological 

evidence to constrain the extension direction. The strike distribution histograms in Figure 10a 

represent fault strike statistics from inner deformation zone (area A and B). Measurements from 

area C are not used here because it has strong influence from underlying Jurassic border faults. 

The angle between Neogene normal faults and Jurassic faults (i.e. ~40°) is utilized to set the 

extension direction uncertainty range by following “bi-secting” and “perpendicular” 

relationships (Fig. 10b). Five main constraints from geological observations are used to 

determine the Neogene extension direction: 1) Timor Trough strikes around 247°, which, from 

the tectonic scale, favours a NNW–SSE flexural extension roughly perpendicular to the strike 

(Figs. 2, 10c); 2) the present-day stress of this area is well documented by bolehole breakout 

data, which mainly show ENE–WNW maximum horizontal stresses (Fig. 10c; Hillis and 

Reynolds, 2003; Heidbach et al., 2008); 3) strikes of faults on top of salt diapir average at 

256±3° (area #1; Fig. 8), supporting a NNW–SSE extension because the extremely low strength 

of salt would prefer faulting in roof strata aligned orthogonal to extension direction; 4) from a 

mechanical stratigraphy perspective, the existence of mechanically weak Cretaceous shaly–marly 

layer (Fig. 4) would provide a “decoupling effect” for the two fault systems, which would allow 

Neogene normal faults to orientate preferentially towards the “perpendicular” relationship; 5) 

combination of results from this study and other studies in Bonaparte Basin with different 
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oriented underlying structures indicate that Neogene extension direction should be NNW–SSE 

(see discussion below). Thus, we can conclude that the Neogene extension direction that affected 

our study area is around 347° based on our fault statistics, favouring the “perpendicular” 

relationship. The minor strike difference between our proposed Neogene extension direction and 

“present-day” data (e.g. borehole breakouts; Fig. 10c) can be explained as or may imply a minor 

stress field rotation in this area during the last ~5 myr.  

3.9.2 Major factors controlling deformation pattern in oblique extension/rifting 

Applying forward modelling results to natural examples requires care, since natural examples of 

oblique extensional system are complex and their geological conditions are highly variable from 

case to case. We suggest that analysis of each natural oblique extensional system should be built 

upon specific geological observations, while appreciating forward modelling results with an 

understanding of how models and natural examples differ. Based on this study and reviews of 

previous oblique extension studies, we summarize several first-order geological parameters that 

can control the development of normal fault systems during oblique extension, including but not 

limited to: 1) extension/rifting obliquity (i.e. α) in respect of pre-existing structural fabrics; 2) 

stretching factor, or the ratio between extension and width of rift/pre-existing weak zone; 3) 

proximity of study area to underlying major structural boundaries (e.g. inner rift area or border 

area); 4) the thickness of overlying pre-kinematic sediments on pre-existing structures (i.e. thin 

v.s. thick), which can influence the fault growth and linkage patterns in the covering strata; 5) 

mechanical stratigraphy, i.e. whether there are any important weak layers (e.g. salt layer, shale, 

or marl) to reduce the influence of underlying structural fabrics. Assessing these parameters can 

be beneficial to studies of other natural oblique extensional systems as well as designing 

analytical models (physical or numerical) in the future. In a broader sense, these aspects are not 

only suitable to the oblique extensional system, but also transferrable when discussing much 

wider topics like multi-stage deformation and tectonic inheritance.  

3.9.3 Salt diapir reactivation and its role in Neogene extension  

Earlier researchers mainly attribute the normal faults on top of the Swan salt diapir to collapse 

induced by salt dissolution (e.g. Smith and Sutherland, 1991). However, concentric faults and 

related deformation caused by salt diapir dissolution, predicted both theoretically and 

experimentally (Ge and Jackson, 1998), are not observed in this study. Based on our fault system 
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analysis above, we argue that Neogene extension is the triggering and primary driving 

mechanism for normal faulting on top of the salt diapir. Neogene extension directly triggered 

Swan salt diapir reactivation and initiated a normal fault system above it, because salt is 

extremely weak compared to other rocks and cannot sustain any differential stress induced by 

tectonics. We suggest therefore that, although the salt dissolution might contribute to the 

development of normal faulting during the extension process, it is not the driving mechanism for 

normal faulting in the first place. 

The Swan salt diapir profoundly influences the structures around it in the oblique extensional 

system due to its unique mechanical property and mobility. First, strikes of normal faults around 

Swan salt diapir are deflected and convergent towards the top of salt diapir (Fig. 8). Second, the 

left-stepping fault pattern controlled by oblique extension becomes less prominent close to salt 

diapir, instead, stepping patterns revealed around salt diapir depend on their relative locations to 

salt (Figs. 8, 9). Third, the Swan salt diapir absorbs extension so that it largely reduces the 

deformation zone width, and it increases the fault density on top of it (Fig. 9). When considering 

these aspects altogether, a ~12.3 km wide area, roughly stretching between line 25 and 41, can be 

drawn (see Fig. 9a, b) to best represent the salt diapir influenced fault zone at Base Miocene 

level. Accordingly, we interpret that the two areas with little deformation around the Swan salt 

diapir are derived from the “stress/strain shadow” effect of the salt diapir as it concentrated 

deformation during the Neogene extension.  

3.9.4 Deeper part of salt system? 

The detailed structural configuration of the deeper part of the salt diapir in this study is poorly 

defined due to seismic quality and no well control. However, some understanding of the deeper 

salt system can still be gained from shallower structures. An interesting phenomenon in the 

deformation zone reveals that pre-kinematic strata near top salt have a higher elevation than 

those on neighboring graben floors (Figs. 5, 7b, 11a, 11b). This observation, we propose, might 

indicate that the salt diapir was supported by a deeper root during the extension, instead of a 

remnant salt body isolated in the graben (Fig. 11c). This is because, as an incompressible 

continuous media, an isolated salt body without deeper support would immediately start to fall 

when stretched and would result in salt roof area falling even lower than graben floor (“isolated” 

case in Fig. 11c); while in open salt feeder case, salt withdrawal from other subsided areas could 
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provide support to the salt diapir in the shallower part, to let it subside lesser than other parts of 

the graben (Fig. 11c). This supporting mechanism is also consistent with the observation that 

those two un-faulted, three-way dipping areas on the side of the salt diapir are dipping away 

from salt diapir and are relatively higher than surrounding graben areas. If this is correct, then it 

has two implications for the study area: 1) there is a deeper salt source layer that mobilized 

during extension; 2) it is connected to the Swan salt diapir in the shallower section.  

3.9.5 Evolution models of study area 

The geological evolution of our study area can be summarized in Figure 12 in terms of key 

tectono-stratigraphic events and salt diapirism.  

Start of Extension in Callovian time 

With onset of Argo seafloor spreading to the west, the Vulcan Sub-basin was subject to rifting 

during Callovian time (Pattillo and Nicholls, 1990; Smith and Sutherland, 1991; Woods, 1992, 

1994; Baxter et al., 1999; Peresson et al., 2003). Swan Graben started to form with the 

development of a series of NE–SW-trending normal faults (Fig. 12a). Border fault displacement 

varies along the Swan Graben and shaped the graben–half graben geometry. As one of the three  

driving mechanisms of salt diapirism (i.e. reactive, active and passive; Vendeville and Jackson, 

1992), reactive salt diapir is a reasonable mechanism to explain the rise of salt during Jurassic 

time. A deeper salt body was most likely reactivated during rifting and started to rise along the 

edges of fault-bounded blocks.  

End of extension in Valanginian 

The extension waned towards the end of the rift phase and ceased in Valanginian time as a result 

of the final break-up of Australia with Peri-Gondwanan terranes (Pattillo and Nicholls, 1990; 

Woods, 1992; Baxter et al., 1999; Peresson et al., 2003; Frankowicz and McClay, 2010). As part 

of a failed rift, Swan Graben was filled by a shale-dominated syn-rift megasequence (Fig. 12b). 

Footwall uplift and erosion occurred on some rotated fault blocks. The rotation of fault blocks 

during extension developed several internal onlaps in the syn-rift package (see Figs. 3, 6). 

During this time, the Swan salt diapir was still able to rise, as the rising mechanism probably 

shifted gradually from reactive to passive diapirism (Fig. 12b).  
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Fig. 3.11. (a) NE–SW section across top of salt diapir and neighboring graben areas (location is 
indicated in Figure 5b); pre-kinematic horizons reveal local high on the salt roof (e.g. Base 
Miocene, as marked by white triangles). (b) Enlarged section of salt roof in (a); the structural 
relief between salt roof area and graben floor can be observed from pre-kinematic package 
(shaded) and horizons (i.e. Base Miocene, Top Grebe ss. and Top Palaeocene); note the normal 
fault surfaces are sub-parallel to the section and have no genetic relationship with our proposed 
mechanism in (c). (c)  Two schematic models for comparison (isolated salt body v.s. open salt 
feeder case) for explaining the higher elevation of top salt area than the neighboring graben floor 
in this study; roof strata of isolated salt body would immediately start to subside under extension, 
with salt roof even lower than regional subsidence (i.e. graben floor); in open salt feeder case, 
salt withdraw from neighboring subsiding areas can provide support to the shallower diapir and 
result in a less-subsided salt roof area than regional subsidence (i.e. graben floor), which matches 
observation from this study; note the differences between the 2D models and 3D nature of the 
our case.  
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Cretaceous–Tertiary post-rift phase 

After Valanginian time, the basin evolved into a post-rift thermal subsidence phase. The post-rift 

strata are characterized by fine-grain deposits initially, and gradually dominated by a series of 

progradational siliciclastic systems and carbonate platforms (Pattillo and Nicholls, 1990). Swan 

salt diapir was probably still rising during the late Cretaceous–Palaeocene time, but was rapidly 

covered by the progradational succession. Based on seismic interpretation in this study, by the 

time that Grebe sandstone member prograded through the area, the salt movement ceased and 

Swan salt diapir was clearly fossilized (Fig. 12c).  

Neogene flexural extension 

Beginning Late Miocene–Early Plicene time, NNW–SSE flexural extension induced by the 

Australia–Banda Arc collision created an oblique extensional system with left-stepping en 

echelon fault arrays (Fig. 12d). Geometries of Neogene fault system are well documented in 

Palaeogene–Neogene carbonate successions. As a result of the flexural extension, the Swan salt 

diapir was reactivated and profoundly influenced the local structures around it (Fig. 12d).  

3.9.6 Implications for tectonics of NW Australia 

In a broader context, the Bonaparte Basin is strongly segmented by a series of differently 

oriented Palaeozoic–Mesozoic structural domains (Longley et al., 2002). In Neogene time, these 

pre-existing structural domains directly controlled local Neogene fault patterns. Studies across 

the shelfal Bonaparte Basin, including the Laminaria High (Çiftçi and Langhi, 2012), western 

edge of Sahul Platform (Frankowicz and McClay, 2010), eastern Sahul Platform (Bourget et al., 

2012), and Vulcan Sub-basin (this study), vary from each other by showing different fault array 

arrangements (e.g. left v.s. right stepping patterns) due to different oriented underlying structural 

fabrics. However, strikes of Neogene normal faults from these areas are all ENE–WSW, despite 

their different stepping patterns. Thus, our study from Vulcan Sub-basin, coupled with previous 

published results, demonstrates that the Neogene tectonic event across shelfal Bonaparte Basin is 

NNW–SSE extensional event, and argues against significant involvement of wrench or strike-

slip Neogene deformation in this area (Bourget et al., 2012).  
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Fig. 3.12. Four schematic models summarizing the geological evolution of the study area. (a) 
Swan Graben formed in Callovian time with development of NE–SW-trending Jurassic normal 
faults; pre-Permian salt layer was reactivated by the extension and started to rise as reactive 
diapir along rotated fault blocks. (b) Syn-rift strata developed during extension; salt diapir’s rise 
mechanism probably switched from reactive to passive towards the end of extension. (c) With 
the development of post-rift strata, the salt diapirism gradually waned in Palaeocene and was 
fossilized in Eocene when Grebe sandstone member prograded across the area. (d) NNW–SSE 
Neogene flexural extension resulted in normal faulting and reactivation of salt diapir in the 
oblique extensional system; Neogene normal faults have limited linkage with underlying Jurassic 
normal faults through the shaly–marly Cretaceous strata.   
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3.10 Summary and conclusions 

The key results of this study are: 

1. This is arguably the first well-documented natural example combining oblique extension and 

salt diapir reactivation.  

2. After comparison with forward modelling results and constraints from geological evidence, 

our analysis of normal faults in the oblique extensional system indicates that Neogene 

flexural deformation affecting Vulcan Sub-basin is orientated around 347°, nearly 

perpendicular to the fault strikes measured from the inner deformation zone. Several first-

order parameters controlling the oblique extensional system are summarized and can be 

useful for future natural example studies and analytical modelling designs. 

3. Swan salt diapir reactivation in the oblique extensional system is triggered and largely 

driven by Neogene flexural extension instead of salt dissolution. Because of the extremely 

weak mechanical rock property, the salt diapir modifies the local stress field and strongly 

influences the oblique normal fault system near it during Neogene extension, by deflecting 

normal fault strikes, modifying fault stepping patterns, narrowing width of typical 

deformation zone as well as increasing fault density. Our analysis also implies that the salt 

diapir is probably connected to a deeper layer rather than being an isolated salt body during 

extension.  

This study provides important insights on oblique extensional system, a salt diapir’s 

geomechanical role during extension, and Neogene tectonic evolution of NW Australia–Timor 

Sea area. The analyses and structural models proposed in this study may have valuable 

implications for hydrocarbon industry activities in offshore NW Australia as well as for other 

extensional and/or salt basins around the globe. 

 

3.11 References 

Agostini, A., Corti, G., Zeoli, A., Mulugeta, G., 2009. Evolution, pattern, and partitioning of 
deformation during oblique continental rifting: Inferences from lithospheric-scale 
centrifuge models. Geochemistry, Geophysics, Geosystems 10. 

AGSO North West Shelf Study Group, 1994. Deep reflections on the North West Shelf: 
changing perceptions of basin formation, in: Purcell, P.G., Purcell, R.R. (Eds.), The 



 

95 
 

Sedimentary Basins of Western Australia: Proceedings of the Western Australian Basins 
Symposium, Perth, WA, pp. 63–76. 

Audley-Charles, M.G., 2011. Tectonic post-collision processes in Timor. Geological Society, 
London, Special Publications 355, 241–266. 

Autin, J., Bellahsen, N., Leroy, S., Husson, L., Beslier, M.-O., d'Acremont, E., 2013. The role of 
structural inheritance in oblique rifting: Insights from analogue models and application 
to the Gulf of Aden. Tectonophysics 607, 51–64. 

Baxter, K., Cooper, G.T., Hill, K.C., O'Brien, G.W., 1999. Late Jurassic subsidence and passive 
margin evolution in the Vulcan Sub-basin, north-west Australia: constraints from basin 
modelling. Basin Research 11, 97–111. 

Bonini, M., Souriot, T., Boccaletti, M., Brun, J.P., 1997. Successive orthogonal and oblique 
extension episodes in a rift zone: Laboratory experiments with application to the 
Ethiopian Rift. Tectonics 16, 347–362. 

Bourget, J., Ainsworth, R.B., Backé, G., Keep, M., 2012. Tectonic evolution of the northern 
Bonaparte Basin: impact on continental shelf architecture and sediment distribution 
during the Pleistocene. Australian Journal of Earth Sciences 59, 877–897. 

Bradley, D.C., 2008. Passive margins through earth history. Earth-Science Reviews 91, 1–26. 

Bradley, D.C., Kidd, W.S.F., 1991. Flexural Extension of the Upper Continental-Crust in 
Collisional Foredeeps. Geological Society of America Bulletin 103, 1416–1438. 

Brune, S., 2014. Evolution of stress and fault patterns in oblique rift systems: 3-D numerical 
lithospheric-scale experiments from rift to breakup. Geochemistry, Geophysics, 
Geosystems 15. 

Chorowicz, J., Sorlien, C., 1992. Oblique extensional tectonics in the Malawi Rift, Africa. 
Geological Society of America Bulletin 104, 1015–1023. 

Çiftçi, N.B., Langhi, L., 2012. Evolution of the hourglass structures in the Laminaria High, 
Timor Sea: Implications for hydrocarbon traps. Journal of Structural Geology 36, 55–
70. 

Clifton, A.E., Schlische, R.W., Withjack, M.O., Ackermann, R.V., 2000. Influence of rift 
obliquity on fault-population systematics: results of experimental clay models. Journal 
of Structural Geology 22, 1491–1509. 

Corti, G., 2008. Control of rift obliquity on the evolution and segmentation of the main Ethiopian 
rift. Nature Geoscience 1, 258–262. 

Corti, G., 2012. Evolution and characteristics of continental rifting: Analog modeling-inspired 
view and comparison with examples from the East African Rift System. Tectonophysics 
522–523, 1–33. 



 

96 
 

Corti, G., Philippon, M., Sani, F., Keir, D., Kidane, T., 2013. Re-orientation of the extension 
direction and pure extensional faulting at oblique rift margins: comparison between the 
Main Ethiopian Rift and laboratory experiments. Terra Nova 25, 396–404. 

Corti, G., van Wijk, J., Cloetingh, S., Morley, C.K., 2007. Tectonic inheritance and continental 
rift architecture: Numerical and analogue models of the East African Rift system. 
Tectonics 26, TC6006. 

Dauteuil, O., Brun, J.-P., 1993. Oblique rifting in a slow-spreading ridge. Nature 361, 145–148. 

Dauteuil, O., Huchon, P., Quemeneur, F., Souriot, T., 2001. Propagation of an oblique spreading 
centre: the western Gulf of Aden. Tectonophysics 332, 423–442. 

Davison, I., 2007. Geology and tectonics of the South Atlantic Brazilian salt basins. Geological 
Society, London, Special Publications 272, 345–359. 

Davison, I., Alsop, G.I., Evans, N.G., Safaricz, M., 2000a. Overburden deformation patterns and 
mechanisms of salt diapir penetration in the Central Graben, North Sea. Marine and 
Petroleum Geology 17, 601–618. 

Davison, I., Alsop, I., Birch, P., Elders, C., Evans, N., Nicholson, H., Rorison, P., Wade, D., 
Woodward, J., Young, M., 2000b. Geometry and late-stage structural evolution of 
Central Graben salt diapirs, North Sea. Marine and Petroleum Geology 17, 499–522. 

Dick, H.J.B., Lin, J., Schouten, H., 2003. An ultraslow-spreading class of ocean ridge. Nature 
426, 405–412. 

Diegel, F.A., Karlo, J., Schuster, D., Shoup, R., Tauvers, P., 1995. Cenozoic structural evolution 
and tectono-stratigraphic framework of the northern Gulf Coast continental margin, in: 
Jackson, M.P.A., Roberts, D.G., Snelson, S. (Eds.), Salt tectonics: a global perspective, 
AAPG Memoir 65, pp. 109–151. 

Edgerley, D.W., Crist, R.P., 1974. Salt and diapiric anomalies in the southern Bonaparte Basin. 
APEA Journal 14, 84–94. 

Etheridge, M.A., O’brien, G.W., 1994. Structural and tectonic evolution of the Western 
Australian margin basin system. PESA Journal 22, 45–63. 

Firseth, R.B., Knudsen, B.E., Liljedahl, T., Midbøe, P.S., Søderstrøm, B., 1997. Oblique rifting 
and sequential faulting in the Jurassic development of the northern North Sea. Journal of 
Structural Geology 19, 1285–1302. 

Fournier, M., Petit, C., 2007. Oblique rifting at oceanic ridges: Relationship between spreading 
and stretching directions from earthquake focal mechanisms. Journal of Structural 
Geology 29, 201–208. 

Frankowicz, E., McClay, K.R., 2010. Extensional fault segmentation and linkages, Bonaparte 
Basin, outer North West Shelf, Australia. AAPG Bulletin 94, 977–1010. 



 

97 
 

Ge, H.X., Jackson, M.P.A., 1998. Physical modeling of structures formed by salt withdrawal: 
Implications for deformation caused by salt dissolution. AAPG Bulletin 82, 228–250. 

Giles, K.A., Lawton, T.F., 2002. Halokinetic Sequence Stratigraphy Adjacent to the El Papalote 
Diapir, Northeastern Mexico. AAPG Bulletin 86, 823–840. 

Gunn, P.J., 1988. Bonaparte Basin: evolution and structural framework, in: Purcell, P.G., Purcell, 
R.R. (Eds.), The North West Shelf Australia: Proceedings of Petroleum Exploration 
Society Australia Symposium. Petroleum Exploration Society of Australia, Perth, W.A., 
pp. 275–285. 

Hall, R., 2002. Cenozoic geological and plate tectonic evolution of SE Asia and the SW Pacific: 
computer-based reconstructions, model and animations. Journal of Asian Earth Sciences 
20, 353–431. 

Hall, R., 2012. Late Jurassic–Cenozoic reconstructions of the Indonesian region and the Indian 
Ocean. Tectonophysics 570–571, 1–41. 

Harris, R., 2011. The Nature of the Banda Arc–Continent Collision in the Timor Region, in: 
Brown, D., Ryan, P.D. (Eds.), Arc-Continent Collision, Frontiers in Earth Sciences. 
Springer Berlin Heidelberg, pp. 163–211. 

Harrowfield, M., Keep, M., 2005. Tectonic modification of the Australian North‐West Shelf: 
episodic rejuvenation of long‐lived basin divisions. Basin Research 17, 225–239. 

Heidbach, O., Tingay, M., Barth, A., Reinecker, J., Kurfeß, D., Müller, B., 2008. The 2008 
release of the world stress map. World Wide Web Address: http://www.world-stress-
map.org. 

Heine, C., Brune, S., 2014. Oblique rifting of the Equatorial Atlantic: Why there is no Saharan 
Atlantic Ocean. Geology 42, 211–214. 

Heine, C., Zoethout, J., Müller, R.D., 2013. Kinematics of the South Atlantic rift. Solid Earth 
Discuss. 5, 41–116. 

Henza, A.A., Withjack, M.O., Schlische, R.W., 2010. Normal-fault development during two 
phases of non-coaxial extension: An experimental study. Journal of Structural Geology 
32, 1656–1667. 

Hillis, R.R., Reynolds, S.D., 2003. In situ stress field of Australia. Geological Society of 
America Special Papers 372, 49–58. 

Hudec, M.R., Jackson, M.P.A., 2007. Terra infirma: Understanding salt tectonics. Earth-Science 
Reviews 82, 1–28. 

Jackson, M.P.A., Talbot, C.J., 1989. Anatomy of mushroom-shaped diapirs. Journal of Structural 
Geology 11, 211–230. 

http://www.world-stress-map.org/
http://www.world-stress-map.org/


 

98 
 

Jackson, M.P.A., Vendeville, B.C., 1994. Regional Extension as a Geologic Trigger for 
Diapirism. Geological Society of America Bulletin 106, 57–73. 

Johnson, H.A., Bredeson, D.H., 1971. Structural development of some shallow salt domes in 
Louisiana Miocene productive belt. AAPG Bulletin 55, 204–226. 

Keep, M., Clough, M., Langhi, L., 2002. Neogene tectonic and structural evolution of the Timor 
Sea region, NW Australia, in: Keep, M., Moss, S.J. (Eds.), The sedimentary basins of 
Western Australia 3: Proceedings of the petroleum Exploration Society of Australia, 
Perth, WA, pp. 341–355. 

Keep, M., Haig, D.W., 2010. Deformation and exhumation in Timor: Distinct stages of a young 
orogeny. Tectonophysics 483, 93–111. 

Keep, M., McClay, K.R., 1997. Analogue modelling of multiphase rift systems. Tectonophysics 
273, 239–270. 

Langhi, L., Ciftci, N.B., Borel, G.D., 2011. Impact of lithospheric flexure on the evolution of 
shallow faults in the Timor foreland system. Marine Geology 284, 40–54. 

Lepvrier, C., Fournier, M., Bérard, T., Roger, J., 2002. Cenozoic extension in coastal Dhofar 
(southern Oman): implications on the oblique rifting of the Gulf of Aden. 
Tectonophysics 357, 279–293. 

Longley, I.M., Buessenschuett, C., Clydsdale, L., Cubitt, C.J., Davis, R.C., Johnson, M.K., 
Marshall, N.M., Murray, A.P., Somerville, R., Spry, T.B., Thompson, N.B., 2002. The 
North West shelf of Australia–a woodside perspective, in: Keep, M., Moss, S.J. (Eds.), 
The sedimentary basins of Western Australia 3: Proceedings of the petroleum 
Exploration Society of Australia, Perth, WA, pp. 27–88. 

McAllister, E., Cann, J., Spencer, S., 1995. The evolution of crustal deformation in an oceanic 
extensional environment. Journal of Structural Geology 17, 183–199. 

McClay, K.R., Dooley, T., Whitehouse, P., Fullarton, L., Chantraprasert, S., 2004. 3D Analogue 
Models of Rift Systems: Templates for 3D Seismic Interpretation. Geological Society, 
London, Memoirs 29, 101–115. 

McClay, K.R., Dooley, T., Whitehouse, P., Mills, M., 2002. 4-D evolution of rift systems: 
insights from scaled physical models. AAPG Bulletin 86, 935–959. 

McClay, K.R., White, M.J., 1995. Analogue modelling of orthogonal and oblique rifting. Marine 
and Petroleum Geology 12, 137–151. 

Metcalfe, I., 2013. Gondwana dispersion and Asian accretion: Tectonic and palaeogeographic 
evolution of eastern Tethys. Journal of Asian Earth Sciences 66, 1–33. 



 

99 
 

Mohriak, W.U., Szatmari, P., Anjos, S., 2012. Salt: geology and tectonics of selected Brazilian 
basins in their global context. Geological Society, London, Special Publications 363, 
131–158. 

Montési, L.G.J., Behn, M.D., Hebert, L.B., Lin, J., Barry, J.L., 2011. Controls on melt migration 
and extraction at the ultraslow Southwest Indian Ridge 10°–16°E. Journal of 
Geophysical Research: Solid Earth 116, B10102. 

Morley, C.K., 2010. Stress re-orientation along zones of weak fabrics in rifts: An explanation for 
pure extension in ‘oblique’ rift segments? Earth and Planetary Science Letters 297, 667–
673. 

Morley, C.K., Haranya, C., Phoosongsee, W., Pongwapee, S., Kornsawan, A., Wonganan, N., 
2004. Activation of rift oblique and rift parallel pre-existing fabrics during extension 
and their effect on deformation style: examples from the rifts of Thailand. Journal of 
Structural Geology 26, 1803–1829. 

Mory, A.J., 1991. Geology of the offshore Bonaparte Basin, northwestern Australia, Report 29. 
Department of Mines, Western Australia. 

Moulin, M., Aslanian, D., Unternehr, P., 2010. A new starting point for the South and Equatorial 
Atlantic Ocean. Earth-Science Reviews 98, 1–37. 

Nguyen, N., Duffy, B., Shulmeister, J., Quigley, M., 2012. Rapid Pliocene uplift of Timor. 
Geology 41, 179–182. 

Nugroho, H., Harris, R., Lestariya, A.W., Maruf, B., 2009. Plate boundary reorganization in the 
active Banda Arc–continent collision: Insights from new GPS measurements. 
Tectonophysics 479, 52-65. 

O'Brien, G.W., Sturrock, S., Barber, P., 1996. Vulcan Tertiary Tie (VTT) Basin Study, Vulcan 
Sub-basin, Timor Sea, northwestern Australia. Australian Geological Survey 
Organisation Record 1996/61. 

Olsen, P.E., Schlische, R.W., 1990. Transtensional arm of the early Mesozoic Fundy rift basin: 
Penecontemporaneous faulting and sedimentation. Geology 18, 695–698. 

Pattillo, J., Nicholls, P.J., 1990. A tectonostratigraphic framework for the Vulcan Graben, Timor 
Sea region. APEA Journal 30, 27–51. 

Peresson, H., Woods, E.P., Fink, P., 2003. Fault architecture along the southeastern margin of 
the Cartier Trough, Vulcan Sub-basin, North West Shelf, Australia; implications for 
hydrocarbon exploration, in: Ellis, G.K., Baillie, P.W., Munson, T.J. (Eds.), Timor Sea 
Petroleum Geoscience: Proceedings of the Timor Sea Symposium. Northen Territory 
Geological Survey, Darwin, Northern Territory, pp. 155–167. 



 

100 
 

Petit, C., Déverchère, J., Houdry, F., Sankov, V.A., Melnikova, V.I., Delvaux, D., 1996. Present-
day stress field changes along the Baikal rift and tectonic implications. Tectonics 15, 
1171–1191. 

Philippon, M., Willingshofer, E., Sokoutis, D., Corti, G., Sani, F., Bonini, M., Cloetingh, S., 
2015. Slip re-orientation in oblique rifts. Geology 43, 147–150. 

Rowan, M.G., Jackson, M.P.A., Trudgill, B.D., 1999. Salt-related fault families and fault welds 
in the northern Gulf of Mexico. AAPG Bulletin 83, 1454–1484. 

Rowan, M.G., Lawton, T.F., Giles, K.A., Ratliff, R.A., 2003. Near-salt deformation in La Popa 
basin, Mexico, and the northern Gulf of Mexico: A general model for passive diapirism. 
AAPG Bulletin 87, 733–756. 

Schlische, R.W., 1993. Anatomy and evolution of the Triassic-Jurassic Continental Rift System, 
eastern North America. Tectonics 12, 1026–1042. 

Schlische, R.W., Withjack, M.O., Eisenstadt, G., 2002. An Experimental Study of the Secondary 
Deformation Produced by Oblique-Slip Normal Faulting. AAPG Bulletin 86, 885–906. 

Schultz-Ela, D.D., Jackson, M.P.A., Vendeville, B.C., 1993. Mechanics of Active Salt 
Diapirism. Tectonophysics 228, 275–312. 

Shulgin, A., Kopp, H., Mueller, C., Lueschen, E., Planert, L., Engels, M., Flueh, E.R., 
Krabbenhöft, A., Djajadihardja, Y., 2009. Sunda-Banda arc transition: Incipient 
continent-island arc collision (northwest Australia). Geophysical research letters 36, 
L10304. 

Smith, P.M., Sutherland, N.D., 1991. Discovery of salt in the Vulcan Graben: a geophysical and 
geological evaluation. APEA Journal 31, 229–243. 

Smith, T.E., Kelman, A.P., Nicoll, R.S., Laurie, J.R., Le Poidevin, S.R., 2014. Geoscience 
Australia's Basin Biozonation and Stratigraphy Chart Series. Geoscience Australia, 
Canberra. 

Stewart, S.A., 2006. Implications of passive salt diapir kinematics for reservoir segmentation by 
radial and concentric faults. Marine and Petroleum Geology 23, 843–853. 

Stewart, S.A., 2007. Salt tectonics in the North Sea Basin: a structural style template for seismic 
interpreters. Geological Society, London, Special Publications 272, 361–396. 

Tron, V., Brun, J.-P., 1991. Experiments on oblique rifting in brittle-ductile systems. 
Tectonophysics 188, 71–84. 

Vendeville, B.C., Fouad, K., Knox, P.R., 2003. Radial faulting above salt-diapir overhangs: 
Natural example, and physical and kinematic models. Gulf Coast Association of 
Geological Societies Transactions 53, 828–835. 



 

101 
 

Vendeville, B.C., Jackson, M.P.A., 1992. The Rise of Diapirs during Thin-Skinned Extension. 
Marine and Petroleum Geology 9, 331–353. 

Willcox, J.B., Stagg, H.M.J., 1990. Australia's southern margin: a product of oblique extension. 
Tectonophysics 173, 269–281. 

Withjack, M.O., Jamison, W.R., 1986. Deformation produced by oblique rifting. Tectonophysics 
126, 99–124. 

Withjack, M.O., Schlische, R.W., Olsen, P.E., 2012. Development of the passive margin of 
Eastern North America: Mesozoic rifting, igneous activity, and breakup, in: Roberts, 
D.G., Bally, A.W. (Eds.), Regional Geology and Tectonics: Phanerozoic Rift Systems 
and Sedimentary Basins. Elsevier, Boston, pp. 300–335. 

Woods, E.P., 1992. Vulcan Sub-basin fault styles-implications for hydrocarbon migration and 
entrapment. APEA Journal 32, 138–158. 

Woods, E.P., 1994. A salt-related detachment model for the development of the Vulcan Sub-
basin, in: Purcell, P.G., Purcell, R.R. (Eds.), The sedimentary basins of Western 
Australia 2. Petroleum Exploration Society of Australia, Perth, WA, pp. 259–274. 

Yeates, A.N., Bradshaw, M.T., Dickins, J.M., Brakel, A.T., Exon, N.F., Langford, R.P., 
Mulholland, S.M., Totterdell, J.M., Yeung, M., 1987. The Westralian superbasin: an 
Australian link with Tethys, in: Mckenzie, K.G. (Ed.), Shallow Tethys 2, Balkema, 
Rotterdam, pp. 199–213. 

 

 

  



 

102 
 

 

CHAPTER 4   4D EVOLUTION OF SALT DIAPIR REACTIVATION IN OBLIQUE 

EXTENSIONAL SYSTEMS: INSIGHTS FROM SCALED PHYSICAL MODELS 

 

A paper to be submitted to Journal of Structural Geology 

Long Wu, Jürgen Adam, Bruce D. Trudgill 

This chapter focuses on the scaled physical modeling of the salt diapir reactivation in oblique 

estensional systems. 

4.1 Abstract 

In this paper we used scaled physical models to simulate the evolution of salt diapir reactivation 

in oblique extensional systems, illustrating how a pre-existing diapir evolved and controlled 

adjacent normal faults and structures in an extensional environment. The modeling scenario was 

based on a natural example from the NW Australia where the pre-existing Swan salt diapir 

reactivated in a Neogene oblique extensional system. Eight models were divided into two groups 

based on the different diapir setups: 1) isolated diapir; 2) diapir with base source layer. Our 

results show that the diapirs in both setups lead to deformation concentration effects during 

extension, including strain accumulation along near-diapir faults, fault strike deflection, and 

deformation zone width narrowing, along with less-deformed structural highs near the diapir. 

The different diapir roof subsidence histories in the two setups demonstrate that the presence of a 

source layer plays a major factor in controlling the diapir’s subsidence behavior during diapir 

reactivation under extension. Modeling results can be closely compared with the Australian 

natural example, demonstrating that the Swan salt diapir in the Vulcan Sub-basin had an open 

feeder connected to a deeper salt layer during the Neogene extension.  

Key words: Scaled physical modeling, salt diapir reactivation, oblique extension 

 

4.2 Introduction 

Salt diapirs are common salt structures that can be widely observed around the globe (Demercian 

et al., 1993; Diegel et al., 1995; Davison et al., 2000b; Tari et al., 2003; e.g. Davison, 2007; 
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Hudec and Jackson, 2007; Stewart, 2007; Trudgill, 2011; Hearon et al., 2015), especially in 

major salt provinces like the Gulf of Mexico, North Sea, and Southern Atlantic conjugate 

margins. Due to its unique, fluid-like mechanical properties, salt plays an important role in 

controlling the development of structures and stresses in adjacent sediments. Thus, salt bodies 

are usually associated with complex structures in nature, which provide both geological and 

geophysical challenges to interpreters. 

Physical modeling techniques have long been recognized as an effective method to investigate 

the evolution of geological systems, and have been extensively used to study the evolution and 

mechanisms of salt tectonics (Vendeville and Jackson, 1992; Koyi et al., 1993; Weijermars et al., 

1993; Ge et al., 1995; Ge and Jackson, 1998; Koyi et al., 2008; Dooley et al., 2009; Adam and 

Krezsek, 2012; Dooley et al., 2012; Warsitzka et al., 2013). However, most previous published 

models are focused on the initiation and development of salt diapirs (Vendeville and Jackson, 

1992; Koyi et al., 1993; Jackson and Vendeville, 1994; Koyi et al., 2008; Warsitzka et al., 2013). 

Relatively few studies have been conducted to investigate a pre-existing diapir’s behavior and 

mechanical role during subsequent deformation (Ge et al., 1995; Dooley et al., 2005; Rowan and 

Vendeville, 2006; Fernandez and Kaus, 2014; Dooley et al., 2015). Currently, our understanding 

of how a pre-existing salt diapir can affect the structures around it under tectonic influence, 

especially in extensional environments, is limited.  

The Vulcan Sub-basin on the NW Australian Shelf provides a natural example of salt diapir 

reactivation in an oblique extensional system (Figure 4.1; also see Chapter 3). The normal fault 

arrays in the oblique extensional system are controlled by both the underlying Jurassic graben, 

i.e. Swan Graben, and the Neogene extension oblique to the graben strike. The Swan salt diapir 

largely controlled the local structures and normal faults around it during the Neogene extension. 

Among numerous interesting features in this natural example, two major salt diapir-related 

phenomena draw our attention and interest: 1) a deformation concentration effect, including 

deflected fault strikes around the diapir, narrowed fault zone width, and two remnant, less-

deformed local highs on both sides of the salt diapir; 2) pre-kinematic strata on salt diapir roof 

are higher than the neighboring graben areas (Figure 4.1). The detailed 3D geometry of this 

natural example has been well documented and analyzed using 3D seismic data in Chapter 3. 

However, the kinematics of salt reactivation and the mechanism behind these phenomena are still  
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Fig. 4.1. The natural example from NW Australia showing a salt diapir reactivated in an oblique 
extensional system. (a) Map of the present-day tectonic setting of NW Australia–Banda Arc area, 
showing the sub-basins in Bonaparte basin areas and location of 3D seismic data in (b). VS = 
Vulcan Sub-basin; AP = Ashmore Platform; LH = Londonderry High; NT = Nancar Trough; SP 
= Sahul Platform; YS = Yampi Shelf; WS = Wetar Suture. (b) Structural map at Base Miocene in 
the Swan Graben area with well controls, showing reactivation of the Swan salt diapir in the NE–
SW-trending Swan Graben. 
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not clearly understood. How would a salt diapir concentrate deformation during extension? What 

controls the mechanism for developing the higher diapir roof structure? In this article, we 

designed and conducted eight scaled physical models to investigate the kinematics and 

mechanisms of salt diapir reactivation in oblique extensional systems. These eight models can be 

divided into two groups based on their model setup: the models in the first group have isolated 

diapir(s) located in the weak zone; the models in the second group contain both diapir(s) and a 

base source layer underneath (Figure 4.2, 4.3). We analyzed experiment results of models from 

both groups, and focused on their common features and differences. After comparing the 

modeling results with the natural example, these common features and differences provide 

important insights on the development of the natural example from NW Australia. These scaled 

physical experiments not only help understand the 4D evolution of the Australian natural 

example, but also provide crucial insights into the geomechanical role of salt in controlling 

neighboring normal faulting and structures under extension.  

 

4.3 Experimental procedure 

This section will introduce the details of the experiments. 

4.3.1 Materials 

The materials used in the models include dry silica sand and silicon polymer (Table 4.1). As is 

common for scaled physical models, the brittle, dry silica sand is ideal to simulate the non-linear 

deformation behavior of the brittle sedimentary rocks in the upper crust (e.g. McClay, 1990; 

Schellart, 2000; Lohrmann et al., 2003; Wu et al., 2009; Autin et al., 2013b; Dooley et al., 2015; 

Wu et al., 2015a). The sand in this study has an average dynamic friction angle of 31°, a density 

of 1.5 g cm-3, and negligible cohesive strength. We used a ductile silicone polymer with a 

perfectly linear Newtonian rheology (polydimethylsiloxane, trade named BluesilTM Gums FB; 

viscosity ηm = 1.4 × 104 Pa s; density ρm = 972 kg m-3; Dell'Ertole and Schellart, 2013) to 

simulate rock salt in nature.  

4.3.2 Experiment designs 

Setups of the experiments conducted in this study are illustrated in Figure 4.2, and the detailed 

parameters of the eight experiments are summarized in Figure 4.3. All the experiments were 
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Fig. 4.2. General experimental setups for physical models in this paper (details are summarized 
in Figure 4.3). a) Plan view of the experiment rig setup with oblique base-plate orientation and 
diapir; motor drive rate is 2 cm h-1. b) Cross-section of the model showing the vertical setup. c) 
Two groups of experiment in this study: Group 1—isolated diapir case; Group 2—diapir with 
source layer case.  
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Fig. 4.3. Summary of eight models conducted in this study; Group 1 includes Model 1–5; Group 2 includes Model 6–8.  
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Table 4.1. Dynamic scaling properties of the models 

Quantity Model Nature (prototype) Model ratio 

Length & Displacement lm = 1 cm lp = 1 km lr = 10-5 

Density, salt ρms = 972 kg m-3 ρps = 2160 kg m-3 ρrs = 0.45 

Density, overburden ρm = 1500 kg m-3 ρp = 2450 kg m-3 ρr = 0.61 

Gravity acceleration am = 9.8 m s-2 ap = 9.8 m s-2 ar = 1 

Stress/pressure   σr = ρrs lr ar =4.5 × 10-6 

Strain   εr = 1 

Viscosity dynamic, salt ηm = 1.4 × 104 Pa s ηp = 1019 Pa s ηr = 1.4 × 10-15 

Time tm = 4 h = 1.44 × 104 s tp = tm / tr = 1.8 Ma tr = ηr / σr = 3.1 × 10-10 

 

carried out on a flat-lying rig platform with a 60 cm width and an adjustable length of more than 

120 cm (Figure 4.2a, b). To simulate the oblique extensional system, aluminum plates were cut 

with 30° and 40° obliquity, and the rubber sheets were glued beneath the base aluminum plates. 

Extensional deformation was achieved by moving the base plates in opposing directions using 

motors with a constant displacement rate of 2 cm h-1.  

The width of salt diapirs in nature varies, so the prebuild diapirs in the experiments have widths 

of 2.5 cm, 3.7 cm, and 4.7 cm (Figure 4.3). In the Group 1 models (Model 1–5; Figure 4.3), the 

diapirs have heights ranging from 4.8 cm to 6 cm. In the Group 2 models (Model 6–8; Figure 

4.3), the diapir heights were 4 cm and 5 cm, and the source layer beneath the diapir(s) had a 

tabular thickness of 1 cm and a width of 8 cm. The lengths of the source layer were one third of 

the rig width (Model 6), half of the rig width (Model 8), and five sixth of the rig width (Model 

7). The diapirs and source layers were aligned along the axis of the rubber sheet. The diapirs in 

Model 7 were built with <1 mm roof layer to observe the direct deformation in the near-diapir 

area. The roof layer above the diapirs in other seven models ranged from 0.8 cm to 2.5 cm to 

observe the deformation in the overburden strata (Figure 4.3).  

4.3.2 Data capture and visualization 

The obliquely lit, top surface of all models was photographed with high-resolution cameras at set 

time intervals (60 s). In Models 5 and 8, two extra Digital Image Correction (DIC) cameras with 
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stereo-scopic setups were used to track and calculate the 3D surface-strain history and 

displacement vectors. Details of the DIC technique and its applications in physical modeling 

have been described in previous published papers (Adam et al., 2005; Adam and Krezsek, 2012; 

Dooley et al., 2015). After the experiment, the Models 5 and 8 were covered by silica sand and 

then gelled to preserve the structures. These two models were sectioned parallel to the extension 

direction and photographed. We used 3 mm section interval to document details of the final 

structures, thus Model 5 and Model 8 each consist of around 200 sections.  

4.3.3 Experiment scaling 

Dynamic scaling of the models is summarized in Table 4.1, including length, mass and time. The 

scaling ratios are calculated from the quantities of models and the equivalent quantities in nature 

(following principles presented by Hubbert, 1937; Ramberg, 1981; Weijermars et al., 1993; 

Costa and Vendeville, 2002; Dooley et al., 2015). The length ratio was set to 10-5, such that 1 cm 

in the models represent 1 km in nature. The diapirs in the models are thus scaled to 4–5 km high, 

with widths around 2.5–4.7 km, the diapir roof thicknesses of 20–2500 m. The gravity 

acceleration ratio is 1 since the experiments were conducted under normal gravity. The model 

ratio of strain is 1 since the strain in the experiments is the same to the nature strain. The 

effective viscosity of rock salt in nature ranges from 1017–1020 Pa s (van Keken et al., 1993). If 

we assume the natural salt we modeled has a viscosity of 1019 Pa s, the base plate displacement 

rate we used in the experiment 2 cm hr-1 would be equivalent to 4.4 mm yr-1 extension in nature, 

which is a reasonable rate for natural extensional/rifting systems (e.g. 4–10 mm/yr along South 

Atlantic margins; Brune et al., 2014).  

 

4.4 Experimental results 

This section will show the modeling results of this study. 

4.4.1 Diapir in oblique weak zone without source layer 

General geometry 

In the five models (Models 1–5) with isolated diapirs in the oblique weak zone, the overall 

extensional structural patterns are controlled by the underlying oblique weak zone, simulated by 

rubber sheet, while the pre-built diapirs largely influenced local structures. Here we use Model 5 
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as a representative model to illustrate the modeling results. Other modeling results can be found 

in Appendix B. The top view photo of Model 5 at 30 mm extension shows the general structural 

framework of the system (Figure 4.4). A series of left-stepping, en echelon pattern normal faults 

occupy the major part of the deformation zone, which have strikes that roughly bi-sect the angle 

between underlying weak zone and normal-to-extension direction. Border faults are formed 

parallel to the weak zone. Several near-diapir faults reveal larger heaves than other faults, and 

have strikes deflected around the diapir. The diapir roof area forms a structural low area, with 

two un-faulted areas along the diapir flanks preserved as structural highs.  

Strain evolution and faulting 

The sequential development of the total longitudinal strain in Model 5 (Figure 4.5) illustrates 

how deformation and faulting evolved during extension. At the start of the extension, strain first 

initiated on the stretching sides of the diapir (Figure 4.5a), and the strain in the weak zone built 

up in a distributive pattern with no clear faults formed (see Figure 4.5b). With the increase in 

extension, visible faults started to form in a left-stepping, en echelon pattern and strain started to 

localize on these faults (Figure 4.5c). The strike of these faults in the weak zone nearly bisects 

the extension obliquity angle (i.e. ~20°). Border faults that parallel the underlying weak zone 

also started to appear on the strain maps (Figure 4.5c, d). In the later stages of the experiment 

(Figure 4.5e, f), the normal faults completed their linkage and continued to absorb extension by 

increasing fault slip.  

The normal faulting and structures near diapir are clearly affected by the diapir during the 

experiment. In the early stage of the extension, small faults formed around diapir with their strike 

deviated from the common fault strike in the weak zone (Figure 4.5b, c). These faults then linked 

with neighboring normal faults with common strike as the extension increased, revealing a fault 

strike deflection pattern (Figure 4.5d, e, f). Compared to the weak zone area where the strain is 

distributed in the wider fault system, strain continued to accumulate and concentrate on a few 

near-diapir major faults on both sides of the diapir, where the strain and fault initiated. 

Accordingly, two less-deformed areas close to those major faults persisted for most of the 

duration of the experiment (Figure 4.5b–f).  

Subsidence history  
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Fig. 4.4. Map-view structural pattern of Model 5 at 30 mm extension. The extension rate is 2 cm 
h-1. (a) Map-view picture of the oblique lit upper surface of Model 5 overlain with DIC-derived 
topography; the model setup is shown in the lower left corner. (b) Topographic map with 
interpreted normal faults, showing the general en echelon faults and grabens, near-diapir fault 
deflection, less-deformed structures, and the subsided diapir roof.  
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The subsidence history of the Model 5 is shown in Figure 4.6. The first visible subsidence 

appeared on the roof of diapir (Figure 4.6a), and continued as the diapir roof continued to 

subside during the rest of the experiment. A series of isolated grabens/depocenters, bounded by 

marginal faults, formed an en echelon pattern within the weak zone area (see Figure 4.6c, d). 

These isolated depocenters linked together and merged into a larger depocenter along with the 

growth and linkage of the normal fault system (Figure 4.6d, e). The two less-deformed areas 

around the diapir maintained higher elevations than surrounding grabens/depocenters and formed 

remnant, localized highs (Figure 4.6d–f).  

Vertical sections 

The Model 5 was gelled and sectioned after 8 cm extension to study the internal geometry of the 

model. Among five cross sections used in Figure 4.7, four sections (i.e. Section 1, 2, 4, 5) shows 

the structural pattern of the oblique extensional system, while one section (i.e. Section 3) cuts 

through the diapir (Figure 4.7).  

A series of grabens formed along the axis of the weak zone and were bounded by left-stepping 

en echelon normal fault arrays (Section 1, 2, 4 and 5 in Figure 4.7). These grabens either have a 

symmetric pattern with conjugate boundary faults (e.g. Section 4) or an asymmetric pattern with 

a flank characterized by domino-style normal fault arrays and rotated fault blocks (e.g. Section 

2). Faults with throw decreasing with depth can be often observed in graben margins as 

subordinate faults (e.g. Section 2, 4, 5). The accommodation zone where two grabens laterally 

overlap is characterized by a horst structure pattern (e.g. Section 1, 2, 4). Several faults with 

throw decreasing upward are present near these horst structures.  

In Section 3, the pre-built diapir widened during the extension (Figure 4.7b). Accordingly, the 

diapir roof subsided dramatically, with the diapir margin collapsed and tilted toward the diapir. 

This subsidence also developed in the “growth strata” we sifted onto the model after 6 cm 

extension (Section 3, Figure 4.7b). The two blocks on both sides of the diapir haven’t been 

affected by normal faulting thus maintain higher elevations than neighboring areas.  

 

 



 

113 
 

 

 

Fig. 4.5. Evolution of accumulated strain field along the extensional direction (Exx%) in Model 
5, showing the accumulation of extensional strain along the near-diapir faults and the fault strike 
deflection around the diapir. Two less-deformed areas can be observed in all stages. 
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Fig. 4.6. Evolution of topography of the upper surface of Model 5, showing the subsidence 
history of a series of fault-controlled grabens and the diapir roof. The diapir roof subsides early 
and maintains a structural low elevation during the whole process. These two less-deformed 
areas in Figure 4.5 are shown as local highs. 
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Fig. 4.7. Internal structural pattern of Model 5. (a) Map-view topography map of Model 5 after 6 
cm extension, showing locations of 5 sliced sections shown in (b). (b) Extension-parallel sliced 
sections of Model 5; note that the model was covered by “growth strata” (including red layer and 
above) after 6 cm extension, and the model was sectioned at 8 cm extension.  
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4.4.2 Diapir in oblique weak zone with source layer 

General geometry 

Three models with source layers (Model 6–8) reveal different structural patterns compared to the 

isolated diapir models. Here we use Model 8 as the representative model to illustrate the results. 

In Figure 4.8, three major grabens form the structural framework of the extensional system. The 

central graben, bounded by two major normal faults, is sub-perpendicular to the extension 

direction in its middle section, while two end sections have strikes parallel to the underlying 

source layer margin and weak zone. The two grabens on either side of the central graben are 

bounded by the source layer margin faults. A series of smaller, but more densely spaced normal 

fault arrays occupy the two ends of the deformation zone, where the source layer is absent 

(Figure 4.8).  

Strain evolution and faulting 

In Model 8, extensional strain initiated around the diapir and along the margins of underlying 

silicon polymer source layer (Figure 4.9a). Strain linkage of these two areas appeared early in the 

experiment. In Figure 4.9b, four major faults have clearly formed as the structural framework for 

the system (i.e. F1–F4; Figure 4.9b–f). The subsequent description will follow the development 

history of these four major faults. 

As a result of linkage between the source layer margin fault and near-diapir fault section, the 

fault, F1 formed as one of the major inner graben faults. The near-diapir fault section of F1 had a 

strike perpendicular to sub-perpendicular to the model extension direction, thus F1 revealed 

strong fault deflection (Figure 4.9b–f). F1 reached its final length at an early stage of the 

experiment (Figure 4.9b), with further growth mainly revealed as increasing fault displacement 

rather than lateral fault propagation (Figure 4.9c–f).  

F2 developed as part of the source layer margin fault on the east side of the model (see Figure 

4.9b), with its northern (top side of the figure) limit located around the diapir. F2 didn’t develop 

direct fault connection with F1 during extension, except for some minor linkage in the later 

stages of the experiment (Figure 4.9d–f).  
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Fig. 4.8. Structural pattern of Model 8 at 40 mm extension. (a) Map-view picture of the oblique 
lit upper surface of Model 8 overlaid with DIC-derived topography; the model setup is shown in 
the lower left corner. (b) Topography map with interpreted normal faults, showing three major 
grabens bounded by large faults, fault strike deflection, and a relative higher diapir roof in the 
central graben. 
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At the west side of the central graben, fault F3 developed in the similar pattern to F1, and F3 

sections are sub-parallel to the F1 fault (Figure 4.9b). In contrast to F1, the southern (bottom 

side) tip of F3 continued propagating as extension increased and eventually accomplished 

linkage with the source layer margin fault F4. The northern section of F3 initially had two 

parallel fault branches (e.g. Figure 4.9b). At the later stages of extension, fault F3 developed 

more fault-parallel branches in the northern section (e.g. Figure 4.9e, f). 

The fault F4 developed early in the experiment represents the whole section of the source layer 

margin fault (Figure 4.9b). Growth of F4 mainly focused on increasing fault displacement, with 

little lateral propagation. Extensional strain varies along the strike of F4. The central section of 

F4 has less strain than its northern and southern counterparts, implying segmentation of fault 

intensity to some extent (Figure 4.9d–f).  

Besides these four fault arrays, border faults started to develop in the model (Figure 4.9c) after 

the source layer margin faults had been largely established. These border faults were controlled 

by the rubber sheet margin, thus had general fault strike parallel to the deformation zone with 

some arcuate faults. Dashed lines in the figure mark the lateral margins of the source layer that 

are parallel to the model side walls (see Figure 4.9b, f). The fault systems developed beyond 

these margins revealed different faulting and strain styles to F1–F4. The strain in the northern 

and southern end of the deformation zone was distributed onto several, smaller, parallel faults, 

similar to the results in Model 5 (Figure 4.4, 4.5). The northern and southern margins of the 

source layer acted as two boundaries or transitional zones between these faults and the major 

faults (i.e. F1–F4), although the branching of F3 at the later stage of extension blurred a clearly 

defined boundary (Figure 4.9f).  

Subsidence history 

The subsidence history of Model 8 is illustrated in Figure 4.10. Similar to Model 5, initial 

subsidence occurred across the diapir roof at the very early stage of the experiment (see insert in 

Figure 4.10a). However, the diapir roof subsided more slowly than neighboring graben areas 

after that, therefore maintaining a relatively higher elevation through the end of the experiment 

(Figure 4.10b–f).  The central graben started to subside early (Figure 4.10a), and continued to 
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Fig. 4.9. Evolution of accumulative strain field along the extensional direction in Model 8. Four 
major faults (i.e. F1–F4) form during the early stage of the experiment. Strain builds up early and 
rapidly along the near-diapir faults (F1 and F3). The diapir influences the strike and growth of 
the fault system. 
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subside rapidly during extension, especially in the areas near the diapir (Figure 4.10b–f). Thus, 

the near-diapir graben areas remained the lowest in the later stages of the experiment, with 

graben floors generally tilting toward the diapir (Figure 4.10b–f). The subsidence of the other 

two grabens is controlled by the growth of the source layer margin faults F2 and F4, with a 

certain amount of tilting towards the faults. At the later stages of the experiment, the branching 

of F3 at its northern end resulted in further subsidence (Figure 4.10e–f). Less-deformed 

structural highs are also observed near the diapir (see Figure 4.10e).  

Vertical sections 

Seven key cross sections (Figure 4.11) are used here to show the internal structure of Model 8 

after 8 cm extension: one cross section cutting through the center of the diapir (Section 4); four 

sections across the base source layer area (Section 2, 3, 5, 6); two sections from the areas without 

the base source layer (Section 1, 7). In all source layer-based areas (Section 2–6), extension was 

largely accumulated on a few larger faults (e.g. F1–F4). Four major faults (i.e. F1–F4; Figure 

4.9) are marked on each section to show their lateral extent and how they correlate with the 

graben structures (Figure 4.11b). Major fault blocks subsided and rotated as the base source layer 

withdrew from below, leaving remnant silicon polymer in the footwalls of these faults or beneath 

the fault blocks as ridges (Section 2, 3, 5 and 6; Figure 4.11b). The diapir in Section 3 shows a 

wider width than the original structure, but it doesn’t reveal much subsidence compared to the 

diapir roof in Model 5. The diapir roof subsided and was attenuated during the widening (Section 

4), but it still maintained a higher elevation than neighboring central graben floors bounded by 

F1 and F3 (e.g. Section 3, 5). Two blocks on both side of the diapir remained less-deformed, 

with only minor subsidence and rotation related to the depletion of base source layer (Section 3). 

Two sections (i.e. Section 1 and 7) from areas without base source layer show smaller, but more 

densely spaced fault arrays, similar to the structural patterns revealed in Model 5 (see Figure 

4.8). 

 

4.5 Discussion 

This section will focus on the commons and differences of these models as well as their 

implications for the understanding of the natural example. 
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Fig. 4.10. Evolution of topography of the upper surface of Model 8 showing the subsidence 
history. The diapir roof had an initial subsidence at the early stage of the experiment (see insert 
in (a); note that the depth scale is different). The development of major faults results in the rapid 
subsidence of near-diapir graben areas, leaving the diapir roof as a local structural high within 
the central graben. Less-deformed local highs near diapir also appeared in (e) and (f). 
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4.5.1 The common—the diapir’s deformation concentration effect in extension 

Our modeling results show that diapirs in both groups of models reveal a deformation 

concentration effect, despite whether there is base source layer or not (Figure 4.5 and 4.9). The 

strain field data in both Model 5 and Model 8 illustrate that extensional strain usually initiates 

along the extensional side of the diapir, since the diapir interface represents the largest 

mechanical boundary and the largest velocity contrast in the system. Strain continuously and 

preferably accumulates along the near-diapir normal faults, with the largest strain at the diapir 

roof area, showing that subsequent extensional deformation in these areas can be easily absorbed 

by ductile flow of underlying diapir, rather than by mechanical faulting (as observed in other 

non-diapir areas).  

Due to their unique mechanical properties, the diapirs also controlled the strikes of adjacent 

normal faults. The strikes of the normal faults in the extensional systems are generally controlled 

by the underlying weak zone and/or base layer margins (Figure 4.4, 4.5, 4.8 and 4.9). Several 

near-diapir faults with their strike sub-perpendicular to the diapir interface developed early in the 

experiments (e.g. Model 5 and Model 8; Figure 4.5b, 4.9a). These near-diapir faults then linked 

with other faults during later stages of the experiment, thus revealing a fault curvature or fault 

deflection. This observation indicates that faults with deflected strike we observed in the sub-

surface example (i.e. in Vulcan Sub-basin; Chapter 3; also in Fig. 4.1) are actually developed by 

fault linkage of faults with different strike, not by a change of propagation direction during 

growth of a single fault.  

Both the strain accumulation and the strike deflection effects of the diapir contribute to the 

narrowing of the deformation zone width around the diapir, and accordingly create two less-

deformed triangular areas on the extensional side of diapir as local highs (Figure 4.6 and 4.10). 

On cross-sections from both Model 5 and Model 8, we observe that the local highs form due to: 

1) less normal faulting than surrounding areas, thus less subsidence; 2) base source layer 

depletion-related fault block tilting.  
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Fig. 4.11. Internal structural pattern of Model 8. (a) Topography map of Model 8 after 8 cm 
extension, showing locations of 7 sliced sections shown in (b). (b) Extension-parallel sliced 
sections of Model 5, showing the structural patterns across the diapir, source layer area, and no-
source layer area; note the diapir is widened but shows no obvious subsidence; four major faults 
(F1–F4 in Figure 4.9) are highlighted. 
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4.5.2 The major difference—the subsidence history of diapir roof in extension 

One of the major differences between these two group models is the diapir roof subsidence 

history during extension (see Figure 4.6, 4.10). In Model 5, the diapir roof collapsed early and 

continued to subside during the whole experiment, driven by the widening of the isolated diapir 

during extension (Figure 4.6 and 4.7). This is because the silicon polymer, like rock salt in 

nature, is a continuous media and can effectively convert the horizontal elongation into the 

vertical shortening (i.e. subsidence in this case).  

The diapir roof in Model 8 shows initial subsidence at the early stage of the experiment (Figure 

4.10a) due to the same mechanism—at this point we can still consider the diapir and base source 

layer as a whole mass without differential subsidence. Further extension, however, creates 

several major faults down-faulted into the source layer (Figure 4.10b–f; Section 2, 3, 5, 6 in 

Figure 4.11), leading to rapid subsidence of areas around the diapir. The diapir roof in Model 8 

doesn’t reveal the same obvious subsidence as the Model 5, and remains at a higher elevation 

than the neighboring graben floors, although the diapir has widened twice as much as the original 

width after extension (see Section 4 in Figure 4.11).  These observations indicate that, during the 

depletion of source layer under subsiding fault blocks near diapir, the silicon polymer might have 

flowed into the diapir providing support to let it subside more slowly during extension. This 

support mechanism has been illustrated in Chapter 3 and can be used to explain the differential 

subsidence revealed in the experiments for Group 2. Numerical modeling results from both case 

models also support this mechanism (Wu et al., 2015b).  

Our modeling results demonstrate that the existence of base source layer is a major factor 

controlling the subsidence behavior of the diapir. There are also several other subsidiary factors 

that can impact the process that are worth investigating in detail in the future works, like the 

height/width ratio of the diapir, thickness of the overburden section, and thickness of the base 

source layer. Nevertheless, the two groups of models used as end members here are sufficient to 

show the first order control of the process. 
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4.5.3 Role of base source layer in extension and implications for natural extensional 

systems 

Beside the diapir-support role discussed above, the modeling results also show that the base 

source layer has an important role in controlling structures in the extensional system. The cross 

sections from base source layer areas (Section 2, 3, 5, 6 in Model 8; Figure 4.11) and non-source 

layer areas (Section 1 and 7 in Model 8 in Figure 4.11; Section 1, 2, 4, 5 in Model 5 in Figure 

4.7) reveal contrasting structural styles. Extensional strain in non-base source layer areas is 

distributed in a series of normal faults with similar displacement; while in the base source layer 

areas, fewer faults form during extension but the extensional strain is localized on larger faults, 

thus leading to larger displacement on each of these faults (Figure 4.11).  

The base source layer margins, which represent the lateral extent of the ductile layer, play 

important roles in controlling the structural framework during extension. The longitudinal 

margins of the base source layer, which are sub-parallel to the weak zone, control the 

development of major graben border faults and largely represent the margins of deformation 

zone (i.e. F2, F4; Figure 4.11). The margins of the rubber sheet only show some extension 

accumulation during the later stages of the extension. The strikes of these major graben faults are 

directly controlled by the strike of the longitudinal margins. The lateral margins of the base 

source layer, which are parallel to the extension direction, represent a transitional zone between 

the major faults within the base source layer area and the denser and smaller faults developed in 

non-source layer areas (Figure 4.9 and 4.10).  

The mechanical role of the base source layer can change during the deformation process. During 

the early modeling stages, deformation is revealed as strain localization on major faults, fault 

block subsidence and rotation; the base layer depleted from subsided fault blocks, left remnant 

silicon polymer in footwall, and formation of several ridges under faulted blocks. When the base 

source layer is depleted underneath the faulted blocks during the extension, smaller faults can 

form within the intact fault blocks to accommodate the on-going extension, as we see the 

branching of F3 at the later stage of experiment in Model 8 (Figure 4.9, 4.10, and 4.11). 

4.5.2 Scaled physical models vs. natural example from Vulcan Sub-basin 

Direct, quantifiable comparisons between physical models and natural examples cannot be easily 

made since all models are simplifications of the nature (e.g. model setups, scale, velocity, time). 
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Besides, the present-day geometry of the subsurface natural example from Vulcan Sub-basin is 

interpreted from 3D seismic data, which includes limitations of seismic techniques (e.g. 

resolution, migration). However, we can always gain valuable insights from forward modeling 

results by finding the common aspects and differences between the models and the natural 

example.  

The deformation concentration effect of diapirs revealed in both models (i.e. Model 5 and Model 

8) is a common feature, and explains the structural features observed around the Swan diapir. 

The accumulation of extensional strain along the near-diapir faults is comparable with the 

observation that the major faults atop of the Swan salt diapir have the largest displacement, 

indicating that the Neogene faults initiated around the salt diapir early and grew rapidly during 

the Neogene flexural extension. In both Model 5 and Model 8, the fault strike near the pre-built 

diapirs, with or without base source layer, are deflected toward the center of the diapirs. This is 

similar to our observation and analysis of Neogene normal fault strike around the Swan salt 

diapir (Figure 4.1; also see Chapter 3). The narrowed deformation zone and less-deformed local 

highs around the diapir in the models can be also compared with the natural example. A 

difference is that the less-deformed structural high on the NW side of the Swan salt diapir is 

higher than areas to its north (Figure 4.1). We believe this is because the northern area of the 

natural example was subjected to subsidence either due to local down-faulting or regional down-

warping of the Australian margin since Neogene time.  

The Swan salt diapir is poorly imaged in the 3D seismic volume, thus little is known about the 

deeper part of the diapir. The different diapir roof subsidence histories between the isolated 

diapir case (i.e. Model 5) and the diapir-source layer case (i.e. Model 8) provide a valuable 

insight into the deeper part of the Swan salt diapir. The diapir roof in Model 8 is a good analogy 

to the Swan salt diapir roof having a higher elevation than the surrounding graben floors (Figure 

4.10; Chapter 3). This indicates that the Swan salt diapir had an open feeder connected to deeper 

part of the salt layer during the extension, rather than being an isolated salt diapir, so the salt 

withdrawal from neighboring subsiding areas provided support to the Swan salt diapir. The 

modeling result is also compatible with the observation in the natural example that the graben 

areas near the Swan salt diapir have the lowest elevation—the result of more subsidence during 

extension (Figure 1 and Figure 4.10f).  



 

127 
 

 

4.6 Conclusions 

In this study, we used two groups of scaled physical models to investigate the 4D evolution of 

salt diapir reactivation in oblique extensional systems. The extension obliquity controlled the 

overall normal faulting and subsidence patterns, while the diapir in the weak zone largely 

influence the local structures around it.  

1. Our modeling results show that, no matter whether there is a base source layer or not, the pre-

built diapirs reveal a common deformation concentration effect under extension and control the 

development of structures around them, which include: 1) extensional strain accumulate early 

and rapidly along the near-diapir normal faults; 2) near-diapir faults have their strikes deflected 

early toward the center of the diapir, then link with other faults in the deformation zone at a later 

stages of extension; 3) the diapir narrows the deformation zone, and leaves two less-deformed 

areas along the extensional sides of the diapir form as local highs due to less normal faulting 

and/or fault block tilting. 

2. Models from two groups with different base diapir setups reveal different diapir roof 

subsidence histories during extension. In the isolated diapir case (e.g. Model 5 in Group 1), the 

diapir roof collapses early and continues subsiding during the whole experiment along with the 

widening of the diapir under extension. However, in the diapir and source layer case (e.g. Model 

8 in Group 2), the diapir roof has an initial subsidence at the very beginning of the experiment, 

then the areas near the diapir subside rapidly, even faster than the diapir itself. This results in a 

higher elevation of the diapir roof in the central graben. Cross sections show that the diapir 

widens during the extension but without significant subsidence. This suggests that, with the 

depletion of source layer under subsiding fault blocks, the silicon polymer can flow into the 

diapir and provide support to allow the diapir subside less than surrounding graben floors.  

3. These modeling results can be compared with a natural example from the NW Australia Shelf. 

The common deformation concentration effect of diapir revealed in the models illustrates that the 

Swan salt diapir plays a major role in controlling the development of local normal faults and 

structures around it. After comparison with different diapir roof subsidence histories, the 

“uplifted” roof of Swan salt diapir indicates that the Swan salt diapir had an open feeder that 
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connected to a deeper salt system during the Neogene flexural extension, which is hard to 

interpret from the 3D seismic dataset due to poor image quality. 

 

4.7 Acknowledgements 

We are grateful to Nicolas Sellier, Kevin D’Souza, Jerry Morris, Hongdan Deng and James 

Hammerstein for their generous support and assistance with the experiments in the modeling lab 

at Royal Holloway University of London. We thank Mark Rowan of Rowan Consulting Inc. and 

Tim Dooley of Applied Geodynamics Laboratory at UT Austin for their insightful discussions of 

the early ideas and helpful inputs on physical modeling techniques. This research is co-sponsored 

by GSA Student Research Grant and AAPG Grants-in-Aid program. LW also thank GSA 

Structural Geology & Tectonics Division for offering student research award that allows LW to 

present the research at 2015 GSA annual meeting in Baltimore.  

 

4.8 References 

Adam, J., Krezsek, C., 2012. Basin-scale salt tectonic processes of the Laurentian Basin, Eastern 
Canada: insights from integrated regional 2D seismic interpretation and 4D physical 
experiments. Geological Society, London, Special Publications 363, 331-360. 

Adam, J., Urai, J.L., Wieneke, B., Oncken, O., Pfeiffer, K., Kukowski, N., Lohrmann, J., Hoth, 
S., van der Zee, W., Schmatz, J., 2005. Shear localisation and strain distribution during 
tectonic faulting—new insights from granular-flow experiments and high-resolution 
optical image correlation techniques. Journal of Structural Geology 27, 283-301. 

Autin, J., Bellahsen, N., Leroy, S., Husson, L., Beslier, M.-O., d'Acremont, E., 2013. The role of 
structural inheritance in oblique rifting: Insights from analogue models and application to 
the Gulf of Aden. Tectonophysics. 

Brune, S., Heine, C., Pérez-Gussinyé, M., Sobolev, S.V., 2014. Rift migration explains 
continental margin asymmetry and crustal hyper-extension. Nat Commun 5. 

Costa, E., Vendeville, B.C., 2002. Experimental insights on the geometry and kinematics of fold-
and-thrust belts above weak, viscous evaporitic décollement. Journal of Structural 
Geology 24, 1729-1739. 

Davison, I., 2007. Geology and tectonics of the South Atlantic Brazilian salt basins. Geological 
Society, London, Special Publications 272, 345–359. 



 

129 
 

Davison, I., Alsop, I., Birch, P., Elders, C., Evans, N., Nicholson, H., Rorison, P., Wade, D., 
Woodward, J., Young, M., 2000. Geometry and late-stage structural evolution of Central 
Graben salt diapirs, North Sea. Marine and Petroleum Geology 17, 499–522. 

Dell'Ertole, D., Schellart, W.P., 2013. The development of sheath folds in viscously stratified 
materials in simple shear conditions: An analogue approach. Journal of Structural 
Geology 56, 129-141. 

Demercian, S., Szatmari, P., Cobbold, P.R., 1993. Style and Pattern of Salt Diapirs Due to Thin-
Skinned Gravitational Gliding, Campos and Santos Basins, Offshore Brazil. 
Tectonophysics 228, 393-433. 

Diegel, F.A., Karlo, J., Schuster, D., Shoup, R., Tauvers, P., 1995. Cenozoic structural evolution 
and tectono-stratigraphic framework of the northern Gulf Coast continental margin, in: 
Jackson, M.P.A., Roberts, D.G., Snelson, S. (Eds.), Salt tectonics: a global perspective, 
AAPG Memoir 65, pp. 109–151. 

Dooley, T., Mcclay, K.R., Hempton, M., Smit, D., 2005. Salt tectonics above complex basement 
extensional fault systems: results from analogue modelling. Geological Society, London, 
Petroleum Geology Conference series 6, 1631-1648. 

Dooley, T.P., Hudec, M.R., Jackson, M.P.A., 2012. The structure and evolution of sutures in 
allochthonous salt. AAPG Bulletin 96, 1045-1070. 

Dooley, T.P., Jackson, M.P.A., Hudec, M.R., 2009. Inflation and deflation of deeply buried salt 
stocks during lateral shortening. Journal of Structural Geology 31, 582-600. 

Dooley, T.P., Jackson, M.P.A., Hudec, M.R., 2015. Breakout of squeezed stocks: dispersal of 
roof fragments, source of extrusive salt and interaction with regional thrust faults. Basin 
Research 27, 3-25. 

Fernandez, N., Kaus, B.J.P., 2014. Influence of pre-existing salt diapirs on 3D folding patterns. 
Tectonophysics 637, 354-369. 

Ge, H., Jackson, M.P., Vendeville, B.C., 1995. Rejuvenation and subsidence of salt diapirs by 
regional extension. Gulf Coast Association of Geological Societies Transactions 45, 211-
218. 

Ge, H.X., Jackson, M.P.A., 1998. Physical modeling of structures formed by salt withdrawal: 
Implications for deformation caused by salt dissolution. AAPG Bulletin 82, 228–250. 

Hearon, T.E., Rowan, M.G., Lawton, T.F., Hannah, P.T., Giles, K.A., 2015. Geology and 
tectonics of Neoproterozoic salt diapirs and salt sheets in the eastern Willouran Ranges, 
South Australia. Basin Research 27, 183-207. 

Hubbert, m.K., 1937. Theory of scale models as applied to the study of geologic structures. 
Geological Society of America Bulletin 48, 1459-1520. 



 

130 
 

Hudec, M.R., Jackson, M.P.A., 2007. Terra infirma: Understanding salt tectonics. Earth-Science 
Reviews 82, 1–28. 

Jackson, M.P.A., Vendeville, B.C., 1994. Regional Extension as a Geologic Trigger for 
Diapirism. Geological Society of America Bulletin 106, 57–73. 

Koyi, H., Talbot, C.J., Torudbakken, B.O., 1993. Salt Diapirs of the Southwest Nordkapp Basin - 
Analog Modeling. Tectonophysics 228, 167-187. 

Koyi, H.A., Ghasemi, A., Hessami, K., Dietl, C., 2008. The mechanical relationship between 
strike-slip faults and salt diapirs in the Zagros fold-thrust belt. Journal of the Geological 
Society 165, 1031-1044. 

Lohrmann, J., Kukowski, N., Adam, J., Oncken, O., 2003. The impact of analogue material 
properties on the geometry, kinematics, and dynamics of convergent sand wedges. 
Journal of Structural Geology 25, 1691-1711. 

McClay, K.R., 1990. Extensional fault systems in sedimentary basins: a review of analogue 
model studies. Marine and Petroleum Geology 7, 206-233. 

Ramberg, H., 1981. Gravity, deformation, and the earth's crust: In theory, experiments, and 
geological application, second ed. Academic press, London. 

Rowan, M.G., Vendeville, B.C., 2006. Foldbelts with early salt withdrawal and diapirism: 
Physical model and examples from the northern Gulf of Mexico and the Flinders Ranges, 
Australia. Marine and Petroleum Geology 23, 871-891. 

Schellart, W.P., 2000. Shear test results for cohesion and friction coefficients for different 
granular materials: scaling implications for their usage in analogue modelling. 
Tectonophysics 324, 1-16. 

Stewart, S.A., 2007. Salt tectonics in the North Sea Basin: a structural style template for seismic 
interpreters. Geological Society, London, Special Publications 272, 361–396. 

Tari, G., Molnar, J., Ashton, P., 2003. Examples of salt tectonics from West Africa: a 
comparative approach. Geological Society, London, Special Publications 207, 85-104. 

Trudgill, B.D., 2011. Evolution of salt structures in the northern Paradox Basin: controls on 
evaporite deposition, salt wall growth and supra-salt stratigraphic architecture. Basin 
Research 23, 208-238. 

van Keken, P.E., Spiers, C.J., van den Berg, A.P., Muyzert, E.J., 1993. The effective viscosity of 
rocksalt: implementation of steady-state creep laws in numerical models of salt diapirism. 
Tectonophysics 225, 457-476. 

Vendeville, B.C., Jackson, M.P.A., 1992. The Rise of Diapirs during Thin-Skinned Extension. 
Marine and Petroleum Geology 9, 331–353. 



 

131 
 

Warsitzka, M., Kley, J., Kukowski, N., 2013. Salt diapirism driven by differential loading — 
Some insights from analogue modelling. Tectonophysics 591, 83-97. 

Weijermars, R., Jackson, M.P.A., Vendeville, B., 1993. Rheological and Tectonic Modeling of 
Salt Provinces. Tectonophysics 217, 143-174. 

Wu, J.E., McClay, K., Frankowicz, E., 2015a. Niger Delta gravity-driven deformation above the 
relict Chain and Charcot oceanic fracture zones, Gulf of Guinea: Insights from analogue 
models. Marine and Petroleum Geology 65, 43-62. 

Wu, J.E., McClay, K., Whitehouse, P., Dooley, T., 2009. 4D analogue modelling of 
transtensional pull-apart basins. Marine and Petroleum Geology 26, 1608-1623. 

Wu, L., Wang, S., Luo, G., 2015b. Stress of Salt Diapir Reactivation in an Oblique Extensional 
System: A 3-D Geomechanical Modeling Approach, AAPG Annual Convention and 
Exhibition, Denver, CO. 

 

 

 

 

  



 

132 
 

 

CHAPTER 5   CONCLUSIONS AND IMPLICATIONS 

 

This chapter summarizes the key findings of this research and potential implications. 

5.1 General conclusions 

The concept of foreland basins has advanced rapidly in the last four decades, but our current 

understanding of flexural extension during the foreland basin development is still limited. The 

Timor foreland basin, as a young, under-filled foreland seated on the NW margin of Australia, 

provides a unique opportunity to study the flexural extensional structures formed during the 

early-stage of foreland basin development. The results in Chapter 2 provide important insights 

into the geometry of the flexural normal faults, major controlling factors during extension, and 

stresses and processes involved in foreland flexure. General conclusions from this study include: 

4. The foreland flexural wave on the NW Australian margin, generated by the rapid uplift and 

development of Timor orogenic belt, has a present-day width of more than 250 km and has a 

NNW–SSE extension direction. En echelon fault systems observed in this area are 

controlled by underlying pre-existing structures, indicative of oblique extension, instead of 

strike-slip or wrench movements.  

5. Our normal fault analysis from the foredeep part of the basin (i.e. Timor Trough–Ashmore 

Platform area) shows that the timing of Neogene flexural normal faulting is Late Miocene–

present, which is consistent with the development of Timor orogenic belt to the north.  

6. Using the normal fault classification scheme we propose in this study, the Neogene normal 

faults on the vertical profiles can be divided into three components based on the fault throw 

analysis: newly formed faults in the post-rift, pre-kinematic package; Jurassic normal fault 

reactivation; growth faults.  

7. The Neogene fault throw profiles show clear relationships between mechanical stratigraphy 

and fault propagation patterns: newly formed faults usually initiated from the carbonate-

dominated section, while the shaly section below acted as a fault propagation barrier zone. 

8. In this study, we identify three key controlling factors for the development of the Neogene 

normal faults: the pre-existing Jurassic faults controlled the locations of the younger faults: 
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the mechanical stratigraphy of the post-rift package controls the propagation patterns; the 

extension obliquity controls the lateral linkage patterns. These three key factors can also be 

transferred in other normal fault system analyses and multi-stage extension analysis. 

9. Hourglass structures are commonly observed in this area. Their development includes two 

stages: a pre-existing underlying horst structure and a younger graben formed during 

subsequent extension. These 3 key factors mentioned above should be considered when 

analyzing this type of hourglass structures. 

 

Within the foredeep part of the Timor foreland, the Vulcan Sub-basin provides us a unique and 

interesting natural example that a salt diapir reactivated in an oblique extensional system during 

Neogene flexural extension. This is arguably the first well documented example that combines 

the salt diapir reactivation with oblique extension, which allows us to investigate how salt diapir 

would behave under tectonic influence and how salt can interact with pre-existing weak zones 

and control the growing fault system under oblique extension. The subsurface study in Chapter 3 

and scale physical modeling from Chapter 4 provide important insights on the geometries and 

kinematics of the normal fault systems, salt diapir, and near-diapir structures in the system. 

General conclusions are: 

1. Our analysis of normal faults in the oblique extensional system indicates that Neogene 

flexural deformation affecting Vulcan Sub-basin is orientated around 347°, nearly 

perpendicular to the fault strikes measured from the inner deformation zone.  

2. Swan salt diapir reactivation in this oblique extensional system is triggered and largely 

driven by Neogene flexural extension instead of salt dissolution as suggested by early 

workers. Although the salt dissolution will contribute to the structures, it is not the primary 

driver.  

3. Because of its extremely weak mechanical rock properties, the salt diapir modifies the local 

stress field and strongly influences the oblique normal fault system near it during Neogene 

extension, by deflecting normal fault strikes, modifying fault stepping patterns, narrowing 

width of typical deformation zone, as well as increasing fault density. Two less-deformed 

structural highs formed near salt diapir representing the “stress/strain shadow” areas behind 

the diapir. 
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4. This deformation concentration effect of a salt diapir in nature is supported by our physical 

modeling results. Related observations include: 1) extensional strain accumulate early and 

rapidly along the near-diapir normal faults; 2) near-diapir faults have their strikes deflected 

early toward the center of the diapir, then link with other faults in the deformation zone at a 

later extensional stage; 3) the diapir narrows the deformation zone, and leaves two less-

deformed areas along the extensional sides of the diapir form as local highs due to less 

normal faulting and/or fault block tilting. 

5. The salt diapir roof strata in the natural example are higher than the surrounding graben 

areas, implying that the salt diapir is probably connected to a deeper layer, rather than being 

an isolated salt body during extension. This hypothesis is supported by our modeling results 

from two groups with different diapir setups: isolated diapir case v.s. diapir with base source 

layer case. In the isolated diapir case (e.g. Model 5 in Group 1), the diapir roof collapsed 

early and continued subsiding during the whole experiment along with the widening of the 

diapir under extension. However, in the diapir and source layer case (e.g. Model 8 in Group 

2), the diapir roof has an initial subsidence at the very beginning of the experiment, then the 

areas near the diapir subside more rapidly, even faster than the diapir.  

 

5.2 Implications for Exploration and Development 

This study provides important insights on the near-salt exploration and development activities in 

salt-involved sedimentary basins around the globe. Take the deep-water Gulf of Mexico for 

example, 4-way structural closures have been largely explored out, and 3-way structural closure 

against the salt diapirs or salt feeders will probably be the main exploration trend for the deep-

water, sub-salt areas in Gulf of Mexico. However, due to the complex nature of salt-sediment 

interface, the near-salt area is always the most challenging part to image and to interpret for 

geoscientists, especially in the sub-salt environment. These factors add a certain amount of 

subsurface uncertainty in drilling into these area. In this case, a better understanding of the salt 

deformation mechanism and near-salt deformation/fault patterns are crucial for successful well 

planning and mud weight controlling in exploration and development phases. 

Beside the salt-related implications, the extension and normal fault analysis in Bonaparte Basin 

provide direct insights on the hydrocarbon E&P activities in this relatively under-explored area. 
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The main target in the Bonaparte–Browse basin areas is Jurassic fluvial-deltaic sandstone 

packages (i.e. Plover formation) located on structural highs formed during Jurassic rifting. 

However, the Neogene flexural extension across these area widely reactivated the older 

structures and generated newly formed normal faults. This increases the risk in terms of fault 

leakage and reservoir integrity during hydrocarbon exploration. The understanding of timing of 

the Neogene faulting, fault throws and propagation patterns, lateral and vertical linkage, and 

regional stress state will help better evaluate the risks for the hydrocarbon exploration.   

For geoscientists and explorationists in industry, the 4D concept of foreland basin evolution will 

also benefit sedimentary basin classification and analysis. The core result from Timor foreland, 

as an early-stage foreland basin, is that a foreland basin will probably have one or more proto-

type basin phases during the development, while the current classification schemes of foreland 

basin usually simplify or overlook the early evolution of the foreland basin. Each foreland should 

be considered as a superimposed basin system, and should have its own evolution route in the 4D 

framework. The “time” dimension captures the basin evolution diversity, and will provide 

geoscientists or explorationists another perspective to explore new territories or revisit existing 

petroleum-bearing foreland basins.   
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APPENDIX A   SUPPLEMENTARY MATERIAL TO CHAPTER 3  

 

1. Dominant seismic frequency analysis 

The dominant seismic frequency of the 3D seismic volume was analyzed to evaluate the 

data quality and related uncertainties. The data quality above the Valanginian 

unconformity is good to excellent, with dominant frequency at ~46 Hz (Fig. A.1). After 

using an estimated velocity 3700 m/s for this section, the vertical seismic resolution is 

approximately 20 m. The data quality deteriorates as the depth increases. The dominant 

frequency of seismic section below the Valanginian unconformity is ~15 Hz, implying 80 

m as the approximate vertical resolution if we use 4800 m/s as the seismic velocity. The 

seismic velocity information are extracted from well data and a velocity model of a newly 

processed PSDM volume (provided by Geoscience Australia). 

2. Un-interpreted v.s. interpreted seismic profiles 

Enlarged version of four seismic sections used in this study (see Fig. A.6 in the paper) are 

displayed below. Un-interpreted and interpreted versions are juxtaposed for comparison 

(Figs. A.2, A.3, A.4, A.5). 

3. Key structural maps and calculated isochron maps 

Based on our interpretation of the 3D volume, a series of structural maps (in time 

domain) are constructed. Isochron maps are calculated using the “true stratigraphic 

thickness (TST)” algorithm in Petrel®. We attach a series of key maps (Fig. A.6~A.12) to 

help readers or future researchers better understand the structural configuration of the 

study area.  

4. 3D view of normal fault systems 

The oblique view of our structural model shown in Figure A.13 can help readers visualize 

the 3D geometry of Swan Graben, relationship between salt diapir and adjacent Jurassic 

normal faults, and spatial relationship between two fault systems. 

5. Measurements of the normal fault system 

The original measured data of the Neogene normal fault system (used for plotting Fig. 8b, 

9b, 10 in the paper) are displayed in Table A.1, A.2 and A.3 below.  
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Fig. A.1. Seismic reflection and dominant frequency of crossline section 9900 in the 3D volume, 
showing higher frequency (~46Hz) above the Valanginian unconformity and lower frequency 
(~15Hz) below, indicating a vertical seismic resolution change. 
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Fig. A.2. Un-interpreted and interpreted seismic line a–a’ used in the paper. 
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Fig. A.3. Un-interpreted and interpreted seismic line b–b’ used in the paper. 
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Fig. A.4. Un-interpreted and interpreted seismic line c–c’ used in the paper. Note the Swan salt 
diapir is best resolved on inline sections (see Fig. 7b, 11a in the paper). 
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Fig. A.5. Un-interpreted and interpreted seismic line d–d’ used in the paper. 
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Fig.A.6. Structural map of the Near top Permian (TWT), showing the structural framework of the Swan Graben with Jurassic 
normal faults and location of the salt feeder 
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Fig. A.7. Structural map of the Valanginian unconformity (TWT) 
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Fig. A.8. Structural map of the Top Palaeocene (TWT) 
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Fig. A.9. Structural map of the Top Grebe sandstone member (TWT) 
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Fig. A.10. Isochron map of strata between Valanginian unconformity and Top Palaeocene (true stratigraphic thickness), showing time 
thickness variation in this area for the early post-rift phase. Note that the interval thins towards the top of Swan salt diapir, indicating 
the salt diapir is still moving and then covered during this time. Linear features are anomalies derived from the isochron calculation, 
and do not represent actual geology (same in Figure 11 and 12).
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Fig. A.11. Isochron map of Grebe sandstone member showing the time thickness of the progradational system. Note sediment 
thickness around salt diapir is relatively isopachous, indicating that the Swan salt diapir is no longer growing at this time.
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Fig. A.12. Isochron map of Eocene carbonate section, showing that the time thickness in the study area is relatively isopachous. 
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Fig. A.13. Three oblique views of structural model of this study, showing the geometry of the 
Swan Graben, the location of initial rise of Swan salt diapir, and relationship between the two 
normal fault systems. 
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Table A.1. Normal fault strike measurements from 3 sub areas (on Base Miocene) 

Area A    Area B    Area C   

No. azimuth (°) type No. azimuth (°) type No. azimuth (°) type 

1 80 260 fault 1 85 265 fault 1 76 256 fault 

2 86 266 fault 2 80 260 fault 2 72 252 fault 

3 87 267 fault 3 90 270 fault 3 62 242 fault 

4 83 263 fault 4 90 270 fault 4 66 246 fault 

5 71 251 fault 5 78 258 fault 5 69 249 fault 

6 79 259 fault 6 88 268 fault 6 47 227 fault 

7 65 245 fault 7 82 262 fault 7 42 222 fault 

8 85 265 fault 8 81 261 fault 8 69 249 fault 

9 72 252 fault 9 87 267 fault 9 46 226 fault 

10 78 258 fault 10 84 264 fault 10 62 242 fault 

11 77 257 fault 11 74 254 fault 11 41 221 fault 

12 76 256 fault 12 69 249 fault 12 62 242 fault 

13 70 250 fault 13 81 261 fault 13 62 242 fault 

14 68 248 fault 14 82 262 fault 14 66 246 fault 

15 86 266 fault 15 71 251 fault 15 70 250 fault 

16 82 262 fault 16 79 259 fault 16 72 252 fault 

17 72 252 fault 17 68 248 fault 17 68 248 fault 

18 75 255 fault 18 66 246 fault 18 62 242 fault 

19 82 262 fault 19 71 251 fault 19 71 251 fault 

20 61 241 fault 20 82 262 fault 20 71 251 fault 

21 63 243 fault 21 79 259 fault 21 79 259 fault 

22 63 243 fault 22 76 256 fault 22 65 245 fault 

23 77 257 fault 23 78 258 fault 23 70 250 fault 

24 69 249 fault 24 73 253 fault 24 70 250 fault 

25 79 259 lineament 25 76 256 fault 25 67 247 fault 

26 79 259 lineament 26 70 250 fault 26 75 255 fault 

27 74 254 lineament 27 79 259 fault 27 69 249 fault 

28 73 253 lineament 28 83 263 lineament 28 68 248 lineament 

29 74 254 lineament 29 87 267 lineament 29 78 258 lineament 

30 81 261 lineament 30 82 262 lineament 30 70 250 lineament 

31 61 241 lineament 31 86 266 lineament 31 67 247 lineament 

32 69 249 lineament 32 71 251 lineament 32 72 252 lineament 

33 68 248 lineament 33 70 250 lineament 33 73 253 lineament 

34 67 247 lineament 34 86 266 lineament 34 73 253 lineament 

35 69 249 lineament 35 74 254 lineament 35 68 248 lineament 

36 84 264 lineament 36 93 273 lineament 36 60 240 lineament 

37 67 247 lineament 37 87 267 lineament 37 60 240 lineament 

38 62 242 lineament 38 87 267 lineament 38 53 233 lineament 

39 68 248 lineament 39 90 270 lineament 39 79 259 lineament 

40 67 247 lineament 40 84 264 lineament 40 74 254 lineament 
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41 52 232 lineament 41 85 265 lineament     

42 60 240 lineament 42 80 260 lineament     

43 50 230 lineament 43 87 267 lineament     

    44 87 267 lineament     

    45 87 267 lineament     

    46 76 256 lineament     

    47 84 264 lineament     

    48 85 265 lineament     

    49 77 257 lineament     

    50 80 260 lineament     

    51 75 255 lineament     

    52 70 250 lineament     

    53 69 249 lineament     

    54 87 267 lineament     

    55 81 261 lineament     

    56 78 258 lineament     

    57 78 258 lineament     

    58 66 246 lineament     

    59 58 238 lineament     

    60 61 241 lineament     

    61 65 245 lineament     

    62 57 237 lineament     

    63 38 218 lineament     

    64 43 223 lineament     

    65 63 243 lineament     

    66 76 256 lineament     

    67 65 245 lineament     

    68 55 235 lineament     

    69 78 258 lineament     

    70 74 254 lineament     

    71 80 260 lineament     

    72 74 254 lineament     

    73 55 235 lineament     

    74 70 250 lineament     

    75 55 235 lineament     

    76 69 249 lineament     

    77 67 247 lineament     

    78 30 210 lineament     

    79 81 261 lineament     

    80 76 256 lineament     

    81 81 261 lineament     

Mean&Std dev.: 255±8 fault   259±7 fault   245±10 fault 

  249±9 lineament  254±13 lineament  249±7 lineament 

Table A.1. Continued 
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Table A.2. Normal fault strike measurements from 5 areas near Swan salt diapir (on Base Miocene) 

Area #1   Area #2   Area #3   Area #4   Area #5  

No. azimuth (°) type No. azimuth (°) type No. azimuth (°) type No. azimuth (°) type No. azimuth (°) type 

1 69 249 fault 1 69 249 fault 1 83 263 fault 1 57 237 fault 1 99 279 fault 

2 82 262 fault 2 51 231 fault 2 85 265 fault 2 55 235 fault 2 94 274 fault 

3 76 256 fault 3 52 232 fault 3 88 268 fault 3 57 237 fault 3 89 269 fault 

4 74 254 fault 4 48 228 fault 4 88 268 fault 4 78 258 fault 4 78 258 fault 

5 79 259 fault 5 41 221 fault 5 87 267 fault 5 46 226 fault 5 76 256 fault 

6 73 253 fault 6 44 224 fault 6 89 269 fault 6 57 237 fault 6 97 277 fault 

7 75 255 fault 7 47 227 fault 7 91 271 fault 7 84 264 fault 7 80 260 fault 

8 74 254 fault 8 53 233 fault 8 94 274 lineament 8 34 214 lineament 8 80 260 lineament 

9 77 257 fault 9 53 233 fault 9 88 268 lineament 9 18 198 lineament     

10 79 259 fault 10 56 236 fault     10 21 201 lineament     

    11 59 239 fault     11 20 200 lineament     

    12 55 235 fault     12 48 228 lineament     

    13 45 225 lineament     13 62 242 lineament     

    14 41 221 lineament     14 63 243 lineament     

    15 40 220 lineament             

Mean&Std dev.: 256±3 fault   232±7 fault   267±3 fault   242±13 fault   268±9 fault 

  N/A lineament   222±2 lineament   271±3 lineament   218±18 lineament   260 lineament 

 

 

 

 

 



 

153 
 

Table A.3. Measurements of fault zone width, fault counts, and calculated fault density and 
spacing  

Probe line number Fault zone width (m) Number of faults & lineaments Fault density (faults/km) Fault spacing (km/fault) 

1 7681 4 0.52 1.92 

2 7887 5 0.63 1.58 

3 7860 7 0.89 1.12 

4 10158 8 0.79 1.27 

5 10524 8 0.76 1.32 

6 13386 11 0.82 1.22 

7 13600 11 0.81 1.24 

8 12616 12 0.95 1.05 

9 12867 13 1.01 0.99 

10 13109 14 1.07 0.94 

11 14772 15 1.02 0.98 

12 15076 14 0.93 1.08 

13 15067 15 1.00 1.00 

14 15371 11 0.72 1.40 

15 15397 13 0.84 1.18 

16 16855 14 0.83 1.20 

17 15567 19 1.22 0.82 

18 14360 21 1.46 0.68 

19 10739 11 1.02 0.98 

20 14673 21 1.43 0.70 

21 10775 16 1.48 0.67 

22 10963 18 1.64 0.61 

23 13269 18 1.36 0.74 

24 13448 19 1.41 0.71 

25 13252 20 1.51 0.66 

26 10667 21 1.97 0.51 

27 9049 17 1.88 0.53 

28 7252 13 1.79 0.56 

29 8566 22 2.57 0.39 

30 5821 15 2.58 0.39 

31 5571 14 2.51 0.40 

32 4677 13 2.78 0.36 

33 3362 8 2.38 0.42 

34 5347 10 1.87 0.53 

35 6018 16 2.66 0.38 

36 6688 17 2.54 0.39 

37 8906 16 1.80 0.56 

38 10265 22 2.14 0.47 

39 11713 24 2.05 0.49 

40 12188 22 1.81 0.55 
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41 12974 15 1.16 0.86 

42 13064 15 1.15 0.87 

43 12813 15 1.17 0.85 

44 12983 13 1.00 1.00 

45 13341 13 0.97 1.03 

 

 

  

Table A.3. Continued 
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APPENDIX B   SUPPLEMENTARY MATERIAL TO CHAPTER 4 

 

Modeling results from Model 1, 2, 3, 4, 6, and 7: 

 

Fig. B.1. Top-views of Model 1 and Model 2 after 4 cm extension. 
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Fig. B.2. Top-views of Model 3 and Model 4 after 4 cm extension. 
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Fig. B.3. Top-views of Model 6 and Model 7 after 4 cm extension. 


