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ABSTRACT	

Rifted margins are complex regions of the Earths curst that are formed by the 
extension and eventual rifting of single (e.g. South Atlantic, Suez and 
Antarctica, or multiple (e.g. North Atlantic and the Gulf of Aden) continental 
fragments.  The North West Shelf of Western Australia is an intriguing example 
of a polyphase rift that has undergone several periods of extension from the 
early Paleozoic to the Early Cretaceous.    

To date there has been no large-scale study re-evaluating the structural 
evolution of the Northern Carnarvon Basin, utilising the high-quality datasets 
available and applying the latest understanding of passive margin evolution. 

In this study I utilise seven 3D seismic data sets (10,946 km2), data from 45 wells 
and numerous 2D seismic lines to further contribute to the understanding of 
the structural evolution of the Northern Carnarvon Basin.  Two structural trends 
of Paleozoic faults are identified; the north-south trend of the Sholl Island Fault, 
which has been active since the Devonian and the NE trending Permian 
Mermaids Nose Fault.  Mesozoic fault growth initiated in the Rhaetian and 
continued until the Middle Jurassic.  Displacement analysis suggests faults 
nucleated and evolved as both blind and growth faults, that grew by lateral 
and vertical linkage with adjacent segments.  In map view Mesozoic faults form 
N, NNE and NE trending structures.  Sub-basin scale features display similar 
orientations, with the en echelon Rankin Fault Zone trending NE and a series of 
segmented synclinal features, such as the Lewis Trough also trending NE.   

The orientation of individual faults and sub-basin scale features provide 
evidence of the influence of older Paleozoic structures on Mesozoic faults.  The 
combination of orientations evident in Mesozoic structures suggests extension 
oblique to these fabrics, likely with an east-west orientation.  Vertical 
interaction between Permian and Mesozoic faults produced numerous fault-
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propagation folds, with examples of different formation mechanisms, including 
progressive (trishear) and instantaneous fault tip migration (ramp-flat fault 
geometry). 

The Lower Triassic Locker Shale Formation acts as a detachment surface onto 
which Mesozoic strata bound faults detach.  Some Mesozoic faults link via the 
detachment to pre-existing Permian faults and subsequent extension and 
deformation of the hanging wall has resulted in the formation of the Lewis 
Trough.   

The observed fault pattern associated with Early Jurassic extension within the 
Dampier Sub-basin is at odds with the Argo rift, which is typically considered 
the event responsible for the extension related structures.  Seafloor magnetic 
anomalies and the NE trending fault pattern within the Browse Basin suggest 
Argo rift related extension was oriented NW.  This is in contrast with the east-
west extension inferred from the Dampier Sub-basin fault network.  This 
suggests that the Argo rift event was relatively localised and may not be the 
dominant event responsible for Dampier Sub-basin extensional structures.  
This would also suggest that extension associated with the north-south 
trending arm of the rift system in Western Australia (associated with the 
Greater India rift) was earlier (Rhaetian – Middle Jurassic) than is typically 
acknowledged in the literature. 
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1.0 INTRODUCTION	

Rifted margins are complex regions of the Earths curst that are formed by the 
extension and eventual rifting of single (e.g. South Atlantic (Brownfield and 
Charpentier, 2006; Cameron et al., 1999; Heine et al., 2013), Suez (Khalil and 
McClay, 2002; Patton et al., 1994), Antarctica (Totterdell and Bradshaw, 2004), 
or multiple (e.g. North Atlantic (Henstra et al., 2015), Gulf of Aden (Autin et al., 
2013)) continental fragments.  The North West Shelf of Western Australia 
(Figure 2.1) is an intriguing example of a polyphase rift that has undergone 
several periods of extension from the early Paleozoic to the Early Cretaceous.    

Due to their importance in petroleum exploration, the understanding of the 
structural evolution of passive margins has also gained increased international 
focus in the past decade (e.g. Bradley (2008), Watts (2012)).  A large body of 
work has also focused on fault growth and reactivation (Childs et al., 1995; 
Morley, 1995; Reston, 2009) and the influence of basement fabrics during 
deformation (Clifton et al., 2000; Henza et al., 2010; McClay, 1990; Morley et al., 
2004).   

The long and complex history of extension on the North West Shelf (NWS) has 
resulted in a mosaic of fault systems, each influencing the next phase of 
deformation and themselves impacted by the pre-existing fabric of the region.  
Early studies of the offshore regions of the NWS focused on extrapolation of 
onshore trends and the use of poor quality coarsely spaced 2D seismic surveys 
(Australian Geological Survey Organisation (AGSO), 1994; Etheridge and 
O’Brien, 1994; Exon and Willcox, 1980).  In the past 10-20 years, the use of 3D 
seismic surveys has become common place in the hydrocarbon exploration 
industry, and a number of surveys have been shot across the Northern 
Carnarvon Basin (NCB).  These surveys include high resolution 3D seismic data 
as well as deep regional 2D seismic extending across the most prominent areas 
of the NWS.  The use of these surveys within industry is often focused on 
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specific license areas and there has been little attempt to utilise this high-
quality dataset to re-visit current understanding and theories surrounding the 
structural evolution of the Northern Carnarvon Basin. 

In this study, I seek to re-evaluate the structural evolution of the NCB, utilising 
the high-quality datasets available and applying the latest understanding of 
passive margin evolution.  Work by authors such as McClay (1999; 1990),  
Morley (2010; 2004; 1992) and Childs (2003, 1996) relating to fault evolution 
and how pre-existing fabrics influence the formation rifts will be discussed and 
applied to observations throughout the NCB.  Specifically, the relationship 
between Permian fault reactivation and the Jurassic fault system within the 
Dampier Sub-basin will be investigated.  Implications of theories such as strike 
slip faulting on the Rankin Fault Zone (Australian Geological Survey 
Organisation (AGSO), 1994; Etheridge and O’Brien, 1994) or the occurrence of 
a major contractional event in the Late Triassic (Fitzroy Movement) as 
suggested by Forman et al. (1981), Blevin et al. (1998), Longley et al. (2002) and 
Jablonski and Saitta (2004) will be discussed.  Interpreted seismic data within 
key structural areas will be presented and a variety of techniques will be 
utilised, including fault displacement analysis and kinematic forward 
modelling. 

1.1 Aim	and	scope	of	research	

The aim of the research is to investigate the evolution of the fault architecture 
of part of the Northern Carnarvon Basin during the polyphase rifting of 
Gondwana. 

The research is focused on the Mesozoic structural development of the 
Dampier Sub-basin, but findings and implications are discussed in a regional 
context of the Northern Carnarvon Basin, the greater North West Shelf, Perth 
Basin and earlier Paleozoic events.  The primary data used in this study are 2D 
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and 3D seismic data calibrated to existing well data.  The focus is on the 
evolution of faulting within the Dampier Sub-basin and how this influenced the 
structural and stratigraphic development of the region.  Examples are included 
from adjacent sedimentary basins (such as Candace Terrace and Perth Basin) 
that are relevant to the discussion on the evolution of the region. 

1.2 Structure	of	thesis	

This thesis consists of eight Chapters following the Introduction.  Chapter 2.0 
presents a detailed review of the current understanding of the Northern 
Carnarvon Basin, in terms of its structural and stratigraphic evolution.  
Significant discrepancies in published literature are highlighted, particularly 
localised structural trends that differ from regional trends.  Chapter 3.0 
presents a broad overview of the research design and data set utilised in the 
study.  Methods relating to each specific research area are presented within 
each individual Chapter. 

Chapters 4.0–7.0 present the results of the study.  Chapter 4.0 discusses the 
results of detailed seismic interpretation within the Dampier Sub-basin and 
surrounding regions.  The Chapter discusses timing of fault growth and 
structural trends evident in Paleozoic and Mesozoic fault systems and is 
concluded with a discussion of the tectono-stratigraphic evolution of the 
Dampier Sub-basin.   

Chapter 5.0 presents a detailed study of the growth and nucleation history of 
a number of faults on the Exmouth Plateau and aims to encompass this 
localised study of fault growth in a regional context presented in Chapter 4.0.  
This Chapter is structured for submission to the Australian Journal of Earth 
Sciences, therefore some repetition of information already presented will 
occur.  A sub-set of the overall dataset used in this thesis was utilised for this 
Chapter, which is detailed in Chapter 5.2 and associated figures. 
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Chapter 6.0 investigates the presence of folds associated with a number of 
faults across the North West Shelf.  The genesis of these faults, historically 
considered compression features, is investigated and the possibility of such 
structures forming in an extensional setting explored.  An example from the 
Perth Basin is included as this shows clear reactivation during the Early 
Cretaceous rifting of Greater India, which is lacking within the Dampier Sub-
basin.  This Chapter is structured for submission to the American Association 
of Petroleum Geologists (AAPG) journal, therefore some repetition of 
information already presented will occur.  A sub-set of the overall dataset used 
in this thesis was utilised for this Chapter, which is detailed in Chapter 6.2 and 
associated figures.  Both metric and imperial units are presented in within this 
Chapter (including figures), as is a requirement of the journal. 

Chapter 7.0 presents a detailed review of a series of synclines present in the 
Barrow and Dampier Sub-basins, including the Lewis Trough and applies the 
findings of Chapter 6.0 to investigate whether the structures could be formed 
by a similar mechanism to that identified in the previous Chapter.  A number 
of forward models with different fault geometries are compared to seismic 
data. This Chapter is structured for submission to the Journal of the London 
Geological Society, therefore some repetition of information already presented 
will occur.  A sub-set of the overall dataset used in this thesis was utilised for 
this Chapter, which is detailed in Chapter 7.3 and associated figures.  

Chapter 8.0 expands on the findings of the previous Chapters and discusses 
the results and the implications for the understanding of the structural 
evolution of the Northern Carnarvon Basin.   

Finally, Chapter 9.0 presents the conclusions of the study and identifies 
possible areas of future study that would build on the findings of this research.  
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2.0 REGIONAL	GEOLOGY	

The North West Shelf of Western Australia (Figure 2.1) forms an elongate NE 
trending region that can be described as a passive margin since the rifting of 
Greater India 135 Million years ago (Longley et al., 2002).  Since the Cambrian, 
a number of continental slithers have rifted from the margin in a protracted 
series of deformation events during the Paleozoic and Mesozoic (Veevers, 
1988).   The polyphase rifting has left an intriguing assemblage of sub-basins, 
overprinted rift fabrics and structural grains all influenced by the underlying 
pre-existing fabrics present since the accumulation of Gondwana.    

The scale of the NWS (2,500 km in length) and the numerous deformation 
events impacting the margin present a number of challenges when reviewing 
the evolution of a single sub-basin.  A broad understanding of the main 
tectonic events that have impacted the region is crucial while also considering 
how the intensity and duration of these events manifest themselves within the 
smaller study locality of the Dampier Sub-basin. 

This Chapter presents an introduction to the structure and stratigraphy (Figure 
2.2, Figure 2.3 and Figure 2.4) of the Northern Carnarvon Basin and how this 
sits within the broader context of North West Shelf evolution.   The focus of 
this thesis is the Dampier Sub-basin, however a greater understanding of the 
main tectonic events that have impacted the region will be discussed with 
specific examples from literature where available.     

2.1 Structural	elements	and	styles	

A number of broad structural trends can be observed across the North West 
Shelf.  Onshore areas are typically made up of Paleozoic depocentres of the 
Canning and Southern Carnarvon Basins (and various sub-basins within).  
Structurally these basins display a strong NW–N orientation (Mory and Haines, 
2013), which is in contrast with the mainly (offshore) NE trending Mesozoic 
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depocentres of the Northern Carnarvon, Browse and northern Bonaparte 
Basins (Longley et al., 2002).   Mesozoic sediments are observed on seismic to 
progressively thin onto onshore cratonic areas (Australian Geological Survey 
Organisation (AGSO), 1994).  However the extension of Paleozoic sequences 
into offshore basins is more problematic to determine due to thick Mesozoic 
sequences rendering seismic of poor quality and making drilling to these 
depths uneconomical.  Extrapolation of structural and stratigraphic data within 
onshore basins is therefore crucial to attempt to unravel the structural makeup 
of the deep Paleozoic sequences underlying the offshore basins.   

2.1.1 North	West	Shelf	

The North West Shelf is a physiographic description of an area on the North 
West Coast of Western Australia, stretching approximately 2,500 km from 
Exmouth in the South to Melville Island in the NE (Bradshaw et al., 1988).  The 
NWS encompasses the mainly offshore Northern and Southern Carnarvon, 
Canning, Browse and Bonaparte Basins and their partial onshore equivalents.  
Collectively these structural units make up the Westralian Superbasin of Yeats 
(1987), which was defined as a region that evolved during the Late Paleozoic 
with related sediment deposition.  It should also be borne in mind that basin 
and sub-basin boundaries often reflect broad areas of deposition rather than 
a specific structural control, and their somewhat arbitrary nature can 
sometimes obscure structural and stratigraphic relationships along the margin. 

The basins are bound to the east by onshore cratonic areas or Proterozoic 
basins.  To the west is oceanic crust of various ages formed by the rift events 
impacting the shelf since the Mesozoic. 

 



Chapter 2.0 Regional geology 

 
  Page 7 
  

 

 
 
Figure 2.1 - Basin subdivision of Western Australia.  The figure depicts Mesozoic offshore 
basins with onshore cratonic and Paleozoic basins.  Basemap compiled using OZ SEEBASE 
(2005) (Frogtech Geoscience, 2006).  Basement outlines and structure compiled from 
Mory and Haines (2013) and Geoscience Australia (2014).  Red line indicates the location 
of Seismic line Bart 2D OBS 2014, presented as Figure 2.6. 
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Figure 2.2 – Chronostratigraphic chart of the southern Dampier Sub-basin defined by the 
interpretation of the Panaeus seismic survey, corresponding wells and basin wide 
chronostratigraphy (Geoscience Australia, 2014).  Tectonic events compiled from 
literature (Longley et al., 2002, Hall, 2012, Etheridge and O’Brien, 1994, Bentley, 1988).  
Red, blue and green colour bars denote ages and orientations of faults observed in this 
study. 
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Figure 2.3 - Chronostratigraphic chart of the northern Dampier Sub-basin defined by the 
interpretation of Demeter 3D seismic survey, corresponding wells and basin wide 
chronostratigraphy (GA, 2014).  Tectonic events compiled from literature (Bentley, 1988; 
Etheridge and O’Brien, 1994; Hall, 2012; Longley et al., 2002).  Play intervals defined by 
Longley et al. (2002) and Marshall and Lang (2013).   
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Figure 2.4 - Generalised stratigraphy and seismic horizons interpreted. 
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2.1.2 Northern	Carnarvon	Basin			

Comprising three broad structural elements, the Northern Carnarvon Basin can 
be subdivided into the Exmouth Plateau, the main Mesozoic depocentres 
(Beagle, Dampier, Barrow and Exmouth Sub-basins) and the margin shelf areas 
(Enderby Terrace, Lambert and Peedamullah Shelves) adjacent to the current 
day coast line (Figure 2.5, Figure 2.7 and Figure 2.8) (Geoscience Australia, 
2014).    This broad sub-division largely arises out of Mesozoic tectonic events, 
and care must be taken when interpreting Mesozoic depositional systems that 
overlie the older Paleozoic system.  North of the Exmouth Plateau is the Jurassic 
oceanic crust of the Argo Abyssal Plain, and the Cretaceous oceanic crust of 
the Gascoyne and Cuvier Abyssal Plains to the northwest and southwest (Figure 
2.1) (Geoscience Australia, 2012). 

 
Figure 2.5 – Composite depth profile showing main structural elements across the 
Northern Carnarvon Basin (reproduced from Stagg and Colwell (1994).  Profile derived 
from deep seismic data (AGSO, 1994).  Note significant thinning of lower crust under the 
Exmouth Plateau. 

Gravity data suggests the Exmouth Plateau is underlain by crystalline 
continental crust with depth to magnetic basement approximately 7-10 km 
(AGSO, 1994; Exon and Willcox, 1980).   A thick Triassic sequence with a distinct 
‘layer cake’ appearance (Figure 2.5 and Figure 2.6) covers much of the basin 
and is extensively deformed by small-scale faults.  This has given rise to the 
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widely held belief of a sag phase following the Carboniferous-Permian rift 
event (Australian Geological Survey Organisation (AGSO), 1994; Etheridge and 
O’Brien, 1994; Stagg and Colwell, 1994), which allowed the thick succession to 
accumulate without the need for large-scale faulting.  Underlying the Mesozoic 
sediments is an unknown thickness of Paleozoic or older sequences that likely 
extend from onshore basins across the NCB and Exmouth Plateau (Figure 2.6). 

Regional structural trends across the Exmouth Plateau include NNE and N to 
NNW striking normal faults (Figure 2.8) (McClay, 2015; Stagg et al., 2004).  The 
orientation of faulting is remarkably similar to onshore cratonic and mobile 
belt trends, leading a number of authors to suggest that the structural grain of 
the onshore  regions extend out onto the Exmouth Plateau (Exon and Willcox, 
1980; Hill, 1994; Pryer et al., 2002). 

The southern margin of the Exmouth Plateau is marked by the Rankin Fault 
Zone (RFZ), a major NE trending fault system that penetrates to crustal levels 
(AGSO, 1994).  The fault system forms the northern boundary of the major NE 
trending sub-basins of the NCB, the Exmouth, Barrow, Dampier and Beagle 
Sub-basins.  These areas formed regional sinks during the Early–Middle 
Jurassic, largely starving the Exmouth Plateau of sediments.    

Stepping down inboard from the Exmouth Plateau, the Dampier Sub-basin 
includes the structural lows of the Kendrew and Lewis Troughs which are 
separated by the Madeleine Anticline (Figure 2.7 and Figure 2.8).  The pattern 
of highs and lows do not appear to be typical fault block related structures, 
with poor seismic resolution over these areas allowing much conjecture in the 
literature regarding what these structures are (Etheridge and O’Brien, 1994; Hill, 
1994; Pryer et al., 2002; Veenstra, 1985).  The Lewis Trough steps up onto the 
shelfal region of the Enderby Terrace. 
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Figure 2.6 – Seismic line Bart 2D OBS 2014 showing the deep structure across the southern portion of the Northern Carnarvon Basin.  



Chapter 2.0 Regional geology 

Page 14 

2.1.3 Southern	Carnarvon	Basin			

The Southern Carnarvon Basin features a stacked sequence of Paleozoic 
depocentres, with a much thinner sequence of Mesozoic sediments (Mory et 
al., 2011).  This demonstrates the weaker influence of the Jurassic and 
Cretaceous rifting on this southern portion of the margin.   Thickest sequences 
are found in the north-south trending sub-basins that are situated between 
the Yilgarn Craton to the east and the Gascoyne Platform to the west.  These 
sub-basins were likely interconnected during the Paleozoic and possibly 
formed a single depocentre, extending south into the Perth Basin and north 
into the Northern Carnarvon Basin (Mory et al., 2011).     

2.2 Tectonic	evolution	

2.2.1 Precambrian	

The late Neoproterozoic to Cambrian was a time of orogenesis in Western 
Australia and saw the final amalgamation of major cratons to form Gondwana 
(Johnson, 2013).  This process saw a series of events, including the Paterson 
and King Leopold orogenies emplacing NW trending folds and faults within 
the Paterson Orogen and Kimberly region respectively (Mory and Haines, 2013; 
Tyler and Griffin, 1990).  The NW fold and fault trends of the Paterson Orogen 
are comparable to the orientation of the underlying Palaeoproterozoic 
Capricorn Orogen (Johnson et al., 2013).   The NW trending structural grain is 
also evident in the younger overlying Canning Basin, demonstrating the effect 
of structural inheritance. 

2.2.2 Paleozoic	

The Petermann Orogeny (570-530 Ma) was a subsequent and localised event 
impacting central portions of Western Australia, including the Amadeus Basin 
and Musgrave Provence (Myers, 1990).   A strong gravity anomaly which 
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consists of the Vines-Southwest-McKay Fault extends from the central 
Amadeus Basin to the offshore Canning Basin suggesting a link between the 
earlier Paterson and Petermann Orogenies (Bagas, 2004).  

The first evidence of rifting associated with the margin is the presence of 
Cambrian basaltic volcanics and marine strata within the Bonaparte Basin, 
which created the Palaeo-Tethys ocean (Warris, 1973).  Veevers (1988) 
considers the margin to have developed as a triple junction, with failed arms 
represented by marine deposition within the Canning and Bonaparte Basins 
and non-marine within the Southern Carnarvon and Perth Basins.  

Metcalfe (2013) considers the opening of Palaeo-Tethys to have occurred in 
the Early Devonian, rather than Cambrian.  The presence of volcanics and pre-
Devonian aged sediments spanning the length of the NWS certainly suggests 
a large-scale rift event in the Cambrian.   Metcalfe (2013) goes on to identify 
several continental blocks that rifted from the NE region of the current West 
Australian margin from the Devonian.  The presence of sediments within 
several areas of the NWS, often punctuated by long hiatus or a shift in 
deposition to other areas is supportive of a number of rift events varying in 
location and intensity.    

Paleo-biostratigraphic data indicates that by the early Carboniferous, the North 
China, South China, Tarim and Indochina blocks exhibited different fauna and 
flora than that on the Gondwanian mainland, indicating rifting had occurred 
sometime between the Devonian – early Carboniferous (Metcalfe, 2013).  
During this time, deposition on the NWS was focused in the NW trending 
Canning and the north-south trending Southern Carnarvon and Northern Perth 
Basins (Mory and Haines, 2013).  Sediment was also accumulating within the 
Petrel Sub-basin, which records almost a continuous sedimentary section since 
the Cambrian.   
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Figure 2.7 – Combination of onshore Spherical Cap Bouguer gravity anomalies with 
offshore Free-air anomalies (400 m grid) of the Northern Carnarvon Basin and 
surrounding areas (Geoscience Australia, 2014). Structural lineaments derived from 
gravity and magnetic data shown, as well as main sub basins of the NCB (Geoscience 
Australia, 2014).  Red central box depicts area included on Figure 2.8.  



Chapter 2.0 Regional geology 

 
  Page 17 
  

 

 
 
Figure 2.8 – Enlargement of study area showing main faults and structural domains.  Faults 
are taken from this study and several other sources (Crostella et al., 2000; Geoscience 
Australia, 2014; Stagg et al., 2004). 
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The late Carboniferous–Permian period saw a major rift event that largely 
defined the NWS region, with the formation of the regional Westralian 
Superbasin of Yeates et. al. (1987).   The event saw the opening of Neo-Tethys 
and the initial extension and subsequent rifting of the South Qiangtang Block, 
Sibumasu Terrane and Lhasa Blocks which formed part of Cimmerian Block 
(Borel and Stampfli, 2002; Cocks and Torsvik, 2013; Metcalfe, 2013).  The 
dramatic impact of this rift event compared to earlier rifts likely reflects the 
progressive stripping of exterior terrains from the continent, and the increasing 
proximity of subsequent rifts on the present day North West Shelf. 

Extension of the lithosphere during this event saw the creation of a wide rift 
basin, reaching 500 km in some areas (Etheridge and O’Brien, 1994; Gartrell, 
2000; Stagg et al., 2004).  Extension is considered by Etheridge and O’Brien 
(1994) to have been NW oriented forming the NE trending superbasin.  Other 
areas actively accumulating sediments at the time display different structural 
trends, including areas in the Southern Carnarvon Basin (north-south aligned 
Coolcalalaya, Merlinleigh), north Perth Basins and the NW trending Canning 
and Petrel Basins. 

Etheridge and O’Brien (1994) suggest extension of 100-500% to account for 
the required accommodation space for the observed several kilometre thick 
Carboniferous-Permian and Triassic sequence in the NCB.  The clear lack of 
observable large-scale faults and discrepancy with the required crustal 
thinning is common in rifted margins (Dore and Lundin, 2015; Ranero and 
Pérez-Gussinyé, 2010).   

A number of models have been suggested to account for the above features, 
mostly involving sub-upper crustal flow.  However mechanics differ, with 
Williamson et al. (1990) suggesting the unearthing of an intermediate plate 
along an eastward-dipping detachment, while Gartrell (2000) favours lower 
crustal flow outwards to basin margins along a mid-crustal boundary.  Both 
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models intrepret mid-crustal regionally extensive reflectors identified by the 
AGSO (1994) study as a detachment / boundary between flow/non-flow 
regions, similar to that seen in the Basin and Range Provenance (Allmendinger 
et al., 1987).  The models are also highly reliant on Expanding Seismic Profiles 
(ESPs) produced from regional studies (Mutter and Larson, 1989; Williamson et 
al., 1990).  These studies are based on very few data points on a single traverse 
across the extensive Exmouth Plateau.  Gartrell (2000) also discusses a non-
detachment model, suggesting thin skinned extension localised in a 
Proterozoic orogenic belt (Figure 2.9). 

With the benefit of more recent seismic data, Pryer et al. (2015) suggest a 
hyper-extension model of the type proposed by Lavier and Manatschal (2006) 
with the Exmouth Plateau underlain by serpentinized crust.  The wide rift region 
is certainly supportive of such a model (Dore and Lundin, 2015).  Building on 
this model would be comparisons with Reston (2005) and a polyphase fault 
model, rotating early stage faulting to a low angle that is poorly imaged in 
seismic data. 

Alternatively, some authors suggest older, possibly Permian oceanic crust to 
underlie the Exmouth Plateau (McClay, 2015).  If Permian oceanic crust does 
underlie the Exmouth Plateau, it would make it some of the oldest oceanic 
crust on the planet.  It would also be extremely cold and dense raising 
questions as to why it has not subducted back into the mantle.  Suggestions 
of extension being taken up by the lower crust, rather than the brittle upper 
crust certainly fit with the observations of few large-scale faults within the 
Carboniferous-Permian sequences; however, there is no clear evidence of a 
regional detachment fault (Driscoll and Karner, 1998). 
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Figure 2.9 – Non-detachment model for the NCB (after Gartrell (2000)).  Thin-skinned 
extension localised in Proterozoic orogenic belt. (b) Carboniferous-Permian wide rifting 
and formation of Westralian Superbasin. (c) Late Permian to Late Triassic sag phase (d) 
Jurassic – Cretaceous extensional reactivation of a more brittle lithosphere resulting in 
narrow rift basins. Narrow rift on the western margin develops into a sea-floor spreading 
centre. 

2.2.3 Mesozoic	

The Triassic was a tectonically quiet period with unfaulted layer cake deposition 
across most of the NWS (Longley et al., 2002).  Evidence of extension from the 
Late Triassic is observed in the Exmouth Sub-basin (Bauer et al., 1994; Black et 
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al., 2017; Jitmahantakul and McClay, 2013) and could be attributed to the 
rifting of the Lhasa Terrain, but such evidence is far from conclusive.  Longley 
et al. (2002) interprets rifting of the Lhasa bock in the Late Triassic, based on 
the interpretation of a major flooding surface (TRR) in the Rhaetian.  Metcalfe 
(2013) and Zhu et al. (2013) also date the rifting as Late Triassic.  Modelling by 
Cocks and Torsvik (2013) put the Lhasa Terrain distant from the NWS and 
adjoining the Indian land mass in the Late Triassic.  Alternatively, evidence of 
extension during the Rhaetian could be interpreted as early onset EJWS/Argo 
block extension (of which most of the Early Jurassic extension is attributed) 
without any Lhasa block involvement. 

A number of authors also detail the Late Triassic as a time of compression 
across the NWS and associated with the Fitzroy Movement (Blevin et al., 1998; 
Etheridge and O’Brien, 1994; Jablonski and Saitta, 2004; Longley et al., 2002; 
Struckmeyer et al., 1998).  A number of compelling examples of this 
compression event within the Canning Basin itself have been documented 
(Forman et al., 1981) with vitrinite data suggesting up to 2,000 m of uplift has 
occurred (Horstmann, 1984).  The extent of the Fitzroy Movement and its 
regional impact remains poorly documented in the literature, with few 
examples providing adequate data to suggest the event was regional in extent.  
Etheridge and O’Brien (1994) link the uplift of the Fitzroy movement to a plate 
wide compressional to transpressional event that also impacted basins on the 
east coast of Australia.   

The presence of both an extension event (Lhasa/Argo rifting) and the Fitzroy 
compressional event occurring at a similar time is problematic, hindered 
further by the absence of an agreed cause of the compression and its timing.  
Etheridge and O’Brien (1994) date the compression as the latest Triassic – Early 
Jurassic, corresponding to a marked unconformity, likely the J10.0 SB (top 
Triassic ~201 Ma) sequence boundary, whereas Marshall and Lang (2013) 
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correlate the Fitzroy Movement with the earlier TR20.0_SB, mid-Nordian (~222 
Ma) unconformity.  Smith (1999) suggests three phases of Fitzroy Movement  
starting from the mid Triassic.  The significance of this varying interpretation of 
data has yet to be established. 

Given the dominantly extensional tectonic setting of the NWS during the Late 
Triassic-Early Jurassic, the original explanation of folding in the Canning Basin  
by Smith (1968) (and later called Fitzroy Movement by Forman et al.,  (1981)) 
regarding co-dependency of rifting and fold structures is persuasive.  Similar 
compressional and extensional structures occurring along strike can be seen in 
the California Continental Borderland and are commonly seen in strike-slip 
systems (Legg et al., 2007). 

From the Late Triassic–Early Jurassic, a prolong period of extension utilising the 
existing NE trending fabric commenced, forming the major sub-basins of 
current day.  Extension during this event differed from the  Carboniferous-
Permian rifting, in that it was largely focused inboard of the Exmouth Plateau 
in a narrow region creating the Exmouth, Barrow, Dampier and Beagle Sub-
basins.  Thick sequences were deposited in these sub basins with only minor 
accumulations across the Exmouth Plateau (Longley et al., 2002).  The age of 
rifting, and hence termination of extension is fairly well constrained by sea floor 
magnetic anomalies with the breakup and northward movement of the SW 
Borneo block dated at 160 Ma, and East Java-West Sulawesi block (EJWS), also 
known as the Argo Block, and creation of the Argo Abyssal Plain dated at 155 
Ma (Etheridge and O’Brien, 1994; Hall, 2012).  This study will refer to the that 
rift that created the Argo Abyssal Plain as the “Argo rift event”. 

The onset of extension is less concise, with ages ranging from Rhaetian – 
Callovian across different regions of the NWS (Etheridge and O’Brien, 1994; 
Jitmahantakul and McClay, 2013; Longley et al., 2002; Marshall and Lang, 2013; 
Tindale et al., 1998).  This variation may indicate a locality bias in the literature, 
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but more likely demonstrates the variable nature of the stresses transmitted 
along the NWS during the prolonged extension during the Late Triassic–
Middle Jurassic.  The underlying basement fabric ranging from NW, N and NE 
trends would respond differently depending on what is the dominant fabric in 
particular areas.  Combine this with the varying stresses (either spatially or 
temporally) and a complex mix of structures results. 

Gartrell (2000) considers the Mesozoic focus of deformation to be localised in 
the region of greatest strength contrast following the development of brittle 
and stronger lithosphere after the Carboniferous-Permian rift event.  Stagg and 
Colwell (1994) and Driscoll and Karner (1998) consider the deformation to be 
linked to a mid-crustal detachment similar to that proposed to the 
Carboniferous-Permian rift, although the timing differs. 

The cessation of extension and occurrence of breakup of the Argo block is 
marked by a prominent unconformity, the Middle Jurassic UC (Middle Jurassic 
unconformity) (JO seismic event of Jablonski (1997) and J40.0 SB of Marshall 
and Lang (2013)).  The thickness of strata removed during this event varies 
across the NWS, ranging from parts of the Callovian to the entire Lower Jurassic 
in some locations (Westphal and Aigner, 1997).  This variation indicates a 
combination of differing erosion rates, uplift and duration of the unconformity 
in different regions across the NWS.   

Modelling undertaken by Gibbons et al. (2012) indicates that at 136Ma, the 
spreading system initiated by the rifting of Argo underwent re-organisation, 
extending 800km south and spreading around the entire West Australian 
margin, effectively beginning the separation of Greater India from Gondwana 
(Figure 2.10).   

The rifting of Greater India ultimately resulted in the emplacement of oceanic 
crust of the Cuvier, Gascoyne and Perth Abyssal Plains (Gibbons et al., 2012).   
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The modelling undertaken by Gibbons et al. (2012) suggests the formation of 
the Perth margin (̴ 135 Ma), Gascoyne margin (̴ 135 Ma) and  Cuvier margin (̴ 
133 Ma) occurred progressively as Greater India rifted.  Numerous ridge jumps 
resulted in several micro-continental blocks (Wallaby Plateau, Zenith Plateau, 
Batavia, Gulden Draak knolls) transferring to the Australian plate.  Igneous 
intrusions along the rift margin, particulay in the Exmouth Sub-basin have been 
well documented by a number of authors (Black et al., 2017; McClay et al., 
2013).  Intrusions have not been reported within the Dampier Sub-basin, likely 
reflecting the distance of the sub-basin to the rift. 

Following the separation of Greater India in the Valanginian, an extended 
period of post-rift sag was experienced by the entire NWS, throughout the 
Cretaceous and into the Cenozoic, with minor brittle deformation occurring in 
the upper crust (Driscoll and Karner, 1998; Longley et al., 2002).  The deposition 
of the Lower Cretaceous Forestier Claystone and Muderong Shale at this time 
forms a regional seal on the North West Shelf.  Breakup is marked by the K20.0 
SB Valanginian Unconformity.  The surface merges with the underlying J40.0 
SB Middle Jurassic UC in parts of the basin.   

Thermal subsidence typically experienced following extension was punctuated 
by a number of inversion events that occurred from the mid-Cretaceous to 
present day (Longley et al., 2002), with prograding carbonate platforms 
dominating the deposition in the Northern Carnarvon Basin.  Modelling 
undertaken by Hall (2002) discusses a major plate reorganisation between 50-
40 Ma as India joined the Australian plate and northward movement 
commenced.  The gradual subduction of oceanic crust immediately to the 
north of Australia continued until 25 Ma, when a strike-slip boundary 
developed in northern New Guinea and the first continental crust of the 
Australian plate made contact with SE Asia (Hall, 2002).   This coincides with 
modelling undertaken by Müller et al. (2012) who identified a major change in 
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stress field due to establishment of plate driving forces from mid-ocean ridges 
to the east and south of Australia which occurred in the Late Cretaceous to 
Eocene.  Primary stress orientations were considered to trend W-NW over the 
NWS and are generally low magnitude (Müller et al., 2012).  If any reactivation 
of the NE trending structural fabric of the NWS occurred, it is predicted to have 
been in a strike-slip regime at this time (Müller et al., 2012). 

 

Figure 2.10 - Tectonic reconstructions of the West Australian margin reproduced from 
Hall (2012). Pil is the Pilbara block, Kim is Kimberley block, Ex P is Exmouth Plateau, Sc P 
is Scott Plateau.  The Argo block is also called East Java–West Sulawesi, and Banda is the 
rifted fragment that left the Banda Embayment and now forms SW Borneo.  
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2.3 Tectonostratigraphy	

2.3.1 Basement		

Direct observation of basement structures beneath the Northern Carnarvon 
Basin is hindered by the significant thickness of Mesozoic sedimentary cover 
(Figure 2.6).  Indirect analysis of basement structures has been undertaken 
utilising onshore observations and regional geophysical surveys with a number 
of differing conclusions regarding the underlying basement and more 
importantly, its role in successive deformation events (AGSO, 1994; Etheridge 
et al., 1991; Etheridge and O’Brien, 1994; Hill, 1994; Myers, 1990; Pryer et al., 
2002).  The Pilbara Craton does extend some way under the NCB, but little 
direct geological or geophysical evidence exists as to western or northern limits 
(Myers, 1990).  A complex interaction likely exists between the basement fabric 
of the Pilbara Craton and the north-south fabric of the Pinjarra Orogen, 
situated on the western margin of the Craton  (Hill, 1994; Pryer et al., 2002).   

2.3.2 Cambrian	

During the Cambrian, the area that was to become the North West Shelf was 
within an intracratonic setting and distal to either Tethys to the north or the 
Palaeo-Pacific Ocean to the east.  The basal sedimentary sequence within the 
eastern Amadeus Basin contains up to 4 km of shallow marine sequences and 
points to an inland sea extending from the east into the central portion of 
Western Australia (Baillie et al., 1994; Mory and Haines, 2013).  Deltaic and 
alluvial sequences are preserved in the western Amadeus Basin as part of the 
foreland-basin setting during the Petermann Orogeny (Mory and Haines, 
2013).  There is some suggestion that clastic deposition within the Amadeus 
and Officer Basins may extend along the Vines-Southwest-McKay Fault into 
the Canning Basin, although it is noted that Cambrian aged sediments have 
not been intersected in either the Canning Basin or other basins along the 
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North West Shelf.  Some upper Cambrian sequences have been investigated 
by Shergold et al. (2007)  in the Petrel Sub-basin and Ord Basin which have a 
number of features in common with the eastern basins which were actively 
accumulating sediment during the Cambrian. 

2.3.3 Ordovician‐Silurian	

Ordovician aged sediments are known from a number of onshore areas, but 
are still relatively understudied (directly) in offshore areas of the NWS.  The 
Canning Basin contains an Ordovician – Silurian section up to 5 km thick and 
is characterised by silicastic deposits overlain by carbonate buildups along fault 
scarps (Parra-Garcia et al., 2015).  The deposition of playa and halite 
accumulations during the late Ordovician-Silurian in both the Canning and 
Petrel Sub-basins suggest restricted seawater flow into the basin.  Parra-Garcia 
et al. (2015) interprets this to represent a slower rate of subsidence and an end 
of extension, but salt may simply be the result of topographical barriers to 
seawater ingress across the Cimmerian Block (Mory and Haines, 2013).  In the 
Canning Basin, deposition was focused in NW trending half graben with the 
coeval development of broad platforms (Romine et al., 1994).  

Sediments of Ordovician or lower Silurian age are also encountered in outcrop 
in the Southern Carnarvon and Northern Perth Basins and are represented by 
the Tumblagooda Sandstone unit (Hocking, 1987; Iasky et al., 2003).  This non-
marine unit was deposited in a fluvial environment and has been suggested as 
extending north into the Northern Carnarvon Basin and possibly correlates 
with the Canibuddy Group of the onshore Canning Basin (Forman et al., 1981; 
Hocking, 1991).  If these areas form part of the failed arm of a northerly triple 
junction of Veevers (1988), it is reasonable to assume faulting and indeed 
displacement (and hence accommodation space) increase northward across 
the proto-Northern Carnarvon Basin.   The variation of displacement is 
supported by the shallowing nature of the Tumblagooda Sandstone to the 
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south (Hocking, 1991).  The marine and evaporative sequences of the Dirk 
Hartog Formation overlie the Tumblagooda Sandstone and mark an increasing 
marine influence, with frequent restrictions to marine waters marked by halite 
deposits (Hocking, 1987; Iasky et al., 2003).  

2.3.4 Devonian	–	Early	Carboniferous	

In the Southern Carnarvon Basin the Devonian is divided into a Lower and 
Middle-Upper Devonian succession, separated by an unconformity, with 
deposition initially varying from low energy hypersaline to deltaic/lagoonal 
environments (Iasky et al., 2003).  The Middle Devonian unconformity is 
identified by Crostella (2011) to the south of the Candace Terrace and 
demonstrates deformation effecting sequences below, but not above the 
unconformity surface.  

The Middle-Upper Devonian succession is characterised as a major marine 
transgression succession with siliclastic deposits and minor carbonate 
sequences present.  The Echo Bluff-1 well (situated 120 km south of the study 
area), interested Devonian aged sediments of the Nannyarra Sandstone with 
seismic data indicating at least 1,000 m of sediments below this (Crostella, 
2011).  Bentley (1988) suggests a thickness of several hundred meters of 
Devonian sediments on the Candace Terrace based on seismic data. When 
considered in context of similar aged reef complexes in the Canning Basin, it is 
clear widespread accumulation of sediments along the North West Shelf was 
occurring in the Devonian. 

Within the Canning Basin, deposition focused within the NW trending Fitzroy 
and Gregory Trough with a pre-rift succession of marginal marine carbonate 
and siliclastics on the Lennard Shelf and aeolian and playa deposits on the 
Broome Platform (Parra-Garcia et al., 2015).  Syn-rift deposits are mainly found 
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in the Fitzroy Trough with deep marine mudstones and reef complexes 
developed on the Lennard Shelf.  

In the Southern Carnarvon Basin, marine conditions continued into the 
Carboniferous with the deposition of the Moogooree Limestone and overlying 
Quail Formation extending into the Dampier Sub-basin as intersected in the 
Kybra-1 well. 

2.3.5 Mid‐Carboniferous‐Permian	

The mid-Carboniferous–Permian saw deposition focused along three structural 
grains, north-south trending Southern Carnarvon and northern Perth Basins, 
NE trending Westralian Superbasin and the NW trending Canning and 
Bonaparte Basins (AGSO, 1994).   

Regional cross sections produced along the NWS show a relatively even 
thickness of mid Carboniferous–late Permian sequences, with little evidence of 
large-scale faults (Figure 2.6) (AGSO, 1994).  In the Southern Carnarvon Basins 
where deposition has been occurring since the early Paleozoic, upper 
Carboniferous deposits sit on a mid-Carboniferous unconformity that is 
considered to mark the breakup of the continental block (AGSO, 1994; Iasky et 
al., 2002) and the start of the post-rift deposition.  Other evidence of a 
‘breakup’ unconformity is lacking in the literature. Glacial deposits have been 
identified extensively across the region and suggest a glacially dominated 
landscape during the late Carboniferous (Hocking, 1987).    

In the Southern Carnarvon Basin reactivation of the Wandagee, Kennedy Range 
and Darling Fault Systems directed deposition into the structurally controlled 
north-south trending Merlinleigh, Byro and Coolcalalaya Sub-basins, although 
they likely initially formed a single sedimentary trough (Crostella et al., 1995).  
In the Merlinleigh Sub-basin, the Lyons Formation is up to 3 km thick (Iasky et 
al., 2003); however, in other areas it has been totally removed by subsequent 
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erosion.   In contrast to the north-south structural grain of the Southern 
Carnarvon Basin, deposition also continued in the NW trending Fitzroy Trough 
(Canning Basin) and Petrel Sub-basin (Parra-Garcia et al., 2015).   

2.3.6 Late	Permian–Late	Triassic	

A prominent unconformity separates the Permian and Triassic sequences 
inboard of the Lewis Trough but is unobservable in outboard areas (Stagg and 
Colwell, 1994).  The Triassic sequences are characterised by layer-cake 
deposition across much of the NWS (AGSO, 1994) (Figure 2.6).  Overlying the 
unconformity is a marine transgression that resulted in deposition of the 
Locker Shale and several kilometres of the prograding fluvio-deltaic system of 
the Mungaroo Formation (Figure 2.11) that extends out across the Exmouth 
Plateau.    

The provenance of the Mungaroo Formation is an ongoing area of research.   
Longley et al. (2002) postulated the provenance of the Mungaroo Formation is 
the result of Fitzroy Movement uplift and outflow of eroded sediments from 
northern areas.  Alternatively, Lewis and Sircombe (2013) suggest southern 
provenance areas of Antarctica and Greater India as the source of sediments. 

2.3.7 Early‐Late	Jurassic	

The onset of Mesozoic rifting in the Late Triassic and strengthening in the Early 
Jurassic saw the creation of the Exmouth, Dampier, Barrow and Beagle Sub-
basins and deposition of a thick Lower Jurassic sequence (Etheridge and 
O’Brien, 1994). The sub-basins acted as a regional sink for sediments, 
effectively shutting off deposition across the southern and central parts of the 
Exmouth Plateau.  Sedimentation continued in northern portion of the 
Exmouth Plateau, with Lower Jurassic sequences deposited in similar thickness 
to the Dampier Sub-basin (1,000 – 2,000 m) (Stagg et al., 2004).  Faulting trends 
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Figure 2.11 – Palaeogeographic map of Upper Triassic (Norian) from Longley et al. (2002) 
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across the northern portion of the Exmouth Plateau align with the NE structural 
grain of the sub-basins, while trending more N to NNE in the southern portion, 
suggesting a structural control on sedimentation (Stagg and Colwell, 1994) on 
the Exmouth Plateau at the time.  

Within the Northern Carnarvon Basin, Hocking (1987) identifies the lowest unit 
in the Jurassic as the ‘lower’ Dingo Claystone, which sits conformably on 
Mungaroo, Brigadier or North Rankin Formations.    The unit was reported to 
extend to the latest Jurassic and included a break during the Middle Jurassic 
UC.  Myers (1990) subsequently revises this scheme and includes the Murat 
Siltstone and Athol Formation in the Lower Jurassic and restricts the Dingo 
Claystone to the Upper Jurassic, overlying the Middle Jurassic UC.  Some older 
wells identify the Dingo Claystone underlying the Middle Jurassic UC so to 
avoid confusion; reference has been made to a ‘lower’ and ‘upper’ Dingo 
Claystone unit.      

Fluvio-deltaic conditions continued into the Early Jurassic, but was far more 
restricted in area than seen with the underlying Mungaroo Formation (Marshall 
and Lang, 2013) (Figure 2.12).  Depositional environments ranged from low 
energy marine and deltaic settings; however, turbidite sequences of the 
Biggada Formation point to periods of increased tectonic activity and slope 
instability (Myers, 1990).   An increasing dinoflagellate presence suggests a 
greater marine influence towards the Middle Jurassic with nearshore 
conditions continuing across much of the basin (Marshall and Lang, 2013).  
Shelfal carbonates have been identified by dredging across the central portions 
of the Exmouth Plateau (Stagg et al., 2004).  Extensive deep marine deposition 
continued after the Middle Jurassic UC event, with the upper Dingo Claystone 
(J50.0 SB) identified across the Exmouth, Barrow and Dampier Sub-basins.   
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2.3.8 Late	Jurassic–Cretaceous	

The Late Jurassic saw extension in relation to the onset of rifting of Greater 
India, increased subsidence and a number of regional flooding events 
(Jablonski, 1997; Longley et al., 2002).  From the Late Jurassic, Longley et. al 
(2002) identifies a massive sediment flux being released from the Perth Rift 
Valley into the southern portion of the Northern Carnarvon Basin, forming a 
northward-prograding delta system (Barrow Delta) (Figure 2.13).  Extending to 
the Exmouth Plateau in the west, the Barrow Group reaches the southern 
portion of the Rankin Platform and the Flinders Fault Zone (Hocking, 1987).   
The Forestier Claystone was deposited further north in the Dampier Sub-basin, 
as the distal equivalent of the prograding foresets of the Barrow Delta (Cathro 
and Karner, 2006). 

There exists little published evidence of Lower Cretaceous fault-related 
thickening across the NCB in relation to the Greater India phase of rifting.  This 
is partially explained by the Valanginian Unconformity removing a large potion 
of sediments of this age and was likely also influenced by non-deposition.  
Faults in structural lows distal to the rift (such as Kendrew Trough) terminate 
at the Middle Jurassic UC and are not reactivated through it.  Faults on the 
Candace Terrace do show evidence of reactivation to Valanginian levels; 
however, syn-kinematic sequences are absent.  

On the southern edge of the Exmouth Plateau, rotated Triassic and Jurassic 
fault blocks sub-crop against an angular unconformity, interpreted as the 
Valanginian Unconformity (K20.0 SB).   This surface becomes concordant and 
difficult to identify in other areas of the basin (Stagg et al., 2004).   The Winning 
Group overlies the Valanginian Unconformity and was deposited at a time of 
reduced terrestrial input, interpreted to be the result of tectonic uplift of 
hinterland areas in the Jurassic (Hocking, 1987).  Re-working of much of the  
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Figure 2.12 - Palaeogeographic map of Lower Jurassic from Longley et al. (2002) 
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Figure 2.13 - Palaeogeographic map of Lower Cretaceous (Valanginian-Barremian) from Longley et al. (2002) 



Chapter 2.0 Regional geology 

 
  Page 36 
  
 

Barrow Delta at the time saw this material incorporated into the Birdrong 
Sandstone (Myers, 1990).  The Muderong Shale was deposited in low energy 
offshore conditions across most of the basin and forms the regional seal across 
a number of proven hydrocarbon reserves.   

A silica-rich layer (Windalia Radiolarite) was deposited in the Aptian and is 
considered to coincide with the separation of Greater India to Antarctica, 
resulting in upwelling of deep silica-rich ocean waters (Longley et al., 2002).  
Subsidence of the continental margin continued throughout the Cretaceous 
and the continued drift of India resulted in a significant shift in ocean currents 
throughout the region.  A major shift in the depositional environment occurred 
in the Santonian from silicicilastic to carbonate, corresponding with a major 
sea level rise (Hocking, 1987).  Deposition extended across all but the eastern 
most portion of the Northern Carnarvon Basin, effectively marking the start of 
passive margin conditions (Hocking, 1987).  The Toolonga Calcilutite, Korojon 
Calcarenite, Miria and Withnell Formations were deposited at this time (Myers, 
1990).   

2.3.9 Cenozoic	

Passive margin conditions continued throughout the Cenozoic until present 
day with deposition dominated by moderate to low energy shelfal 
environments, moving to a slope environment in northern areas of the basin 
(Myers, 1990).  Deposition was dominated by carbonates, including the 
Lambert, Dockrell and Wilcox Formations.  

The Australian plate collided with the Eurasian Plate in the Miocene, resulting 
in a major compressional event effecting the entire NW Australian margin 
causing tilting and inversion of the Rosemary Fault System (Hull and Griffiths, 
2002; Stagg et al., 2004).  
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2.3.10 	Discussion	

The NWS has experienced a prolonged period of polyphase rifting since the 
Cambrian.  The current day coastline was situated inland from the earliest rift 
events and therefore somewhat buffered from the intensity of these events.  
Progressively, as successive slithers of continental blocks rifted away, the 
proximity of the current day coast line to rifts increased.  The end result of this 
complex history is the current day margin displaying a complex mixture of 
structural grains that manifest themselves at both regional and local scale.  
Unravelling the evolutionary path of the margin since the Cambrian means 
interpreting the mixture of N, NE and NNE trending structures in the context 
of tectonic events, varying in both intensity and duration.  The impact of 
underling pre-existing fabrics, ranging from the paleo-proterozoic to Mesozoic 
need also be considered.   

In the Northern Carnarvon Basin, three distinct episodes of rifting can be 
recognised.  Several separate rift events spanning from the Devonian (Silurian?) 
to Permian left the margin with a wide rift basin and extreme crustal thinning 
across the Exmouth Plateau.   The structural and thermal effects of this event 
facilitated the deposition of a thick sequence of Triassic post-kinematic 
sediments across much of the North West Shelf.  The second rift event initiated 
in the Late Triassic and culminated in the Oxfordian and saw extension focused 
along a NE trend inboard of the Exmouth Plateau and the creation of the main 
sub-basins of the Northern Carnarvon Basin.  The third rift event was more 
localised in the southern portion of the NCB and was associated with the 
separation of Greater India from Western Australia.    

Previous studies of the North West Shelf have interpreted the dominant 
structural grain of the region and proposed extension perpendicular to this.  
The influence of inherited fabrics on the structural grain is often 
underappreciated in the literature.  This has implications for interpreting 
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tectonic events in relation to the dominant fabric of the Northern Carnarvon 
Basin. 

With the underlying fabric across much of the NCB obscured due to its depth, 
inferences must be based on areas that are well imaged.  This study utilises 
data from areas that image the older Devonian–Permian structures nearshore, 
with the aim of extrapolating these trends to outboard areas which image 
Mesozoic aged structures.  The influence of these deeper Paleozoic structures 
on the Mesozoic is discussed in reference to the tectonic setting at the time.  

2.4 Petroleum	Systems	

The NCB hosts Australia’s largest hydrocarbon reserves (Figure 2.14), with 140 
Tcf of gas, 2.5 billion bbls of oil and 1.8 billion bbls of condensate recoverable 
(APPEA, 2018; Geoscience Australia, 2014).  Oil source rocks in the region are 
considered to be Upper Jurassic marine shales and Lower Triassic Locker Shale.  
Gas prone source rocks are the Mungaroo (Triassic) and Legendre (Jurassic) 
Formations (Bishop, 1999; Geoscience Australia, 2012).  Reservoirs are 
dominantly clastic with coastal and/or deltaic sequences and deepwater sands 
forming the dominant reservoirs of the region (Geoscience Australia, 2014).  
There is a regional seal across much of the NCB which comprises the Lower 
Cretaceous Muderong Shale (Geoscience Australia, 2014).  The Muderong 
Shale is in direct contact with Triassic sequences along much of the Rankin 
Fault Zone, due to the removal of Jurassic sequences by the Middle Jurassic 
(J40.0 SB) and Valanginian (K20.0 SB) unconformities.  Figure 2.15 summaries 
the petroleum systems of the Dampier Sub-basin.    
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Figure 2.14 – Hydrocarbons fields of the Northern Carnarvon Basin (Geoscience Australia, 
2014). 

 

 

Figure 2.15 – Petroleum systems chart of the Dampier Sub-basin (Geoscience Australia, 
2014).  
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3.0 DATA	AND	RESEARCH	METHOD		

A brief description of the key research methods and datasets used in the study 
is presented here.  Chapter specific methodologies are presented in each 
Chapter where appropriate. 

3.1 Data	set	

This study used a number of 3D and 2D data sets, extending from the southern 
portion of the Exmouth Plateau to nearshore areas of the Enderby Terrace.  The 
nearshore surveys typically image the Paleozoic sequences due to the absence 
of younger sequences while outboard surveys image the Mesozoic sediments.  
The aim of utilising these surveys was to produce a complete 
tectonostratigraphic interpretation for the Dampier Sub-basin. 

Table 1 details the individual 3D data sets that make up the 10,946 km2 of 
seismic interpreted as part of this study.  Figure 3.1  illustrates the locations of 
the 3D surveys and Figure 3.2 the 2D surveys used in this study.  Figure 3.3 
show wells used for stratigraphic ties in the seismic interpretation.  An 
additional survey, the Polly 3D MSS, situated within the Beagle Sub-basin was 
utilised for Chapter 7 only.  Details of this survey are presented in Chapter 7. 

Data quality varies somewhat between individual surveys. The Demeter 3D 
survey extends to 6.0s TWT and is of good quality to at least the Muderong 
Shale horizon at about 2.25s TWT.  Data quality varies below this, although 
quickly degrades within deeper graben areas, particularly within the Kendrew 
Trough.   Good reflectors can be seen down to 6.0s TWT on areas in the 
Exmouth Plateau, where Jurassic cover is thin / absent.  The oldest sequences 
that can be accurately calibrated with wells and imaged within the Demeter 3D 
survey are Upper Triassic.  
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To the SE where depth to basement shallows, sequences of Carboniferous age 
have been intersected by drilling and seismic data is of good quality to early 
Paleozoic levels. 

Survey 
Name 

Date 
Collected 

Size 
(km2) 

Spacing 
(m) 

(inline) 

Spacing 
(m) 

(crossline) 

Polarity 

Demeter 3D 
MSS 

2004 3582 25 12.5 Negative 

Rosie 3D 
MSS 

1997 1060 18.75 18.75 Negative 

South West 
Rankin 1996 
2D_3D MSS 

1996 800 25 12.5 Positive 

Keast 3D 
MSS 

1997 732 14.06 9.38 Positive 

Panaeus 
1999 MC3D 
MSS 

1999 906 9.38 9.38 Negative 

Panaeus 
2001 East 
MC3D MSS 

2002 1126 9.38 9.38 Positive 

Panaeus [1] 
and [2] 
MC3D MSS 

1997 2740 9.38 9.38 Positive 

Table 1 – Summary of 3D surveys (“NOPIMS,” 2017). 

3.1.1 Seismic	interpretation	

Forty five wells and associated well completion reports are used to establish 
stratigraphic ties enabling the mapping of a number of horizons and 
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unconformities across the study area.  Wells were selected based on the total 
depth, sequences intersected, and availability of well deviation, checkshot and 
stratigraphy data.  A number of wells did not have checkshot data available 
and at these locations data from nearby wells are used. 

Due to the number and location of wells and the confidence of interpreting 
horizons across large areas, most horizon picks are limited to small areas, with 
only the Cretaceous and younger horizons identifiable across larger areas.  
Hence, not all horizons are identified on seismic sections presented.   
Correlation of Jurassic, Triassic and Paleozoic sequences was subject to greater 
uncertainly as most wells targeted highs where these sequences are generally 
missing, and due to the deterioration of data quality in the deeper parts of the 
basin. 

The main horizons mapped represent stratigraphically and structurally 
important horizons and included (Figure 2.4);  a top Silurian (?) reflector, 
Moogooree Limestone, mid-Carboniferous UC, Byro Grp/Lyons Formation, 
Kennedy Group, base Triassic UC (TR10.0 SB), top Locker Shale, intra-
Mungaroo Formation, Upper Mungaroo Formation, top Mungaroo Formation 
(TR30.1 TS), Top Brigadier Formation (J10.0 SB), top North Rankin Formation, 
top Murat Siltstone, top Athol Formation (J29.0 SB), Middle Jurassic UC (J40.0 
SB), Forestier Claystone, Valanginian UC (K20.0 SB) and top Muderong Shale.  
Additional local mapping of other horizons was also undertaken.  These 
horizons are relevant to specific chapters and are detailed within each Chapter.        

3.1.2 Fault	interpretation	

The Schlumberger Petrel software platform was utilised for seismic 
interpretation. Volume attributes such as variance and Root-Mean-Square 
(RMS) amplitude are extracted on the interpreted surfaces and used to 
construct fault maps.  Where data quality deteriorated and mapping of 
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surfaces was not possible, faults mapped on seismic cross sections are 
projected onto time slices to obtain maps of fault geometry at different 
stratigraphic levels.  Due to the elevation differences across the Exmouth 
Plateau and Trough areas, a combination of several slices are used to produce 
composite maps. 

 

Figure 3.1 – 3D seismic survey locations utilised in this study in context with 
physiographical features.  Main sub-basins are also denoted.   
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Figure 3.2 – 2D seismic locations utilised in this study.  3D seismic locations are included 
for reference. 
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Figure 3.3 - Well locations used for stratigraphic ties in seismic interpretation.  3D seismic 
locations are included for reference. 

  



Chapter 4.0 Tectonostratigraphic evolution 

 
  Page 46 
  
 

4.0 TECTONOSTRATIGRAPHIC	EVOLUTION	

From the discussion presented in Chapter 2, it is apparent that extrapolation 
of what are likely local effects from site specific studies to regional 
understanding has resulted in a number of theories gaining a foothold in the 
literature, which are not fully substantiated by current data.  This Chapter aims 
to unravel the structural and stratigraphic evolution of the Dampier Sub-basin.  
The interpretation of a number of 3D seismic surveys and 2D lines has been 
undertaken to place the evolution of the sub-basin in a regional context of the 
evolution of the NWS.  

4.1 Structural	elements	

The study area extends from the shallow water Enderby Terrace to the southern 
margin of the Exmouth Plateau (Figure 4.1).  It takes in the synclinal structure 
of the Lewis Trough, which comprises the thickest sequences of Jurassic 
sediments within the Dampier Sub-basin and separates the terrace areas 
adjacent to the shore from the elevated Exmouth Plateau.   

The northern portion of the study area includes the southern edge of the 
Exmouth Plateau, here defined by a series of rotated Mesozoic fault blocks and 
bound to the south by the Rankin Fault Zone (RFZ).  This fault zone comprises 
a series of NNE-NE trending faults which penetrate from crystalline basement 
and extend to Paleogene levels.  The en echelon nature of the faults defines a 
number of fault blocks, several of which host significant gas reserves 
(Geoscience Australia, 2014).   
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Figure 4.1 - Oblique view of the study area (Dampier Sub-basin) showing structural 
domains of the Dampier Sub-basin. The surface presented is a composite of the Middle 
Jurassic UC (J40.0 SB) compiled from 2D and 3D surveys. 

Stepping down off the Exmouth Plateau to the SE is the Kendrew Trough, a 

Jurassic depocentre that extends to the NE, parallel to the main trend of the 

Dampier Sub-basin.  The trough gently shallows moving to the east where 

there is a relative high comprised of Mesozoic sequences known as the 

Madeleine High/Anticline.  Further east is the Lewis Trough, which has been 

described as a crustal scale syncline striking parallel to the Kendrew Trough 

(Etheridge and O’Brien, 1994).   

The southern most portion of the study area comprises the Candace Terrace, a 

north-dipping terrace that forms the hanging wall of the Sholl Island Fault.   

Sequences step down to the west off the terrace to a lower area comprising a 

thick sequence of Mesozoic sequences, which is here called the Western 

Terrace (Figure 2.8).  
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4.1.1 Folding	

Three different types of fold are observed in the study area and will be 
discussed progressively throughout this thesis.  It is important to consider the 
likely formation mechanisms related to each of these fold types as they form a 
key component in the evolution of the region.  The first type of fold is 
represented by the Lewis Trough.  The trough features thick Mesozoic 
sequences and is bound to the NE by the Madeleine Anticline where sequences 
onlap and thin and to the SE where sequences progressively thin onto the 
Enderby Terrace.  The evolution of the Lewis Trough is discussed in Chapter 
7.0. 

The second type of fold observed are large-scale roll over anticlines mainly 
present in the Rankin Fault Zone.  Hosted in the Triassic sequence of the 
Mungaroo Formation, the anticlines follow the eastward stepping orientation 
of the Rankin Fault Zone. 

The third type of fold observed are small-scale anticlines associated with 
individual faults.  These folds are typically hosted within pre/syn-extensional 
sequences are seen across the study area and discussed in detail in Chapter 6.0 

4.2 Seismic	stratigraphy	

This section discusses the stratigraphy that was encountered across the study 
area.  The Paleozoic sequences typically have not been intersected by wells 
offshore so heavy reliance has been made on the regional geology as well as 
inferences based on onshore data.    

4.2.1 	Silurian‐lower	Carboniferous	

The Paleozoic sequences are typically not identifiable across the majority of 
the survey due to the thick Mesozoic sequence resulting in poor quality seismic 
imaging at depth.  Landward thinning of Triassic and Jurassic sequences does 



Chapter 4.0 Tectonostratigraphic evolution 

 
  Page 49 
  
 

allow lower Paleozoic sequences to be imaged on seismic and interested by 
wells to the east of the Lewis Trough.  The oldest sediment identified in a well 
within the study area is the Moogooree Limestone of lower Carboniferous age, 
intersected in Kybra-1 (Figure 4.2).  This unit has also been identified 400 km 
south in the onshore Quail-1 well where it recorded a thickness of 258 m.  The 
Moogooree Limestone reflector is mappable on seismic for 2 km north of 
Kybra-1 along the Candace Terrace before it becomes unresolvable with depth. 

On the seismic cross section presented on Figure 4.2, approximately 1600ms 
TWT of sedimentary rocks underlying the Moogooree Limestone reflector is 
identified.  As a crude estimate, a thickness of 300 m of Moogooree Limestone 
(Hocking, 1987) and a 1,000 m Devonian section (as identified in Echo Bluff-1 
well, (see Iasky et al. (2002)), are used to determine the approximate base of 
the Devonian sequence.  Using a generalised velocity function it was calculated 
to be approximately 666ms TWT below the Moogooree Limestone reflector.  
The early Devonian unconformity noted by Hocking (1987) and Crostella et al. 
(2000) was not observed in the study area.  This may signify the unconformity 
was limited (i.e. to fault blocks) in extent, or potentially is represented as a 
disconformity on the Candace Terrace. 

Figure 4.2 depicts what are considered to be growth wedges of the Moogooree 
Limestone and underlying Devonian sequence against the Sholl Island Fault.  
Reflectors are rotated into the fault, with a clear steepening of reflectors 
observed below the Moogooree Limestone horizon, suggesting deformation 
occurred post-deposition of the Moogooree Limestone horizon.  Reflectors 
overlying the Moogooree Limestone display onlap, suggesting an 
unconformity surface which becomes more apparent when flattening on the 
Moogooree Limestone reflector.  This likely correlates with the Carboniferous 
unconformity of Iasky et al. (2002).   
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Figure 4.2 - Seismic section showing Sholl Island Fault and associated stratigraphy. Note Devonian and Carboniferous growth sequences.  Reflectors 
below the top Silurian reflector typically discontinuous and low amplitude, possibly a result of evaporative sequences of the Sweeney Mia and Dirk 
Hartog Formation.  Note chaotic character below Basement reflector attributed to crystalline basement. 
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There is no clear change in seismic character observed at the top Silurian 
reflector, with a gradual reduction in seismic amplitudes with depth for 
approximately 500ms TWT.  Silurian aged sediment from the Gascoyne 
Platform (south of the study area) consists mainly of carbonate and sandstone 
units of the Sweeney Mia, Kopke, Dirk Hartog and Tumblagooda Sandstone 
units.  Sandstone lithologies would be expected to be present as coherent 
reflectors more typical of those seen above the top Silurian reflector.  Iasky et 
al. (2003) noted in seismic sections to the south that the Tumblagooda 
Sandstone did not display a distinct characteristic to mark its upper contact 
making it difficult to separate from overlying reflectors.  It is also noted that 
units overlying the Tumblagooda, particularly the Sweeney Mia and Dirk 
Hartog Formation contain evaporative deposits (Myers, 1990), which could be 
expected to cause distortion in seismic reflectors and produce a less 
continuous signature than that seen in the overlying Devonian and lower 
Carboniferous sequences.  This, in addition to the gradual deterioration in data 
quality with depth may be why the presumed Silurian sequence displays poorer 
quality reflectors than the overlying Devonian sequence. 

In some sections a slight thickening of the Silurian is observed; however, 
conclusive evidence of wedging was not evident within the study area.  If 
growth wedging was confirmed, it would provide a useful earliest age of fault 
movement on the Sholl Island Fault.  A clear seismic reflection at the contact 
with inferred basement is observed, with dipping high amplitude reflectors 
marking the contact.  Underlying this are reflectors of chaotic character which 
are attributed to crystalline basement.   

4.2.2 Upper	Carboniferous‐lower	Permian		

The upper most unit of this sequence is the Byro Group (lower Permian), 
intersected by Kybra-1 on the Candace Terrace.  This unit is mappable on 
seismic to the north and west for several kilometres where it is downthrown by 
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900ms TWT onto the Western Terrace.  The thickness of the unit in Kybra-1 is 
21 m with the underlying Lyons Formation extending an additional 387 m.  The 
reflectors seen in Figure 4.2 are therefore the glaco-marine Lyons Formation 
of lower Permian age with a thin cover of Byro Group sediments.  Thickness 
maps indicate thickening to the NE into the Sholl Island Fault (Figure 4.3) and 
wedging of Lyons Formation sequences is apparent on Figure 4.2. 

The lower Permian sequences hosts the lower portion of an anticline that 
extends into overlying Triassic sequences until it is truncated by the 
Valanginian Unconformity.  The Byro Group was also intersected in the 
Arabella-1 well, situated approximately 4.1 km NE of Kybra-1 within the 
Mermaids Nose structure (Figure 4.4).  This heavily deformed mini-basin 
features steeply-dipping reflectors that have been rotated against the NE 
trending Mermaids fault.  Approximately 500ms TWT of sediment is present 
underlying the Byro Group horizon before basement is interpreted, but no age 
constraints are available for this sequence.  This sequence displays clear 
evidence of thickening into the Mermaids Nose Fault. 

4.2.3 Upper	Permian		

The upper Permian sequences are composed of the Kennedy Group and are 
conformable with the underlying Byro Group.  Within the Mermaids Nose 
structure, the upper boundary is marked by an angular unconformity surface 
with Kennedy Group reflectors truncated by the base Triassic UC (Figure 4.4).  
On the Candace Terrace, the Kennedy Group – Locker Shale boundary is 
disconformable with no angular unconformity observed.  Kybra-1 drilled in the 
hanging wall of the Sholl Island Fault intersected 244.5 m of Kennedy Group, 
while in the footwall Mermaid-1 intersected 29 m.  This difference in thickness 
can be attributed to the accommodation space available during the 
progressive infilling on the Candace Terrace during the Permian.  There is no 
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clear indication that the Kennedy Group is syn-kinematic on the Candace 
Terrace and may represent passive infilling following earlier extension.   

The Arabella-1 well situated in the hanging wall of the Mermaids Nose Fault 
recorded 299 m of Kennedy Group sediment.  A seismic section though the 
structure depicts a significant change in structural style observable in the 
Mermaids Nose (Figure 4.4).  Three seismic packages are distinguishable; a 
lower package of unknown age (but likely lower Permian) displaying growth 
wedging and low amplitude reflectors, a central package including the Byro 
Group reflector where no growth is evident and an upper package of typically 
higher amplitude displaying clear wedging geometry and likely comprises the 
upper portion of the Kennedy Group.   This suggests at least two periods of 
growth have occurred on the Mermaids Nose Fault, separated by a period of 
non-growth. 

The direct deposition of Kennedy Group sediments onto crystalline basement 
in the footwall of the Sholl Island Fault (SIF) (Figure 4.4) and as intersected in 
Mermaid-1 indicates this fault block was exposed prior to the Permian.  This  
supports seismic evidence of an eroded fault block crest underlying the 
Kennedy Group sediments on the Sholl Island Fault.   The variation in thickness 
of Kennedy Group sequences on the Candace Terrace, and Mermaid Nose 
structure is likely a reflection of variation in growth patterns between the SIF 
and the Mermaids Nose Fault.  The thin sequence deposited on the footwall of 
the SIF (‘fault block’ on Figure 4.5) is likely onlap of this elevated area as the 
Mermaids Nose structure filled.  This can be visualised by flattening a seismic 
section on the Locker Shale (Figure 4.5).  The subsequent unconformity 
removed an unknown thickness from the region, prior to deposition of the 
Locker Shale Formation.   
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Figure 4.3 - Time thickness maps of the Candace Terrace showing distribution of syn-
kinematic sediments.  Light blue fault is the Sholl Island Fault, dark blue is West Sholl 
Island Fault.  All figures use the same scale and location map depicted in the first figure.  
a) upper Silurian-upper Carboniferous (top Silurian ?- Moogooree Limestone reflector), 
b) lower Carboniferous-lower Permian (Moogooree Limestone-Byro/Lyons Formation), c) 
lower Permian-upper Permian (Byro/Lyons Formation-Kennedy Group/base Triassic UC), 
d) upper Permian-Lower Triassic (Kennedy Group/base Triassic UC-top Locker Shale).  
Note that the limit of interpretation is due to data quality and not erosion. 

 



Chapter 4.0 Tectonostratigraphic evolution 

Page 55 

Figure 4.4 – 2D seismic line ct93_410. Line depicts the Mermaids Nose structure with enlargement in lower right corner.  Section is dipping down into 
the Lewis Trough to the NW and up onto the Enderby Terrace to the SE.  Shaded areas indicate basement. 
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4.2.4 Triassic	(Norian)	

Triassic aged sequences show little evidence of fault-related thickening and 
have been described as being deposited during the ‘sag’ phase following 
Carboniferous-Permian extension (Etheridge and O’Brien, 1994; Longley et al., 
2002).  The sequence comprises marine claystone and siltstones of the Locker 
Shale and the fluvio-delatic sequences of the Mungaroo Formation (Longley 
et al., 2002).  

The Locker Shale was deposited following the base Triassic UC and form 
parallel, low amplitude continuous reflectors.  A prominent limestone unit was 
intersected at the base of the Locker Shale in Kybra-1 and Arabella-1 and is 
likely the continuous, bright reflectors observed in seismic data (Figure 4.5).   

The Mungaroo Formation is a thick sequence characterised by continuous, low 
amplitude reflectors that are flat lying on the Exmouth Plateau and become 
more rotated dipping NW adjacent the RFZ.  Reflectors within the Kendrew 
Trough are poorly imaged but appear to be rotated into extensional faults, 
while in the Lewis Trough, Triassic strata have been deformed to define a broad 
synclinal structure.  Upper Triassic and Lower Jurassic sequences deposited on 
elevated horst areas on the southern margin of the Exmouth plateau have been 
removed by the Middle Jurassic UC (Figure 4.6).  Upper Jurassic / Lower 
Cretaceous sediments directly overlie Triassic sequences at these locations 

On the Candace Terrace, Triassic sequences are uniform in thickness, with no 
evidence of wedging against the Sholl Island Fault or onlap onto the anticline 
that would suggest either fault movement or growth of the fold during 
deposition of the Triassic sequences (Figure 4.2).   

The Valanginian Unconformity (K20.0 SB) is a horizontal erosive surface, 
truncating the Sholl Island Fault and removing the upper portion of the 
Mungaroo Formation on the Candace Terrace and Mermaids Nose.  Overlying 
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the Valanginian Unconformity are undeformed flat lying Cretaceous and 
younger sediments representing the passive margin sequence.  

On the Exmouth Plateau, the Triassic sequences in the hanging walls of a 
number of faults exhibit gentle or moderate westward rotation and in some 
areas, anticlinal folds are developed parallel to faults below 3.2s TWT (Figure 
4.6).  Vertically above the anticlines, sequences often progressively alter their 
dip from a roll-over to dipping towards the fault.   

4.2.5 Rhaetian	–	Middle	Jurassic	

The earliest evidence of growth in the Mesozoic can be seen by the presence 
of growth wedges in Rhaetian aged sediments on the Exmouth Plateau (Figure 
4.6) and indicate the initiation of extension.  These findings are consistent with 
observations of Black et al. (2017), Bauer et al. (1994), Jitmahantakul and 
McClay (2013) and Stagg et al. (2004) of Rhaetian aged syn-kinematic 
sediments within the adjacent Exmouth Sub-basin. 

Regionally, the identification of growth packages are difficult within the 
Dampier Sub-basin due to poor imaging of deeper areas, or the absence of 
Jurassic strata (due to erosion at the Middle Jurassic UC, J40.0 SB) where the 
bulk of the extension occurred.  The accumulation of syn-kinematic sequences 
appears to be localised to selected faults, except in the Lewis Trough, which 
records a thicker, more complete sequence (Figure 4.7).  

Evidence of Norian–Lower Jurassic growth packages are also present on the 
Enderby Terrace, but an absolute age cannot be determined for this sequence 
(Figure 4.7b).  Within the Western Terrace, the Athol Formation (Lower Jurassic) 
displays evidence of growth wedging against the West Sholl Island Fault and a 
series of adjacent synthetic faults (Figure 4.7a).  Minor thickening is present on 
the Candace Tce  in Lower Jurassic sequences (Figure 4.9).  
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Figure 4.5 - Seismic section 93ba_01 (strike line) showing stratigraphic and structural relationship of Kennedy Group on the Candace Terrace, fault block 
and Mermaids Nose.  The lower figure is the same line but flattened on Locker Shale Formation and highlights absence of Paleozoic sediments on the 
footwall of SIF (compared to the hanging wall i.e. Candace Terrace).  Shaded areas indicate basement.  
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Figure 4.6 - Composite line across the Exmouth Plateau.  Syn-kinematic package identified within Brigadier Formation, indicating faults were active in 
Rhaetian.  Wedging truncated by Middle Jurassic UC, overlain by post-kinematic sequences.  Top of pre-kinematic package can be identified on 
seismic data, but no wells penetrate to this depth to provide an absolute age.  Hanging wall anticline present in Triassic sequences associated with the 
north-south trending normal fault within Keast Graben.
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Jurassic sequences within other areas display less characteristic evidence of 
syn-kinematic packages, often forming parallel, continuous, high amplitude 
reflectors that have been rotated by a similar amount as the underlying Triassic 
sequences (Figure 4.2 and Figure 4.8).  Within these areas, distinction between 
pre and syn-kinematic sequences is difficult based on seismic character alone.  
This may indicate Jurassic faulting is more localised than is suggested by 
regional studies.  However, there is general consensus that the Lower–Middle 
Jurassic saw the highest levels of Mesozoic extensional faulting across the 
North West Shelf (Jablonski, 1997; Longley et al., 2002).   

The Lewis Trough displays the clearest evidence of syn-kinematic strata within 
Lower Jurassic sequences, with sequence thickening and rotation of strata 
(wedging).  A syn-kinematic sequence in the order of 5,500ms TWT dwarf other 
packages within the study area that were deposited contemporaneously with 
the Lewis Trough sequences.   

4.2.6 Upper	Jurassic–Berriasian	

Two significant breaks in deposition occurred during the Jurassic and 
Cretaceous periods, the regionally recognised J40.0SB (Middle Jurassic UC, 
JO/MU) and the K20.0SB (Valanginian Unconformity, KV).  The sequences 
deposited between these two unconformities comprise the Upper Jurassic–
Berriasian sediments.   

Sediments of this age typically comprise parallel and semi-continuous 
reflectors and are largely devoid of internal faulting (resolvable in seismic) and 
of any fanning or syn-extensional growth wedges.  For this reason, they are 
considered post-kinematic within the study area, however, regionally 
sediments of this age are typically identified as syn-kinematic (e.g. Jablonski 
(1997)).  Progressive onlap onto paleo-highs by Upper Jurassic sediments 
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suggests passive infilling of the topography following the Middle Jurassic UC, 
with little deposited on structural highs.   

Within the Dampier Sub-basin, sequences thicken towards the centre of the 
Kendrew Trough and show a gradational thinning onto the Exmouth Plateau 
(Figure 4.10).  However, thickness variations are impacted by the variable 
nature of the Middle Jurassic UC (J40.0 SB) surface.  Upper Jurassic sequences 
are limited to the structurally lower areas of the study area and are absent from 
the elevated southern Exmouth Plateau, Candace and Enderby Terraces.  The 
Berriasian sequence (Forestier Claystone) is present across most of the study 
area, but is noticeably thinner on elevated shelf areas and the Exmouth Plateau  

4.2.7 Valanginian‐Present	

Following the Valanginian Unconformity, the regionally extensive Muderong 
Shale was deposited.  This was followed by carbonate formations from the Early 
Cretaceous to present day, deposited in passive margin conditions (Figure 
4.10).  This includes the carbonate units of the Withnell, Mira, Dockrell, Walcott 
and Mandu Formations.  Sequences comprise high amplitude, parallel 
reflectors with well-developed clinoforms present in the Mandu Formation. 
These sequences typically thin eastward onto continental shelf. 

4.3 Fault	Evolution	

Mapping of Upper Triassic–Lower Jurassic horizons reveal a fault pattern that 
defines the main structural domains of the Dampier Sub-basin.  Care must be 
taken not to impose this Mesozoic structure on earlier Paleozoic depositional 
settings.  Faults are distributed throughout the Exmouth Plateau, Kendrew 
Trough, Enderby, Candace and Western Terraces, and are notably absent in the 
Lewis Trough.    In addition to the north-south and NE trending faults identified 
at Paleozoic structural levels, a third orientation of faults, trending NNE  
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Figure 4.7 - Time thickness maps of Lower Jurassic syn-kinematic sequences from four 
locations around the Dampier Sub-basin a) Rhaetian-Lower Jurassic (top Mungaroo 
Formation-top Athol Formation, J29.0 SB)) on the Candace Terrace, b) Norian-Lower 
Jurassic (intra Mungaroo-top North Rankin Formation on Enderby Terrace, c) Upper 
Triassic-Lower Jurassic in Lewis Trough, d) Lower Jurassic (top Brigadier Formation-
Legendre Formation) on Exmouth Plateau.  Note limit of interpretation is constrained by 
poor data or erosion from the Middle Jurassic UC. 
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Figure 4.8 – Interpreted section on the Rankin Fault Zone (IL3200, Demeter 3D survey).  Possible growth package present in Brigadier Formation 
(Rhaetian).  Lower Jurassic wedging truncated by Middle Jurassic UC, overlain by post-kinematic sequences.  Note similarity between pre- and syn-
kinematic packages on the Goodwyn horst. 



Chapter 4.0 Tectonostratigraphic evolution 

Page 64 

Figure 4.9 – Interpreted seismic section taken on the Candace Terrace showing syn-kinematic features of Lower Jurassic sediments. 
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manifests itself on the southern margin of the Exmouth Plateau within 
Mesozoic sediments.     

4.3.1 Paleozoic	‐	Sholl	Island	Fault	

There are relatively few Paleozoic aged faults identifiable across the study area.  
However, two north-south trending Paleozoic aged faults (Sholl Island and 
West Sholl Island Fault) that correspond to Devonian-lower Carboniferous 
growth packages can be seen defining the structural geometry of the Candace 
Terrace (Figure 4.2).  The Sholl Island Fault (SIF) exhibits a listric character and 
is synthetic to the West Sholl Island Fault.  Throw on the SIF is at least 2.0s TWT 
at the base Triassic UC (TR10.0 SB).  The fault is truncated by the Valanginian 
UC (K20.0 SB).  The presence of syn-kinematic features in the Lower Jurassic 
sediments on the Candace Terrace suggest the Sholl Island Fault was 
reactivated in Early Jurassic (Figure 4.9). 

4.3.2 Permian	‐	Mermaids	Nose	Fault	

In seismic cross section the Mermaids Nose Fault is of listric character with a 
ramp-flat geometry resulting in strongly rotated beds of Permian age in the 
hanging wall (Figure 4.4).  The thickness variation of Permian sequences on the 
north-south trending Sholl Island Fault and the NE trending Mermaids Nose 
Fault signify a dramatic shift in fault strike during the Permian.  This shift in 
fault strike correlates with a magnetic and basement high and is highlighted 
by overlying a basement time structure map over the magnetic anomaly 
(Figure 4.11). 

The Mermaids Nose Fault tips out just above the base Triassic UC (TR10.0 SB), 
with overlying Triassic sequences being gently folded.  The overlying Locker 
Shale and Mungaroo Formation do not exhibit growth features, indicating fault 
was inactive during the Triassic (Figure 4.4).    
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The Mermaids Nose structure is bounded on both sides by a number of NE 
trending faults that extend into the overlying Triassic sequence, and terminate 
at the Middle Jurassic UC (Figure 4.4).  A number of these faults extend down 
and penetrate the base Triassic UC, intersecting basement by 100-200ms TWT, 
resulting in micro-half graben which have accumulated up to 230ms TWT of 
sediments.  Given the NE orientation and the termination of many (but not all) 
faults at the base Triassic UC, these mini-half graben were likely active during 
the Permian, accumulating upper Permian sediments.   

Mesozoic deformation resulted in hard linking of select Mesozoic and 
Paleozoic faults, seen on both Mermaids Nose and the Western Terrace.  The 
Paleozoic faults which did not form a hard link are terminated at the base 
Triassic UC.  Overlying Mesozoic faults often preferentially nucleate above 
these structures (Figure 4.2).  This suggests either a soft link or a sub-seismic 
hard link.    

4.3.3 Upper	Triassic–Middle	Jurassic	‐	Rankin	Fault	Zone	

The Upper Triassic–Lower Jurassic fault system is seen most prominently on 
the Rankin Fault Zone (RFZ), which bounds the southern margin of the 
Exmouth Plateau.   The RFZ is made up of two distinct fault orientations (NNE 
and NE) that form a series of horst and graben structures that give the region 
an en echelon style appearance.   

The fault blocks feature up thrown Triassic and Lower Jurassic sequences 
rotated so that sequences dip to the NW.  In most areas, the angle of rotation 
between pre-kinematic strata (Triassic) and syn-kinematic strata (Rhaetian-
Middle Jurassic) is similar (Figure 4.8 and Figure 4.12) indicating that rotation 
may post-date deposition of these sequences.  However, fanning of  
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Figure 4.10 - (a) Time (TWT ms) thickness map of Upper Jurassic–Berriasian sequences 
(Middle Jurassic UC-Forestier Claystone horizon) within Demeter 3D seismic area.  Image 
shows greatest thickness in the centre of Kendrew and Lewis Trough, likely indicating 
passive infilling during tectonically quiescent conditions. 
(b)  Stratigraphic time (TWT ms) thickness map of Valanginian-Eocene sequence 
(Muderong Shale-Wilcox Formation horizon).  Image shows some relationship with the 
reactivation of the RFZ, but thickest areas are present in Kendrew Trough. 
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Figure 4.11 - Relationship between depth to basement and magnetic anomaly.  A) location 
map, B) depth to top of basement time structure map, C) Magnetic anomaly grid 
compilation (Geoscience Australia, 2017) D) overlay showing depth to top of basement 
contours with magnetic anomalies. Note NE trend of both Mermaids Nose and magnetic 
high and curvature of basement (where Sholl Island Fault terminates) corresponding to 
magnetic high. 

Lower Jurassic strata identified in the north of the study area (Figure 4.13) 
suggest that rotation was occurring concurrently with deposition, indicating 
that the SW rotation of Rhaetian and Lower Jurassic strata occurred during the 
Early Jurassic.  The discrepancy of similarly aged faults exhibiting different 
rotation and syn-kinematic features highlights the selective nature of fault 
reactivation and rotation during the Early Jurassic. 
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In seismic cross section, faults can be sub-divided into two sets, a smaller set 
of planar typically Mesozoic strata bound low displacement faults (10’s-100’s  
ms TWT throws), and polyphase high displacement faults (>1000 ms TWT 
throws) that extend to Eocene strata and often displaying listric characteristics.  
These faults potentially detach onto the Lower Triassic Locker Shale unit.  Early 
Jurassic aged faults can also be seen detaching onto the Locker Shale in the 
inboard areas of the Western Terrace (Figure 4.2) and Mermaids Nose (Figure 
4.4). 

Mesozoic bound faults typically terminate at the Middle Jurassic UC; however, 
a number of faults on the Exmouth Plateau tip out well below this, often near 
the top Rhaetian reflector.  These Triassic strata restricted faults are wide 
spread (Figure 4.2 and Figure 4.4) and may indicate gravitational faulting within 
the deltaic Mungaroo Formation.  Faulting is absent within Upper Jurassic 
sequences and penetration through the Middle Jurassic UC is largely restricted 
to the high displacement (kilometre scale) faults of the RFZ. 

Rollover structures have been identified in the hanging walls of a number of 
polyphase faults on the Rankin Fault Zone (Figure 4.14).  These structures are 
associated with N to NNE trending faults and not smaller scale NE trending 
faults.  The rollover structures extend to the SW until they become seismically 
unresolvable due to the thicker sediments present in the Kendrew Trough.   

4.3.4 Upper	Jurassic	–	Lower	Cretaceous		

There is little evidence of active fault growth during the Upper Jurassic–Lower 
Cretaceous in the study area.  Arguably there is an absence of sediments of 
this age remaining across structural highs which may distort the interpretation 
of events during this period.   Regional studies, notably in the Exmouth Sub-
basin, suggest growth of faults during this time, but the absence of similar 
features within the Dampier Sub-basin would suggest fault growth may be 
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limited to the Exmouth Sub-basin.  Normal reactivation of the large polyphase 
faults to Eocene levels introduces the possibility of a later event responsible for 
faulting through Upper Jurassic–Lower Cretaceous sequences.  Given the 
absence of Lower Cretaceous sequences within the study area, fault patterns 
obtained from a variance extraction of the Muderong Shale surface was used 
as a proxy for Early Cretaceous extension. 

A number of small displacement faults along the RFZ and Flinders Fault System 
extend through the Upper Jurassic–Berriasian sediments and penetrate the 
Valanginian UC (K20.0 SB).  This indicates that an element of faulting post-
dates the Berriasian and is not necessarily attributed to extension during the 
Late Jurassic–Berriasian.  Given the passive margin conditions prevalent at the 
time and the typically low displacement (~20 msTWT) evident on the faults, 
differential compaction and/or gravitational faulting are considered plausible 
mechanisms in the formation of these faults. 

A variance extraction of the Muderong Shale horizon depicts a clear similarity 
with Upper Triassic–Middle Jurassic faulting, with the majority of faults on the 
RFZ reactivated at this level. Variance slices taken at progressively younger 
levels show less reactivation in younger sequences, with faults becoming more 
segmented until the upper Eocene where the fault pattern first seen at Triassic 
levels is no longer present. 

Faulting is concentrated on the RFZ, with the intensity of faulting decreasing 
to the north and NE, onto the Exmouth Plateau.  Faults trend mainly NNE with 
selected reactivation of north trending faults seen in the Keast Graben.  As seen 
at Lower Jurassic levels, faulting is absent in the Kendrew Trough and 
Madeleine Anticline. 

In cross section, a monoclinal fold is often present in the hanging wall overlying 
the large reactivated faults within the RFZ (Figure 4.15).  Faulting is 



Chapter 4.0 Tectonostratigraphic evolution 

 
  Page 71 
  
 

characterised by a hard link to the underlying Jurassic/Triassic fault network 
with a contractional bend, and branch point occurring within the Forestier 
Claystone/Muderong Shale.  Numerous antithetic and synthetic faults are 
present within and adjacent to the widening monocline.  This has often resulted 
in rotation of strata or an anticlinal fold being developed between the faults.  
Figure 4.15  depicts the variation of post-kinematic faulting along the RFZ, with 
faulting varying between a single through going master fault to branching of 
multiple smaller faults. 

Largest throws are seen on the main basin bounding faults and are in the order 
of 10’s of ms TWT and not easily recognised on vertical seismic sections at 
most locations.  Throws generally decrease in younger sequences. 

Limited polygonal faulting is developed within later sequences and is bound 
by the Mira Formation (Maastrichtian) and Wilcox Formation (lower Eocene).  
The polygonal faults have a maximum displacement of 15ms TWT and often 
extend into lower, but not upper sequences.  

4.4 Discussion	

This Chapter has highlighted three structural grains evident across the study 
area; a north-south trend displayed by early Paleozoic faulting on the Candace 
Terrace (Sholl Island Fault), a NE trend exhibited by Permian faulting (Mermaids 
Nose Fault), and a N, NNE and NE trend evident in Late Triassic-Early 
Cretaceous faulting on the Rankin Fault Zone.  

Lower Paleozoic growth sequences indicate that the north-south structural 
trend was developed as early as the Devonian, with a magnetic signature (likely 
representing the Brockman Iron Formation of Archean age) suggesting the 
structural trend may be far older.   



Chapter 4.0 Tectonostratigraphic evolution 

 
  Page 72 
  
 

The presence of interpreted Silurian aged sediments on the Candace Terrace, 
although not associated with growth packages with the SIF, indicate the 
Northern Carnarvon Basin has been a sink for sediments since the early 
Paleozoic.  This may also indicate that the proto Northern Carnarvon Basin had 
a much closer association to the north-south oriented Paleozoic basins to the 
south, than with the Mesozoic aged NE oriented basins of the North West 
Shelf.   

The Permian sequences record a shift in fault orientation with a significant 
thickness of upper Permian sediments preserved adjacent the NE trending 
Mermaids Nose Fault.  This is in contrast to the relatively thin sequences 
present on the Candace Terrace adjacent the Sholl Island Fault.  The timing of 
this structural re-orientation correlates with regional findings across the North 
West Shelf that during the Permian a large NE trending basin developed along 
the length of the NW shelf (Westralia Superbasin).   

The N and NE trending Paleozoic faults are not imaged directly outboard of 
the Lewis Trough, however their influence on the Mesozoic fault system is 
evident on the Rankin Fault Zone.  The combination of individual Mesozoic 
faults striking NNE while the overall trend of the fault zone is parallel with the 
underlying Permian faults (NE) suggests oblique reactivation during the 
Mesozoic.  The Mesozoic faulting manifests itself on the RFZ with a number of 
polyphase faults that potentially hard link with the Permian fault network.  The 
listric appearance of some of these faults suggests a detachment present at 
depth.  Smaller scale Jurassic faults identified detaching onto the Locker Shale 
Formation support this.  The impact of the mechanical contrast provided by 
the Locker Shale Formation on the Paleozoic and Mesozoic fault systems is not 
extensively explored in the literature and will be explored later in this thesis.   

The earliest phase of Mesozoic fault growth is suggested by the presence of 
Rhaetian growth sequences situated on the Exmouth Plateau and 
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stratigraphically tied to the Eastbrook 1 well.  Faults associated with the growth 
packages are truncated by the Middle Jurassic UC, providing a time period of 
Rhaetian–Callovian when faults were active.  Within this time period, the 
evolution in terms of location and intensity of faulting across the study area 
was varied. 

There is strong evidence to suggest faulting did not initiate in a uniform 
manner, with thickness maps showing a clear difference in location of sediment 
accumulation of Rhaetian and Lower Jurassic sequences along the same 
segmented fault (Figure 4.16).  The majority of faults within the study area and 
regional studies (Etheridge and O’Brien, 1994; Jablonski, 1997; Longley et al., 
2002; Tindale et al., 1998) show the bulk of movement was during the Early 
Jurassic and not the Rhaetian, indicating that initial deformation (Rhaetian) was 
selective and not uniformly distributed. 

The en echelon roll over structures are preferentially associated with the listric 
NNE trending faults of the RFZ and not the more planar NE trending faults.  
This may suggest the extension orientation during the Late Triassic–Middle 
Jurassic favoured the creation of ‘new’ NNE trending detachment style faults, 
while the NE planar style faults are more strongly controlled by the pre-existing 
Permian NE structural grain.   

Interestingly when compared to the Early Cretaceous fault pattern intersecting 
the Muderong Shale, the roll over structures (associated with the Jurassic 
faults) extend significantly further to the SW than the Early Cretaceous faults.  
This implies non-uniform reactivation of Jurassic faults during the Early 
Cretaceous, with only select portions of Jurassic faults propagating through to 
Lower Cretaceous levels.  

There is no definitive evidence of fault-related thickening during the Late 
Jurassic–Early Cretaceous.  Given the evidence of passive infilling and onlap in 
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lower lying structural areas, this likely indicates non-deposition across 
structurally higher areas.  

A number of authors have reported inversion structures present across the 
NCB, associated with the Neogene collision of Australia with Asia (Hull and 
Griffiths, 2002; Keep et al., 2007).   No evidence of inversion of faults is 
identified in the study area.  The folds present in Lower Cretaceous sequences 
are considered to be extensional fault-propagation folds associated with the 
upward growth of faults.  Faulting present in Paleogene sequences are 
extensional in nature and no reverse faults are observed.  
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Figure 4.12 - Seismic section showing Candace and Western Terraces.  Note similar reflector rotation of Lower Jurassic (Athol Formation) and Triassic 
sequences (Mungaroo Formation) making identification of syn-kinematic packages and hence  .tluciffid htworg tluaf
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Figure 4.13 - IL1457 on the Exmouth Plateau showing Lower Jurassic wedging (Demeter 3D).  The progressive rotation of the reflectors and thinning 
onto the Triassic sequences indicates rotation during deposition of Lower Jurassic sediments.  The Middle Jurassic UC truncates the Lower Jurassic 
sequences and results in a backstepping of strata from the footwall in the SW. 
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Figure 4.15 - A series of seismic sections through the southern margin of the Exmouth 
Plateau showing the post-kinematic fault pattern on the Rankin Fault Zone. The variance 
surface of the Muderong Shale horizon in the centre depicts the location of the sections. 
Faulting is generally vertically segmented from the underlying master fault.  A hard link 
can be observed in Section D-D’.  Fault propagation folds are evident directly above the 
Muderong Shale horizon. 
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Figure 4.14 – Rollover structure associated with NNE trending faults on the Rankin Fault 
Zone.  Note the eastward step of the fault and associated with rollover and the transition 
zone represented by seismic section B. 
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Figure 4.16 –Time thickness maps of Upper Triassic – Lower Cretaceous formations.  Maps show the variation in thickness along the fault indicating 
varying locations of fault growth.  See Figure 2.4 for seismic picks in relation to known stratigraphy.
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5.0 NORMAL	FAULT	LINKAGE	AND	REACTIVATION,	DAMPIER	
SUB‐BASIN		

5.1 Introduction	

Polyphase rift systems are complex zones of structural heterogeneities made 
up of new and older reactivated structures.  The potential for re-activation of 
pre-existing faults is influenced not only by the regional tectonic stress regime, 
but also the geometry (length and displacement) and attitude of the pre-
existing faults (e.g. Henza et al., (2010), Madritsch et al., (2009), Whipp et al., 
(2014)).   

The Northern Carnarvon Basin (NCB) is a unique rift system that has 
experienced at least three distinct phases of extension (Carboniferous–
Permian, Late Triassic – Middle Jurassic and Early Cretaceous) resulting in a 
complex mixture of faults of varying orientations and ages (Elders et al., 2016).  
The earliest of these events, the Carboniferous–Permian rift, resulted in crustal 
thinning and a series of NE trending structures across the region (Stagg et al., 
2004).  Later Mesozoic extension resulted in both new faults and reactivation 
of existing structures, both of which are influenced by the pre-existing 
structural fabric (Etheridge & O’Brien, 1994).    

The interaction between the Permian and Mesozoic faults are typically only 
imaged inboard of the Lewis Trough where the Mesozoic sequences are much 
thinner (Bentley, 1988; Iasky et al., 2002; Thomas et al., 2004).  The interaction 
of fault systems includes hard and soft linkage as well as faults restricted to 
Mesozoic sequences.  In outboard regions, the thick Triassic sequence results 
in poor seismic imaging which largely obscures how the fault systems interact. 

Using regional mapping and fault displacement analysis of several Late Triassic 
– Early Jurassic faults, this Chapter aims provide insight into the influence of 
the Paleozoic fault system on Mesozoic faults outboard of the Lewis Trough 
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within the Rankin Fault Zone (RFZ) (Figure 5.1).  Mesozoic faults demonstrate 
a NE (parallel to the Permian NE fabric), NNE (parallel to Devonian/early 
Carboniferous faults) and north-south orientation (orthogonal to extension 
direction).   Mesozoic extension on the NCB is typically considered NW 
oriented (Etheridge and O’Brien, 1994), however this does not fully explain the 
variation in fault orientation of the RFZ.  This study suggests oblique 
reactivation, oriented east-west which differs from the more widely accepted 
NW extension direction. 

Given the majority of hydrocarbon reserves in the NCB have been discovered 
within Mesozoic sequences, further insight into the evolution of the associated 
fault system will enhance the understanding of traps, migration pathways and 
seal integrity in the region. 

Figure 5.1 - Location map showing regional setting (A) and position of study area (red 
dashed line) at the southern portion of the Exmouth Plateau (B).  Location of seismic 
sections presented on Figure 5.3, Figure 5.4, Figure 5.5 and Figure 5.8 are also shown.  
Basin units modified from Geoscience Australia (2014).  Structures adapted from Crostella 
et al. (2011), Mory and Haines (2013) and Stagg et al. (2004). 
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5.2 Data	set	

This study utilised the Rosie 3D MSS data set collected in 1997 and covering a 
total area of 1,060 km2.  The survey was acquired with line orientation NE-SW 
with inline and cross line spacing of 18.75 m.  The survey extends to 6.0s TWT 
and is of good quality to at least the K20.0 SB (Valanginian UC) at about 2.25s 
TWT.  Data quality varies below this, and degrades significantly in deeper 
graben areas.    The oldest sequences that can be accurately dated and imaged 
are Upper Triassic.  Eight wells and associated well completion reports are used 
to establish stratigraphic ties enabling the mapping of a number of horizons 
and unconformities across the study area.  Wells are selected based on the 
total depth, sequences intersected, and availability of well deviation, checkshot 
and stratigraphy data.  A number of wells did not have checkshot data available 
and at these locations data from nearby wells are used.  Additional 3D surveys 
and 2D lines are also utilised to interpret horizons outside the Rosie 3D survey 
area. 

5.3 Geological	setting	

The North West Shelf (NWS) of Western Australia is a polyphase rifted margin 
developed during the fragmentation of Gondwana (Etheridge and O’Brien, 
1994; Longley et al., 2002; Metcalfe, 2013; Stagg et al., 2004).  The region 
experienced three distinct phases of extension; Carboniferous-Permian, Late 
Triassic–Middle Jurassic and Early Cretaceous (Figure 5.2).  The timing, 
orientation and distribution of deformation varies along the length of the 
margin.   

The Carboniferous-Permian event resulted in extreme crustal thinning and the 
development of the Westralian Superbasin along the length of the NWS (Stagg 
and Colwell, 1994; Yeates et al., 1987).  A NE structural trend is evident from 
individual faults (e.g. Mermaids Nose Fault) as well as basin-scale features 
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Figure 5.2 – Generalised stratigraphy of the Dampier Sub-Basin showing main tectonic events (Geoscience Australia, 2014), seismic horizons interpreted 
and regional play intervals. 
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 across the greater NWS.  There is evidence of an earlier north-south structural 
grain from the Sholl Island Fault (Bentley, 1988).  

Uplift represented by the base Triassic UC is apparent in inboard regions.  The 
Lower Triassic Locker Shale was deposited, followed by 4-6 km of the 
Mungaroo deltaic formation (Longley et al., 2002; Marshall and Lang, 2013).  
Triassic sequences thicken outboard of the Lewis Trough (Australian Geological 
Survey Organisation (AGSO), 1994; Stagg et al., 2004)  

From the Late Triassic, extension initiated and was focused inboard of the 
Exmouth Plateau, resulting in the creation of the Exmouth, Barrow, Dampier 
and Beagle Sub-basins of the Northern Carnarvon Basin (Etheridge & O’Brien, 
1994).  The end of this phase of extension is marked by the regional Middle 
Jurassic UC. The final extension event to impact the region was in the Early 
Cretaceous and is associated with the separation of Greater India from 
Australia (Gibbons et al., 2012; Hall, 2002).  

5.4 Stratigraphy		

A seismic profile showing basement involved structures on the margin of the 
Northern Carnarvon Basin is presented on Figure 5.3.  The section, situated 
inboard of the Lewis Trough shows Paleozoic and Mesozoic sediments in the 
hanging wall of the West Sholl Island Fault.  This can be compared to an 
outboard section where only the Mesozoic and younger sequence are imaged 
(Figure 5.4). 

The east-west seismic profile through the outboard study area shows the main 
structural features, comprising three north to northeast trending graben, 
designated for the purpose of this study as the west, central and eastern 
graben (Figure 5.4).  Figure 5.2 shows the stratigraphy present within the study 
area.  Well control is poor within the graben, with mapping extended regionally 
to the Capella-1 and Perseus 3A wells (Figure 5.1 and Figure 5.5). 



Chapter 5.0 Normal fault linkage and reactivation, Dampier Sub-Basin 

 
  Page 85 
  
 

Two horizons within the pre-kinematic sequences have been mapped (Upper 
Mungaroo 1 and 2), four horizons within syn-kinematic sequences (Lower 
Brigadier Formation, Top Brigadier Formation (J10.0 SB), Lower Jurassic and 
Legendre Formation) and the post-kinematic Forestier Claystone horizon 
(Valanginian).  Two prominent unconformity surfaces are also mapped (Middle 
Jurassic UC (J40.0 SB) and Valanginian UC (K20.0 SB).  Time thickness maps are 
presented on Figure 5.6. 

 

Figure 5.3 - Seismic section taken inboard of the Lewis Trough through the Candace 
Terrace.  Section depicts Paleozoic and Mesozoic sequences as well as Jurassic and 
Permian fault systems.  Jurassic aged faults detach onto/within Locker Shale interval.  A 
possible hard link with Permain aged faults is also shown. 
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Figure 5.4 – Regional seismic section depicting west, central and east graben.  Relevant horizons utilised in displacement analysis are shown.  Note the 
vertical segmentation of west-dipping faults compared to planar geometry of east-dipping faults.  Monocline observed on Fault 2 and fault related 
folding seen adjacent Fault 3. 
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Figure 5.5 – Seismic section showing well ties to the Capella-1 and Perseus-3A wells to the east of the study area. 
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5.5 Structure		

The inboard seismic section shows the Permian and Jurassic fault systems 
(Figure 5.3) while the outboard section shows the Jurassic fault system only, 
underlain by a much thicker Triassic sequence (Figure 5.4).  Jurassic faults are 
typically restricted to Mesozoic strata, either tipping out in Triassic sequences 
or detaching onto the Locker Shale.  Jurassic faults do extend into Permian 
sequences in other areas on the Enderby Terrace where Triassic sequences are 
thinner.  A series of high-throw faults (Sholl Island Fault and West Sholl Island 
Fault) demonstrate reactivated Paleozoic faults extending to Cretaceous levels.    

Faults associated with the outboard section define three graben which vary in 
width from 3.2-5.8 km and exhibit throws of up to 300ms TWT at Triassic levels.  
The graben extend to the north (out of the seismic area) and gradually shallow 
to the south.  Each graben consists of two conjugate faults, striking between 
10-17°.  The central graben has a more complex fault system making up its
eastern boundary, with a clearly segmented fault comprising at least 4
segments (Figure 5.7).  The central graben is the northerly extension of the
Keast Graben.

Faults bounding the east and west graben are shallower systems and appear 
to tip out downwards within the upper portion of the Mungaroo Formation.  In 
contrast, the central graben is clearly part of a much deeper system, with Fault 
3 extending to depth below 6.0ms TWT.  Fault 2 forms the western bounding 
fault of the central graben and is antithetic to Fault 3.   

A large roll-over anticline of low amplitude and wavelength in excess of 25 km 
is associated with Fault 3 in the south (Figure 5.8).  Moving north along the 
strike of Fault 3, folding of the hanging wall is associated with a relay between 
Segments C and D of this fault.  Faults typically terminate at or slightly above  
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Figure 5.6 - Time thickness maps of Upper Triassic – Lower Cretaceous formations.  Maps show a variation in thickness along the faults suggesting 
varying locations of fault growth.  Inserts show thickness map location and fault nomenclature. 
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Figure 5.7 – Fault map illustrating spatial relationship of faults and nomenclature used in 
this study. (b) 3D oblique view looking south with Upper Mungaroo 2 horizon (Norian) as 
a surface.  Note Figure B is looking in the opposite direction from Figure A to highlight 
the fault structure. 

the Middle Jurassic UC.   Fault 3 in the south propagates higher, though to 
Lower Cretaceous structural levels. 

5.6 Research	methodology	

The measurement of throw (i.e. vertical stratigraphic off-set) within this study 
is used as a proxy for displacement (i.e. dip-slip measurement) on the fault 
surface.  Direct measurement of true displacement requires measurement of 
vector data (i.e. direction and magnitude), and without features such as 
slickensides, this cannot be confidently known (Whipp et al., 2014).  

Mapping of selected horizons was undertaken to provide the reference data 
for throw distributions.  Four (4) horizons are mapped corresponding to 
Norian, Rhaetian and Lower Jurassic sequences.  These horizons represent pre 
and syn-kinematic sequences.  Additional data points (horizons) are 
interpreted locally and utilised.  Faults are modelled in Petrel using Corner 
Point Gridding and fault polygons created using hanging wall and footwall cut-
offs which are the primary input for the calculation of fault throw.   

A number of authors have identified drag as potentially introducing significant 
errors for throw measurements at the footwall and hanging wall cutoffs 
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(Mansfield and Cartwright, 1995; Walsh and Watterson, 1988).  The definition 
of drag in this study was taken to include any ductile deformation (folding) of 
strata adjacent the fault and not ‘smearing’ of strata, which is typically not 
resolvable on seismic.  Corrections for stratal folding, which can occur in both 
the hanging wall and footwall adjacent to fault planes, are modelled by 
excluding data within a selected symmetrical distance from the footwall and 
hanging wall cut-offs and then projecting the horizon from this point back to 
the fault plane (Figure 5.9).  This follows the technique employed by Chapman 
and Meneilly (1991) and Mansfield and Cartwright (1995) with the exclusion 
zone decided individually for each fault.  It was typically between 50-500m 
from the fault plane.   

Mapping of horizons and subsequent measurement of throw focused on four 
horizons across the study area.  Horizons are selected due to their temporal 
proximity to the onset of Mesozoic rifting and therefore encompass fault 
initiation and some portion of early growth.  Throw values are measured on 
faults using seismic profiles orthogonal to fault strike. 

5.6.1 Depth	conversion	and	compaction	

Vertical and lateral throw profiles are displayed in two-way time (TWT).  To 
determine if a time (vs depth) profile distorts the pattern of throw variations, 
an analysis of the impact of depth conversion (see Baudon and Cartwright, 
2008a) on a sub-set of data was undertaken. Throw measurements are taken 
for both time and depth converted profiles with little observable difference in 
measurements.   

Lateral variation in seismic velocity also potentially distorts throw 
measurements across faults.  However, the continuity of seismic facies across 
the study area suggests lateral variation of interval velocities is low.   A review 
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Figure 5.8 - Growth sequence identified in Upper Triassic sequences and bounded by top Mungaroo 1 horizon (Norian) and the Middle Jurassic UC. Top 
of pre-kinematic package can be identified, but no wells penetrate to this depth to provide stratigraphic control. Note low wavelength roll over 
associated with Segment B in Lower Triassic sequences. Note the absence of Jurassic sediments on horst block to the east. 
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Figure 5.9 - The impact of drag adjacent the fault plane and how it was removed during 
modelling. 

of checkshot data from six wells within and adjacent to the study area, show a 
maximum variation of interval velocity of 19% within individual units but only 
6% variation within Jurassic and Triassic strata. This indicates minimal lateral 
variation in velocity across the target area which is unlikely to significantly 
impact the throw analysis along the length of the fault.  Furthermore, any 
variation in seismic velocity would likely impact actual throw values rather than 
the overall shape of throw vs strike profile. 

Burial-related compaction can impact the stratigraphic thickness of 
sedimentary layers across faults and therefore any measurements of throw.  
However, Taylor et al. (2008) indicates that the effect of compaction is typically 
minimal (i.e. <20%) and in addition, this study is focused on the pattern of 
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along strike throw variations, rather than absolute throw values (Jackson & 
Rotevatn, 2013).  Given any depth conversion potentially introduces new errors, 
particularly where horizons are less confidently known, a decompaction 
analysis was not undertaken.  In addition, faults within the study area are 
typically low throw, and less likely to exhibit across fault variation in 
compaction rates (Cartwright et al., 1998). 

5.6.2 	Horizontal	throw	analysis	

Throw distance profiles (T-x plots) are compiled by measuring throw variations 
of four horizons along the length of the faults.  The throw variations are 
presented graphically and compared to the map view of fault structure.  The 
variations in throw and locations of throw maxima and minima provide 
information on how the fault has evolved and interacted with adjacent faults 
(Childs et al., 1995; Gupta and Scholz, 2000).   The shallower portion (where 
displacement measurements are taken) of faults within the study area are 
planar so the heave component of the extension (as seen with listric faults) is 
considered minimal. 

5.6.3 Vertical	throw	analysis	

Throw variations with depth can be used to determine the vertical growth 
history of a fault, if the fault grew blind or intersected the free surface (i.e. a 
growth fault) or if the fault evolved via dip linkage to overlying/underlying fault 
segments (e.g. Baudon and Cartwright, 2008a; Jackson and Rotevatn, 2013; 
Mansfield and Cartwright, 1995). 

Vertical throw profiles (T-z plots) are constructed at two locations along each 
fault.  Four horizons are utilised for measurements.  Data quality restricted 
throw plots to higher quality horizons where interpretation could confidently 
be undertaken.  Possessing few data points may see subtle variations missed, 
but the overall trends are still recognisable.  The resolution to which offset can 
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be measured is mainly determined by the sample rate of the seismic data, 
which is 4.0 ms equivalent to 12.0 m at a velocity of 3,000 m/s. 

5.6.4 Expansion	Index	

Differences in the thickness of a sedimentary sequence across a fault provide 
clues to the nature of fault movement during deposition.  Where a fault has 
intersected the free surface, a difference in elevation between the hanging wall 
and the footwall results in a thicker sequence in the hanging wall (where 
accommodation space has been filled), and what is known as a growth fault 
(Childs et al., 2003).  If the age of sediments that show across fault thickening 
is known, the style of fault growth and nucleation can be determined 
(Cartwright et al., 1998; Thorsen, 1963).  An expansion index is calculated by 
dividing the thickness of a sequence in the hanging wall by the corresponding 
footwall thickness.  An index of greater than 1 indicates across fault thickening 
(i.e. a growth fault), wheres an index equal to 1 indicates no across fault 
thickening and may signify either no fault movement or the possibility of a 
blind fault.   

5.7 Kinematic	analysis	of	faults	

5.7.1 Style	and	timing	of	faults	

Fault geometry in map view was interpreted at Upper Triassic, Lower and 
Middle Jurassic and Valanginian stratigraphic levels (Figure 5.10).  The 
interdependency of different aged faults is demonstrated by the similarity of 
fault pattern.  Fault traces form linear features in map view and cross sectional 
geometry show faults to be near planar (Figure 5.4).  Faults associated with the 
west and east graben show little evidence of lateral segmentation at regional 
level; however, at finer scale, a number of strike changes are observable that 
may indicate faults are segmented locally.    
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Figure 5.10 - Time structure maps and corresponding fault polygons for selected seismic horizons. Figures show variation of the fault system with depth.  
Inserts show thickness map location and fault nomenclature. 
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In the central graben, Fault 3 comprises a series of segmented elliptical or 
discoidal faults.  The faults feature overlapping segments (Segments B, C and 
D, Figure 5.7) that define a series of breached and unbreached relay ramps, a 
splay fault (Segment A, Figure 5.7) and curved tip line terminations (Figure 5.7).  
The splay is located in the downthrown hanging wall side of Segment B and 
does not extend through the entire syn-kinematic sequence (Figure 5.11), 
indicating the splay was only active early in the rifting event (Late Triassic).  This 
observation suggests the fault splay represents the abandoned fault tip of a 
north-south trending paleo-fault.  Segment A ceased movement and became 
inactive following hard linkage with the NE-SW trending adjacent Segment B, 
north of the linkage point.  Displacement then began accruing on the NE 
trending ‘new fault’, which included the southern portion of Segment A as well 
as Segment B.  This interpretation suggests that Fault 3 grew by segment 
linkage, with locations of individual paleo-faults defined by splay faults and tip 
line curvature.   

Moving north along strike, Segment B soft links with Segment C in the centre 
of the graben via a relay, unbreached at all structural levels (Figure 5.10).  
Segment B features tip line curvature that dissipates into a horsetail array of 
faults.  In map view, Segments B and C form linear segments with deviation to 
the NE occurring within 3.4 km of each tip.  The deviation reflects the 
interaction of stress fields of each fault tip line.  In seismic cross section (Figure 
5.12), the Lower Jurassic sequences present in the hanging wall of Segment B 
thin to the north as displacement was progressively taken up by Segment C 
and the relay ramp deepens.  Clear wedging geometry of the sediments is 
identifiable in addition to minor folding at the upper tip of Segment B, just 
below the Lower Jurassic horizon.   

Segment C extends to the greatest depths in southern areas adjacent to the 
relay with Segment B.  The fault shallows gradually to the north before tipping 
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out in Lower Cretaceous sediments.  Segment C overlaps with Segment D for 
almost half of its length, which indicates a very different interaction than 
observed with Segment B.  The relay situated between the two segments was 
observed at all structural levels with some sections indicating there may be a 
hard link within Triassic Mungaroo Formation horizons.  However, given the 
poor quality of data at depth, the shallowing to the north of Segment C and 
the length of overlap present at all structural levels, there is not sufficient 
evidence to confirm if a hard link exists between fault segments. 

Segment D is restricted to Upper Triassic levels, and given its north-south 
orientation there are clear similarities with the Rhaetian aged Segment A.  
However, evidence from thickness maps shows the timing of growth was later 
than indicated for Segment A (Figure 5.6).  

Stratigraphic time thickness maps produced for significant horizons are 
presented on Figure 5.6.  Variation in thickness observed between the Upper 
Mungaroo 2 horizon and Top Brigadier Horizon show thickening into the fault 
in the southern area of the central graben (Segment A).  The thickness variation 
is also observable in seismic sections where wedging of Upper Triassic 
sequences is present (Figure 5.8).  The association of thickness variation with 
faults indicates fault-related thickening (i.e. fault growth) rather than regional 
subsidence. 

The increase in sediment thickness in the south is in contrast to the north, 
where faults show little evidence of thickness variation during this time.  This 
indicates that faults had intersected the surface (Segment A) during the early 
Rhaetian (and possibly Norian) while faults to the north (if active) had not. 

There is little thickness variations observable on the Rhaetian thickness map, 
suggesting fault growth paused during the late Rhaetian with only minor  
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Figure 5.11 - Seismic cross section through the relay of Segment A and Segment B. Note 
Segment A not extending far above Upper Mungaroo 1 horizon (Norian) indicating 
displacement shifted to Segment B. 
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Figure 5.12 - Seismic cross section through the relay of Segment B and Segment C. Note 
folding at the upper tip of Segment B and the wedging geometry in hanging wall.  Dashed 
lines indicate lower confidence horizon interpretation. 
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thickness variations observed adjacent to Segment C (Figure 5.4).  Lower 
Jurassic growth is focused in the northern part of the study area, with the 
western graben recording the thickest sequence.  A comparison can be made 
with the thickness map spanning the entire Jurassic, which shows the central 
graben possessing the thickest sequence.  This indicates fault growth was not 
uniform and movement of central-graben faults continued after the west and 
east graben ceased movement (supported by the Lower to Middle Jurassic 
thickness map, Figure 5.6).    

The fact that the bulk of fault growth occurred in the Early Jurassic is consistent 
with a number of regional findings that extension was focused in the Early 
Jurassic (Jablonski, 1997; Longley et al., 2002) with selective movement as early 
as the Late Triassic (Bauer et al., 1994; Jablonski and Saitta, 2004; Jitmahantakul 
and McClay, 2013).  The variation in growth patterns of different faults at the 
local level correlates with regional evidence a variation in age of syn-kinematic 
sediments.   

5.7.2 Vertical	segmentation	geometry	

Two distinct styles of vertical segmentation geometry are observable within 
the study area (Figure 5.6); west-dipping faults show clear vertical offset while 
east-dipping faults are single, planar faults.  The offset seen on the west-
dipping faults typically occurs at Brigadier horizon levels and feature an 
eastward step or overlap, resulting in restraining bends that most likely soft 
link to underlying faults.  Fold geometry varies from a monocline to a full 
anticline, often varying along the length of the fault.   

In contrast, the east-dipping faults do not feature an offset in the fault plane.  
Monoclinal folds are present in hanging wall strata (Figure 5.6), suggesting the 
faults may have formed fault-propagation folds as the fault advanced from 
depth into shallower sequences.    
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There is no obvious geometrical or rheological control for the tendency of 
west-dipping faults to be vertically segmented when compared to east-
dipping faults.  This may be a local phenomenon and a more detailed regional 
study would be required to investigate how widely this occurs. 

5.7.3 Fault	1	(west	graben)	–	throw	distribution	

The horizontal and vertical throw profile of Fault 1 (Figure 5.13) shows 
maximum throw at the Top Brigadier horizon and a decrease in shallower and 
deeper sequences.  Overall the horizontal throw profile forms a pattern typical 
of isolated fault growth with a flat-topped profile.    

The vertical profile depicts maximum displacement at the base of the growth 
sequence with throw decreasing into up and down dip strata.  This 
displacement pattern indicates the fault nucleated and evolved as a growth 
fault (Childs et al., 2003; Peacock and Sanderson, 1991).  Time of fault 
nucleation is determined by thickness maps and expansion indices > 1 during 
the Early Jurassic. 

5.7.4 Fault	2	(central	graben/west	flank)	–	throw	distribution	

The horizontal throw profile of Fault 2 shows two, clearly different trends 
(Figure 5.14).  The northern portion, where throw values are greatest, maximum 
throw is present on Mungaroo Formation horizons, decreasing into younger 
sequences.  At approximately 7 km along the fault, total throw and variation 
between individual horizons decreases, with throw on mapped horizons being 
equal from that point to the southern tip of the fault. 

The throw vs depth plot for Fault 2 presents contrasting trends at its northern 
(upward decreasing throw) and southern (downward decreasing throw) ends.  
Figure 5.14F shows the profile situated at a mid-point along the fault, and 
shows a throw minima at the centre of the fault, suggesting two nucleation 
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points, within Mungaroo and Brigadier Formation sequences.  This profile is 
consistent with the vertical dip linkage of two separate faults generated at 
different stratigraphic levels (Cartwright et al., 1995; Robson et al., 2016; Tvedt 
et al., 2013).  Expansion indices suggest growth in the Lower Jurassic indicating 
the southern portion of the fault evolved as a growth fault, while the northern 
portion, (maximum throw within the Mungaroo Formation), as a blind fault.  
Folds within the hanging wall of the northern portion of the fault hints at a 
breached fault-propagation fold (indicating the fault grew upwards); however, 
folds are notably absent in the south.   

There are two likely explanations for the formation of Fault 2.  The first is that 
there are two faults, the first nucleating in the north at Mungaroo horizon level 
which grew upwards, subsequently hard linking to a second fault that 
nucleated later in the south at the Brigadier horizon.  The problem with this 
explanation is that we see no evidence of either lateral or vertical segmentation 
of Fault 2 at any structural level.  Unless the faults are perfectly aligned along 
strike (very unlikely) some evidence of linkage should be visible, including 
horizontal throw minima.   

The second possibility is of a single fault that displays overall throw 
characteristics of a single isolated fault, but appears to have different 
nucleation history.  A suggestion to explain these observations is that the fault 
grew by irregular tip-line propagation (Childs et al., 1995; Walsh et al., 2003).  
Tip-line bifurcation, as it is also known, can be the result of heterogeneities in 
the host rock (Huggins et al., 1995), non-uniform stress fields (Mandl, 1987) or 
stress field re-orientation due to fault reactivation (Woods, 1992).  This process 
would have resulted in a single fault, initially growing upwards in the northern 
portion of Fault 2, accruing displacement and resulting in fault propagating 
folds.  At a later stage, the irregular fault tip extended the fault to the south, 
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breached the surface during the Early Jurassic, recording syn-sedimentary 
growth strata evident on thickness maps.     

5.7.5 Fault	3	(central	graben,	east	flank)–	throw	distribution	

Fault 3 exhibits a segmented horizontal throw profile, with clear throw minima 
between segments Figure 5.15.  However, if individual segments are viewed as 
a single profile the pattern suggests radial fault growth with a gradual decrease 
to the fault tip to the north.  This suggests the fault grew as a single coherent 
fault at least some time in its life (Figure 5.15).  Throw profiles typically show 
lower values in shallower sequences, indicating the fault nucleated at depth 
and grew up upwards.   

The profile is punctuated by three distinct throw minima, which correlate with 
the segmented nature of the fault seen in map view (Figure 5.15).  Segments C 
and D are characterised by zones of maximum throw separated by areas of 
throw minima, typical of segmented faults that have grown by radial 
propagation and subsequent linkage (Cartwright et al., 1995; Peacock and 
Sanderson, 1991; Walsh et al., 2003).  This pattern contrasts with a less uniform 
profile of Segments A and B indicating Segment C and D likely grew for longer 
as isolated segments before coherent linkage occurred.  This would suggest 
the faults either nucleated as isolated faults ahead of a northward propagating 
Fault 3, or grew as a coherently linked upwards bifurcating master fault at 
depth.  The former is considered more likely, given the clear throw minima 
present at the earliest horizons (Upper Mungaroo 2).  If the faults had grown 
as a coherently linked structure from their early evolution, less pronounced 
throw minima would be present between segments. 

Segment A records maximum displacement just south of the splay point 
indicating the splay is likely a north-south trending parent fault and not a 
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separate fault that propagated south and linked.  A secondary throw peak to 
the north of the splay indicates the nucleation point of Segment B. 

 The aggregate of throw of both segments maintain a consistent lateral throw 
(dash line, Figure 5.15), indicating that both Segment A and B are coherently 
linked (throw taken up on Segment B as it dissipated on Segment A).  A 
different growth history of Segment A and B is also highlighted by throw 
variation of the Mungaroo horizons.  The Upper Mungaroo 1 and Upper 
Mungaroo 2 horizons both recorded higher throw south of the Segment A 
linkage point (220ms TWT) than to the north (50ms TWT).    

The northern segments of Fault 3 display syn-kinematic sequences and EI>1 
from the Brigadier Formation, but highest throw values are recorded within the 
Mungaroo Formation.  This indicates that the segments nucleated in the 
Mungaroo Formation as a blind fault and breached the surface in the Rhaetian, 
evolving into a growth fault.  The time of nucleation as a blind fault cannot be 
constrained with greater accuracy.  

Fault 3 is therefore interpreted as the growth and coalescence of Segments A-
D.  Segment A nucleated and grew, before linking with Segment B (leaving 
Segment A as a fossilised splay) which grew laterally as a separate fault.  
Segments C and D joined later as the fault propagated north. 

The vertical throw profile of Fault 3 consists of a near continuous upward 
decrease in throw with maximum throw values observed at the Upper 
Mungaroo 2 horizons.  A marked increase in gradient is observed within the 
Brigadier Formation that also corresponds to an EI >1 indicating a growth fault. 
This indicates that Segment C and D likely commenced growth during 
deposition of the Brigadier Formation and continued into the Lower Jurassic, 
with nucleation of the fault occurring within the upper Mungaroo Formation. 
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Figure 5.13 - Fault 1 throw data including uninterpreted and interpreted southern (A,B) 
and northern (D,E) seismic profiles. Tz throw profiles (C 1,351 m along fault and F 6,414 
m along fault) with expansion index showing fault growth and maximum throw within 
Brigadier Formation. Figure G, H shows TWT map of Top Brigadier Formation (Rhaetian) 
showing fault trace with corresponding Tx plots.  Dashed lines indicate lower confidence 
horizon interpretation.  
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Figure 5.14 - Fault 2 throw data including uninterpreted and interpreted southern (A,B) 
and northern (D,E) seismic profiles. Tz throw profiles (C 2,410m along fault, F 5,740 m 
along fault and I 11,357 m along fault) with expansion index showing fault growth and 
maximum throw within the Brigadier Formation. Figure G, H shows TWT map of Top 
Brigadier Formation showing fault trace with corresponding Tx plots. 
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Figure 5.15 - Fault 3 (including Segment A-D) throw data of the Upper Mungaroo 1 and 
2 (light blue and green), Lower Brigadier (purple) and Top Brigadier (dark blue). Dashed 
lines indicate aggregate of Segment A and B. Tz throw profiles (C 10,950 m along fault, F 
29,050 m along fault) with expansion index showing fault growth and maximum throw 
within Mungaroo Formation. Figure G, H shows TWT map of Top Brigadier Formation 
showing fault trace with corresponding Tx plots.  
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5.7.6 Summary	

The North Keast Graben faults nucleated and grew as isolated segments; those 
with highest throw values (Segment A) breached the surface, recording growth 
packages during the Rhaetian.  Lower-throw faults are also likely present, but 
did not accumulate sufficient throw and remained buried as blind faults.  As 
extension progressed, existing blind faults propagated radially, progressively 
accumulating enough throw to breach the surface and extending their tip lines 
to link with adjacent faults.  A number of different structures such as fossilised 
splays and breached/unbreached relay ramps show that the linkage 
mechanism between segments was not uniform.  This may reflect different 
timing and segment characteristics, such as geometry in relation to the 
dominant stress fields.  Throw inconsistencies identified along Fault 2 suggests 
significant variation in tip line propagation.  The bifurcation of tip lines impacts 
the vertical and lateral growth of faults, highlighting the importance of 
considering the 3D propagation of fault systems. 

Fault 1 exhibits lower throw values and visibly tips out within the Mungaroo 
Formation.  This fault is comparable to a series of low-throw faults inboard of 
the Lewis Trough (Figure 5.3) which appear to detach onto Lower Triassic 
sequences.   

In contrast, Fault 3 exhibits some of the largest throws and evolved by 
nucleation at depth (greater than the record length of the survey).  The 
structural relationship of Fault 3 with any deeper Permian fault (hard-linkage 
or preferential nucleation) is unclear from this data.  However, Fault 3 was also 
subsequently reactivated during Early Cretaceous extension, similar to 
polyphase, high-throw faults in the inboard regions.  This suggests high throw 
faults may be more amenable to recurrent reactivation events than the lower 
throw faults, which typically only experience a single deformation event. 
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5.8 Discussion	

Polyphase rift systems are intriguing areas of fault structure, often featuring 
stacked-fault systems with various mechanisms of interaction.   Numerous 
studies have highlighted the impact of pre-existing structures on the genesis 
and evolution of new faults (Baudon and Cartwright, 2008; Jackson and 
Rotevatn, 2013; McClay et al., 2002; Whipp et al., 2014).  Experiments using clay 
models to represent extensional settings undergoing two phases of extension 
have shown that different fault sets nucleate at different orientations 
depending on the obliquity and magnitude of successive extension events 
(Clifton et al., 2000; Henza et al., 2010).  Faults will nucleate as ‘new’ faults 
optimally aligned to the primary stress direction in addition to reactivation of 
pre-existing non-optimally aligned faults.  New faults must overcome higher 
cohesive shear strength of the intact rock than if an existing fault was 
reactivated (Morley, 2010; Morley et al., 2004).  

The faults presented in this study feature different characteristics that provide 
clues to their formation.  Fault 1 is a geometrically simple, single segment low-
throw fault restricted to and nucleated within Mesozoic strata.  In contrast, 
Fault 3 has a larger throw, nucleated from depth and is geometrically complex, 
comprising several linked lateral fault segments featuring a variety of vertical 
linkage mechanisms.  This may be the result of orthogonal extension 
producing variation in fault structure, with larger faults accumulating greater 
displacement and linking laterally, joining to adjacent segments. 

However, faulting across the Dampier Sub-basin, most notably the en echelon 
style array of the Rankin Fault Zone (RFZ) suggests a more complex evolution 
of this fault.  The N, NNE and NE oriented faults seen on the Rankin Fault Zone 
are difficult to explain with orthogonal extension alone.  McClay et al. (2002) 
highlighted the fault pattern produced by both orthogonal and oblique 
reactivation of pre-existing fault network in a sandbox model.  Where 
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extension is orthogonal to a pre-existing fabric, the resultant fault network 
typically forms orthogonal to extension (Figure 5.16).  As the degree of 
obliquity between the existing rift fabric and extension direction increases, 
there is a rotation of fault strike from that of the older orientation to one 
perpendicular to the new extension direction.  Within the study area and across 
the Rankin Fault Zone, Mesozoic faults demonstrate a NE (parallel to the 
Permian NE fabric), NNE (parallel to Devonian/early Carboniferous faults) and 
north-south orientation (orthogonal to extension direction).   

The segmentation demonstrated by Fault 3 could therefore also be explained 
by the low angle oblique reactivation of pre-existing faults.  Segmentation of 
faults during reactivation has also been observed in both sand box (McClay et 
al., 2002) and real world examples (Frankowicz & McClay, 2010). 

Mesozoic extension on the Northern Carnarvon Basin is typically considered 
NW oriented (Etheridge and O’Brien, 1994), however this does not fully explain 
the variation in fault orientation of the RFZ.  This study suggests oblique 
reactivation-oriented east-west which differs from the more widely accepted 
NW extension direction. 

5.9 Conclusions	

This study has presented regional mapping and fault displacement analysis of 
a portion of the Lower Jurassic fault system within the Rankin Fault Zone.  Data 
presented suggests a combination of low throw growth faulting restricted to 
Mesozoic strata as well as higher throw, segmented faults that extend to the 
Lower Cretaceous sequences.  Throw data for Fault 2 indicates tip line 
bifurcation and a more complex evolution than for either Fault 1 or 3.  When 
viewed in the context of regional fault orientations, displacement analysis and 
the segmented nature of high-throw faults implies a structural control of the 
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pre-existing fault network.  The complex nature of faulting on the Rankin Fault 
Zone suggests oblique reaction, likely under an east-west orientation
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Figure 5.16 – Jurassic and Lower Cretaceous (variance extraction) fault orientations on the Rankin Fault Zone (upper two diagrams) compared to 
orthogonal and oblique fault patterns from a series of clay models from Clifton et al. (2000) (lower three diagrams rotated to the same orientation of 
the Rankin Fault Zone). Insert shows location of diagrams in context with other structural elements with a background utilising a combination of onshore 
Spherical Cap Bouguer gravity anomalies with offshore Free-air anomalies (400 m grid) (Geoscience Australia, 2014). 
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6.0 FAULT	RELATED	FOLDING	OF	THE	NORTH	WEST	SHELF	

6.1 Introduction	

Fault-related folding has traditionally been considered the product of 
contractional regimes (Jamison, 1987; Medwedeff and Suppe, 1997; Mitra, 
1990; Suppe, 1983; Tavani et al., 2005) but has received considerable attention 
in extensional settings in the last 20 years.  Early studies are focused on 
conventional rollover type folding associated with listric faulting (Hamblin, 
1965; William, 1991; Xiao and Suppe, 1992).  However more recently a number 
of authors have produced numerical models (Jin and Groshong, 2006; Khalil 
and McClay, 2002) and field based studies (Sharp et al., 2000) depicting both 
theoretical and real world examples of extensional fault-related folds.  
Schlische (1995) produced comprehensive criteria for distinguishing variations 
in the geometry of fault-related folding in extensional settings, classifying folds 
in relation to their axial surfaces, being either subparallel (longitudinal folds) or 
perpendicular (transverse folds) to the related fault.  Janecke et al. (1998) 
expanded this classification and included oblique folding, with fold axes 22.5-
67.5° to the fault and included numerous examples from the Basin and Range 
Provence.  Khalil and McClay (2002) offer a slightly different classification and 
include six types of fault-related folding, based not only on fold geometry but 
also on the associated fault morphology.   

Folds associated with fault movement are also a common structural trap style 
tested in hydrocarbon exploration (Mitra, 1990).  Understanding the evolution 
of fault-related folds is critical when assessing exploration risk.  A fold that 
forms during active extensional faulting compared to one that formed as a 
later compressional event will have a very different timing of trap formation 
relative to hydrocarbon generation.  
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The North West Shelf of Western Australia is an unusual passive margin as it 
has been subjected to repeated rift events.  The reactivation of extensional 
faults has given rise to widespread occurrence of fault-propagation folds.  In 
this Chapter, I describe the style and kinematics of folding associated with 
three faults, situated on the Exmouth Plateau, Candace Terrace and Perth Basin 
of the North West Shelf of Western Australia (Figure 6.1).  Utilising a number 
of kinematic models, I analyse key geometrical features and compare them to 
seismic data in an attempt to construct the evolution of the folding.  
Comparisons are made to similar structures situated in the Gulf of Suez and 
Los Angles Basin as well as to experimental models to further deduce the 
structural history.  

 

Figure 6.1 – Location of three fault-related folds situated on the Exmouth Plateau (North 
Keast Fault), Candace Terrace (Sholl Island Fault) and Houtman Sub-basin (North 
Houtman Fault). 

This study suggests each of the three examples can be formed as a result of 
extension, without the need to invoke either compression or strike slip 
deformation, as has been suggested by previous studies (e.g. Crostella (2011), 
Song and Cawood (2000) and Gorter et al. (2004)).  I demonstrate that variation 
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in fold amplitudes can be used to distinguish between the progressive 
migration of a fault tip (trishear) and folds associated with ramp-flat fault 
geometry.  In each of these situations, the relationship between timing of fault 
growth and age of folded strata is crucial for unravelling the evolution of the 
fold and has implications for timing of trap formation relative to hydrocarbon 
generation. 

6.1.1 Geological	setting	

The North West Shelf (NWS) of Western Australia has experienced a polyphase 
rift history during the breakup of Gondwana (Etheridge and O’Brien, 1994; 
Metcalfe, 2011).   Following Carboniferous-Permian extension which saw major 
crustal thinning across the Exmouth Plateau, the Triassic was a period of 
relative stable tectonism, with thick sag type sequences deposited across the 
region (Longley et al., 2002).  From the Late Triassic to Middle Jurassic, an 
extended period of extension focused in the inboard region of the Northern 
Carnarvon Basin saw the development of the Exmouth, Barrow, Dampier and 
Beagle Sub-basins and a thick Mesozoic sequence deposited (Driscoll and 
Karner, 1998; Etheridge and O’Brien, 1994; Hall, 2012; Metcalfe, 2013).  There 
has been the suggestion of a regional compressional event the ‘Fitzroy 
Movement’ at the end of the Triassic (Etheridge and O’Brien, 1994; Forman et 
al., 1981; Horstmann, 1984), with local significance within the Canning Basin.  
However convincing evidence of the wide spread nature of this event across 
the NWS is lacking.  In the Early Cretaceous, the final large-scale rift event to 
effect the margin occurred with the separation of Greater India from Australia 
(Gibbons et al., 2012).  Passive margin conditions dominated the region but 
were interrupted in the Neogene, with the collision of the Australian plate with 
the Eurasian plate.  Compressional features, including folding were emplaced 
and reactivation of existing faults with reverse movement occurred. 
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The history of the NWS can therefore be characterised by a series of 
extensional events, and with the exception of the Neogene collision of 
Australia with the Eurasian Plate (Longley et al., 2002), there is little evidence 
of large-scale contractional events that could be the cause of the folds seen in 
parts of the NWS.   

6.2 Methodology	and	dataset	

Three areas that present puzzling fold geometries related to faulting are 
selected for study across the North West Shelf.   The Exmouth Plateau (North 
Keast Fault) and Candace Terrace (Sholl Island Fault) are covered by 3D seismic 
data (Rosie 3D MSS and Panaeus [1] and [2] MC3D MSS respectively).  The 
North Houtman Fault of the Perth Basin is only imaged on 2D seismic data.   
Sections are depth converted and are typically presented with a vertical 
exaggeration (VE) of 2 to highlight the folds.  Depth conversion was 
undertaken using average interval velocities for each formation obtained from 
nearby wells.  The depth conversion has minimal impact on listric geometries, 
with the Sholl Island Fault exhibiting little change in the depth converted 
section (McHarg et al., 2018).  All measurements, unit thicknesses, angles etc. 
are made on sections without VE applied.  Geometrical data (horizons, faults 
etc.) are used as inputs for a number of kinematic models, the aim of which 
was to reproduce the style of folds observed in seismic data.  Interpreted 
horizons and generalised stratigraphy from the three localities are presented 
on Figure 6.2.   

The intent of this Chapter is to investigate the geometries of folds that might 
result from different kinematic regimes using forward models and compare to 
styles seen on the NWS.   General observations from the models can be made 
in relation to bed orientation and fold morphology and to make predictions as 
to the evolution of the examples presented.  Modelling was undertaken 
utilising Midland Valley’s Move software.  
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The absence of kinematic vectors and 2D data restrictions in some areas 
impacts the extent of the modelling undertaken.  Allmendinger (1998) 
acknowledged the time consuming process of fitting idealised models to real 
world structures from a graphical perspective.  This is further highlighted by 
the number of variables available with trishear kinematic models with Cardozo 
and Aanonsen (2009) reporting the use of optimising algorithms that tested 
up to 172,200 variations of propagation/slip (p/s) ratio, trishear angle and slip 
rate in order to produce a ‘best fit model’.  This does not even consider the 
complexities that exist when models expand into a 3D space.  Instead the focus 
of this research has been on modelling the kinematics of the observed folds 
and the impact of varying selected inputs, such as fold morphology. 

Mechanical modelling was not undertaken as part of this study and readers are 
directed to works by Cardozo et al. (2003), Johnson and Johnson (2002) and 
Allmendinger et al. (2004) for examples of mechanical modelling.     

6.2.1 Kinematics	of	Extensional	Fault‐Related	Folding	

There are a number of different mechanisms that can produce fault-related 
folds (Janecke et al., 1998; McClay et al., 2002).  This study focuses on fault 
bend folds (resulting from ramp-flat fault geometries) and fault-propagation 
folding.  These mechanisms produce folds that are comparable to those 
observed in the three study areas.  Fault bend folds are typified by a change in 
fault dip that results in deformation of the hanging wall as it moves down the 
fault (Figure 6.3).  The resultant folding is therefore a consequence of fault 
geometry as well as the mechanism with which the hanging wall deforms (e.g. 
simple shear, flexural slip etc.) (Schlische, 1995).  Complexities in the fold shape 
arise where the fault surface is vertically segmented, in the form of fault steps, 
overlaps and bends (Childs et al., 1996; Janecke et al., 1998).  
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Figure 6.2 - Chronostratigraphy of the Houtman Sub-basin (north Perth Basin) and 
Northern Carnarvon Basin (representing the Exmouth Plateau and Candace Terrace) 
(Geoscience Australia, 2014).  Tectonic events abbreviations include NBB – north Perth 
Basin, and NCB – Northern Carnarvon Basin). 
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Figure 6.3 – Models depicting fault-related folding due to A) ramp-flat fault geometry 
and B) fault-propagation folds due to progressive fault tip migration (trishear). 

The trishear kinematic model, first proposed by Erslev (1991), sought to explain 
the upward widening monoclinal zones of deformation commonly seen above 
propagating faults (Hardy and McClay, 1999; Jin and Groshong, 2006).    The 
triangular zone of deformation and associated folding is controlled by the fault 
dip angle, slip of fault, location of the tip line along the fault, trishear angle and 
propagation to slip (p/s) ratio (Allmendinger and Shaw, 2000).  Anticlinal 
folding in relation to trishear deformation is most influenced by the p/s ratio, 
which controls how long a particle remains within the triangular zone of 
deformation and hence, accruing strain (Allmendinger and Shaw, 2000; Hardy 
and Ford, 1997).  As the fault tip and zone of deformation advances (rate 
defined by the p/s ratio), it leaves in its wake breached folds which are then 
subjected to different kinematics than those within the trishear zone.   

6.3 North	Keast	Fault	‐	Exmouth	Plateau		

6.3.1 Geological	setting	‐	North	Keast	Fault	

The Exmouth Plateau study area is situated within the Rosie 3D seismic area, 
on the southern margin of the Exmouth Plateau (Figure 6.1).  The graben is 
bound to the west by a planar fault (Fault 2 of Chapter 5) and to the east by a 
vertically and laterally segmented fault (Fault 3 of Chapter 5) (Figure 6.4 and 
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Figure 6.5).  The graben is the northern extension of the prominent Keast 
Graben, situated 33 km (20.5 mi) to the south.  The graben is well defined at 
intra-Triassic levels with a width of approximately 2.0 km (1.2 mi), expanding 
to 5.2 km (3.2 mi) at Middle Jurassic levels (Figure 6.5).  This upwards widening 
structure is the result of east and west bounding faults which converge with 
depth and can be described as a keystone faulted graben.  The faults appear 
to tip out downward between 7.0-8.0 km (4.3–5.0 mi) depth.  

 

Figure 6.4 – Structural map of the North Keast Graben.  Figure A regional structural 
elements, including regional fault structure, nearby wells, 3D seismic area and study area 
(Figure B).    Figure B presents a grey scale map of an Lower Jurassic surface (msTWT), 
depicting interpreted fault orientations, anticline and syncline pair.  The seismic line is 
presented on Figure 6.5. 

The lowermost portion of the section comprises the Triassic Mungaroo 
Formation (Figure 6.2), considered a post-kinematic sequence deposited 
following the Carboniferous-Permian extension event (Stagg et al., 2004) and 
pre-kinematic to the Mesozoic extension 

Folding only impacts a thin sequence of Lower Jurassic sediments.  Evidence 
of onlap onto the fold in horizons overlying the Lower Jurassic reflector 
suggest fold growth ceased after the Early Jurassic.   The North Keast Fault 
terminates at the Middle Jurassic UC, although in the south the fault extends. 
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through the Valanginian UC (K20.0 SB) which indicates further extensional 
displacement after the Valanginian.  However, post-Valanginian displacement 
is minor compared to the pre-Middle Jurassic deformation and the fault 
terminates in Aptian strata, suggesting fault displacement had ceased by that 
age. 

6.3.2 Fault	and	fold	geometry	–	North	Keast	Fault		

Folding is associated with both the west and east graben bounding faults.  
Folding associated with the east-dipping fault is limited to a monocline and 
given the planar nature of the fault, the mechanisms of formation likely differ 
from the vertically (and laterally) segmented east graben bounding fault (North 
Keast Fault). 

The North Keast Fault (NKF) (Fault 3 of Chapter5) comprises an upper and 
lower segment, separated by a contractional eastward stepping fault bend.  
Seismic data in the relay between the tip lines of the two segments does not 
offer conclusive evidence of the structural relationship between the two 
segments and whether or not they are hard-linked (forming a single, coherent 
fault) or soft-linked (two separate, but coherently related faults).  Towards the 
south where the lower segment tips out, a variance extraction suggests there 
maybe a hard link at Triassic levels.  This link is likely the result of displacement 
transfer from the lower to upper segment and the propagation of the upper 
segment into Triassic strata.   The eastward step between the two segments 
results in a relay structure and contractional offset approximately 610 m (2000 
ft) wide.  It is noted that constant layer thickness is observed with little rotation 
of strata across the relay. 

The lower segment is interpreted as a planar fault and restricted to Triassic 
strata, tipping out at the Top Brigadier Formation reflector (Rhaetian) and  
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Figure 6.5 – Interpreted seismic section showing the North Keast Fault and area used in the forward models.  
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extending down to approximately 7.5 km (4.6 mi) depth.  The upper segment 
is also planar and typically restricted to Jurassic strata.   

Net extension is evident on all horizons with throw values at top Rhaetian levels 
(Top Brigadier Formation reflector) in the order of 380 m (1247 ft) and 
increasing down into Triassic sequences.  Reflectors within the graben become 
saucer shaped and appear to ‘sag’ in the centre of the graben and dip away 
from both east and west bounding faults.    A marked change in throw is 
observed in Jurassic strata, with only 150 m (492 ft) of throw observed on the 
Lower Jurassic horizon (Figure 6.6) implying fault growth during this period.  
This change from 380 m (1247 ft) throw at top Rhaetian to 150 m (492 ft) throw 
for the Lower Jurassic reflector occurs over the vertical extent of the relay, of 
relatively limited vertical extent (240 m, 787 ft).  The variation in throw also 
corresponds to where the most prominent folds are observed.  Folds above the 
Lower Jurassic horizon dissipate up to the Middle Jurassic UC.  There is 
evidence of onlap onto the folds in horizons immediately below the 
unconformity.  There is an absence of other significant faulting extending 
above the Middle Jurassic UC.  

Fold morphology is variable along the length of the associated fault, with a 
monocline approximately 1.2 km (0.7 mi) wide in the north, an anticline 
developing in the central portion before folds dissipate into a monocline in the 
south. The central portion of the fold that forms an anticline can be mapped 
for approximately 4.5 km (2.8 mi) along strike with a peak amplitude of 100 m 
(328 ft).  The anticline is typically symmetrical, with interlimb angles ranging 
from 155°-175° (gentle folds).  The axial plane of the fold is located directly 
above the fault bend.  Folds are restricted to the hanging wall of the fault, with 
no deformation observed in the footwall. 

Fold amplitude is most prominent on the Lower Jurassic horizon.  Folds 
associated with older sequences are difficult to interpret due to a loss of data 
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quality within the relay zone.  However, it does not appear to extend deeper 
than the level of top Brigadier Formation footwall cut-off.   

Simultaneous movement on multiple faults cannot be modelled by the 
software, therefore only a single, hard-linked fault was modelled, resulting in a 
fault bend at the location of the relay.  Instantaneous fault propagation with a 
hard-linked fault produced folds comparable to those observed on seismic, 
including an undeformed footwall Figure 6.6.  Throw values of the Lower 
Jurassic horizon are used to constrain the amount of extension. This low value 
of throw (150m on Lower Jurassic horizon) is supported by the position of the 
fold directly above the fault bend (greater extension would result in the fold 
migrating down the fault, which is not observed in seismic data). 

Modelling a progressively migrating fault tip with the trishear algorithm also 
produces folds comparable to that observed on seismic, but is not consistent 
with the observed stratigraphic relationships.  Folding caused by an advancing 
fault tip requires strata into which the fault propagates.  As the Lower Jurassic 
is a growth sequence the fault must have breached the surface during 
deposition.  This is inconsistent with a migrating fault tip model, which requires 
the Lower Jurassic sequences to have been deposited prior to reactivation and 
the development of folding in overlying sequences.   

Modelled horizons did not replicate the saucer shape of horizons in the central 
portion of the graben.  The saucer shape morphology is likely the result of 
interaction between the two downward converging graben bounding faults 
and was not modelled.  This does not impact the modelling of the fault-related 
folding. 

6.3.3 Evolution	of	North	Keast	fault‐related	folds	

The forward models have indicated that the folding associated with the North 
Keast Fault is the result of variations in the fault geometry and not due to fault-
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propagation folding.  Due to the modelling technique utilised by the software, 
the models are based on a single hard-linked fault, linking the lower and upper 
segments.   

Folding manifests itself primarily within the Lower Jurassic sequences which 
have been identified as syn-kinematic, indicating that the fault had breached 
the surface during deposition.  Displacement during this time was therefore 
being taken up primarily on the lower segment with the upper eastward 
stepping segment, responsible for the folding, forming sometime in the Early 
Jurassic.  There is not a clear stratigraphic reason (e.g. change in rheology) for 
an eastward step to occur during the Early Jurassic.  It may be due to a local 
structural variation, such as re-orientation of stresses along basement fabrics, 
or part of larger, regional stress field variations (Morley, 2010).   

Onlap onto the anticline and rapid dissipation of fold amplitudes in sequences 
overlying the Lower Jurassic horizon indicates fault growth ceased by the 
Middle Jurassic, with differential compaction resulting in folding of younger 
sequences over the anticline.     

The rapid vertical propagation and subsequent deformation of the horizons as 
they move down over the ramp-flat geometry is the preferred interpretation 
rather than folds caused by fault-propagation folding.  This honours the 
observation of growth sequences in Lower Jurassic strata which cannot be 
easily explained by fault-propagation folds.  It also suggests a hard link 
between vertically offset segments despite the absence of clear evidence for 
such a feature in seismic data. 
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6.4 Sholl	Island	Fault	–	Candace	Terrace	

6.4.1 Geological	setting	–	Sholl	Island	Fault	

The Sholl Island Fault (SIF) is a north-south trending structure extending from 
onshore areas of the Pilbara Craton to offshore in the Dampier Sub-basin 
(Figure 6.1).  The folding associated with the SIF is situated on the Candace 
Terrace, which forms the western downthrown hanging wall portion of the fault 
(Figure 6.7).  There are approximately 2.4 km (1.5 mi) of Paleozoic sediments 
below the Carboniferous Moogooree Limestone reflector (Figure 6.8), which is 
the deepest sequence intersected by drilling.  Growth sequences on the 
Candace Terrace indicate fault movement during the Paleozoic and up to the 
early Permian.  A footwall degregation complex (FDC) is present, and likely 
formed during the late Carboniferous or early Permian as a result of 
underfilling of the hanging wall.  The FDC was buried by Permian-Triassic 
sediments that also occur in the footwall.  The extension of the SIF from 
Permian horizons to the Valanginian UC (K20.0 SB) indicates Mesozoic 
reactivation.  The footwall is unfolded, but has undergone eastward rotation in 
the Permian sequences.   

A 1,900 m (1.2 mi) thick sequence of Triassic sediments overlies the Paleozoic 
sediments and hosts a well-formed anticline that is the focus of this study.  The 
sequence is of uniform thickness, with no evidence of wedging against the fault 
or onlap of the fold that would suggest either fault movement or growth of 
the anticline during deposition of the Triassic sequence.  The Valanginian UC 
forms a horizontal erosive surface, truncating both the Triassic sequences and 
the Sholl Island Fault.  Undeformed flat lying Cretaceous and younger 
sediments overlie the Valanginian UC representing the passive margin 
sequence. 
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Figure 6.6 - Figures depicting forward modelling of the North Keast Fault.  Figure A 
depicts seismic data with (B) showing interpreted horizons.  Figure C shows variation in 
throw of different horizons, with these values used in the modelling process. Figures D-G 
depict modelling results of simple shear and non-planar trishear (NP trishear).  Model 
parameters indicated in each figure.  Note vertical and horizontal scale remains the same 
for all figures, as indicated in Figure A.  
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Figure 6.7 – Structural map of the Sholl Island Fault area.  Figure A presents a variance 
slice at -1400ms TWT depth.  Figure B presents the fault interpretation and location of 
fold.  The seismic line is presented on Figure 6.8. 

6.4.2 Fault	and	fold	geometry	–	Sholl	Island	Fault	

On a regional scale, the Sholl Island Fault is north-south trending; however, at 
finer resolutions a number of smaller-scale corrugations are observed in plan 
view.  In section view, folding is most prominent in Triassic sequences and 
forms an anticline at the Locker Shale reflector (Lower Triassic).  The fold 
extends up until it is truncated by the Valanginian UC.  Below the Locker Shale 
reflector, a monocline is present and extends to below the Carboniferous 
Moogooree Limestone horizon.  The fold axis is inclined (west, in the direction 
of extension) from the fault bend. 

Anticline interlimb angles within Triassic sequences remain relatively consistent 
with depth (164°), although a tightening is observed in some sections.  This 
slight tightening with depth is related to the eastward step of the fault cutting 
into the footwall at shallower levels and the decreasing impact of fault 
displacement as the fault moves away from the fold axis.  Amplitudes of 100m 
(328 ft) are recorded with folding observed for 12 km (7.4 mi) along the fault.  
The Candace-1 well tested the structure but did not find any hydrocarbon 
shows.  The failure of the well was most likely due to thermal immaturity of the 
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Locker Shale source rock, ineffective migration path from deeper source rocks 
and uplift and tilting associated with the Valanginian UC (Australian Occidental 
Pty Ltd, 1983). 

The Sholl Island Fault itself is interpreted as a segmented fault with a 
contractional bend occurring at the Top Locker Shale horizon hanging wall 
cutoff.  The lower fault segment is slightly listric, likely tipping out in basement, 
while the upper fault segment is planar and dips at a higher angle than the 
lower segment (42°).  The listric character is maintained on depth converted 
sections with increasing velocity with depth (McHarg et al., 2018).  To the south, 
the flat portion of the fault shallows and is not present in seismic sections, 
where it is considered to have been removed by the Valanginian UC.  The fold 
dissipates into a monocline to the south.   

The forward models of the Sholl Island Fault are presented in Figure 6.9.  The 
excellent seismic imaging provides a high degree of confidence in fault 
morphology as input for the models.  The presence of the fault bend was 
shown to have the greatest influence on fold morphology.  As the hanging wall 
moves down the fault, the fault bend produces an anticlinal fold in overlying 
sequences as they move over the underlying rigid footwall (Figure 6.9F and I).  
The two steep fault segments above and below the bend produce synclines in 
the overlying horizons.  

The present day position of the anticline to the west of the fault bend indicates 
that folded sequences have experienced net extension following/during the 
formation of the anticline that resulted in westward movement away from the 
fault bend.  The simple shear forward model using a 60° axial surface required 
approximately 3,500 m (2.2 mi) of throw to replicate the location of the 
Kennedy Group horizon (Figure 6.9). 
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Simulating this level of extension results in a poor correlation of the model 
horizons with seismic data.  In both the 60° and 90° simple shear models, any 
horizon that was initially situated above the fault bend typically forms an 
anticline, with the front limb dipping into the fault plain at the hanging wall 
cut-off (including the blue Kennedy Group marker horizon).  Those horizons 
originally situated below the fault bend (two lowest horizons in Figure 6.9) form 
a monocline in the final model.  This suggests that horizons displaying only a 
monocline adjacent to the fault were not overlying the fault bend at the start 
of extension.  The seismic data shows that the monocline is present in all 
sequences below the Locker Shale horizon, including the Kennedy Group, 
suggesting these horizons were below the fault bend.  This is unlikely given the 
amount of throw that has accumulated on the SIF and the footwall stratigraphy. 

Another mis-match between seismic and modelled horizons is the dip of 
forelimb and backlimb of the main anticline.  In all models, horizons 
consistently dip at higher angles than is apparent in seismic data.  This 
discrepancy results in modelled interlimb angles of approximately 30° less than 
observed in seismic.  An exception to this is with the trishear model, which has 
a slightly shallower forelimb dip, likely the result of an additional axial surface 
being used by the software to generate the fold.   

Models simulating a migrating fault tip (non-planar trishear, Figure 6.9) are 
compared to instantaneous fault propagation (simple shear).  The most striking 
result of this modelling is the similarities between the final trishear and final 
fault-propagation model (Figure 6.9I and L).  Despite the initial trishear 
producing a noticeable fold, applying additional extension to simulate an 
advancing fault tip renders both models comparable and the folding 
component of trishear negligible.  This suggests that fault morphology is the 
dominant factor in producing folds, either with a purely simple shear model or 
in the wake of a migrating fault tip with a trishear model.  
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Figure 6.8 - Composite line through the Panaeus 1999 MC3D MSS 3D seismic area showing the Sholl Island Fault and interpreted horizons.  Box indicates 
area included in the forward models. 
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Figure 6.9 - Sholl Island Fault forward modelling, showing seismic (A) and interpreted 
horizons (B).  Figures C-L depict modelling results of simple shear and non-planar trishear 
(NP trishear).  Model parameters indicated in each figure.  Note vertical and horizontal 
scale remains the same for all figures, as indicated in Figure A.  Blue horizon is for 
referencing a modelled position of the kennedy Group horizon. 
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6.4.3 Evolution	of	Sholl	Island	Fault‐related	folds	

The forward models suggest that the folding associated with the SIF is the 
result of underlying fault geometry causing deformation as the fault was 
reactivated in the Mesozoic and the hanging wall moved down and over the 
fault bend.  Fault-propagation folding may have occurred and resulted in some 
degree of folding, but the impact of the fault bend in deforming the hanging 
wall overprints any impact due to fault-propagation folding. 

The suggestion of the modelled data that horizons displaying a monocline 
(below the top Locker Shale horizon) were situated below the fault bend before 
reactivation poses an intriguing question.  The presence of Kennedy Group 
above the fault bend in both the footwall and hanging wall suggests this 
horizon was deposited as a single uniform horizon before reactivation of the 
Sholl Island Fault intersected it.  This is supported by the equal thickness of 
overlying Locker Shale in the hanging wall and foot wall of the fault, indicating 
little difference in topography during deposition.  What then explains the 
disparity between the modelled horizons and the seismic data? 

It could be a result of 3D topography with lateral separation of upper and lower 
fault segments decreasing and the SIF taking on a more listric character.  As 
the ramp-flat geometry becomes less prominent, the resultant anticline also 
reduces and monoclonal rollover typical of listric faulting becomes dominant.  
A similar reduction of folding due to a reduction in the lateral separation of 
segments is presented in Rotevatn and Jackson (2014) in the Gulf of Suez.   

Extension ceased by the Valanginian with uplift and erosion impacting the area, 
removing most of the Jurassic and Lower Cretaceous sequences.  
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6.5 North	Houtman	Fault	‐	Perth	Basin		

6.5.1 Geological	setting	‐	North	Houtman	Fault	

The Perth Basin study area is situated on the Houtman Fault System, which 
separates the Houtman Sub-basin to the west and the Wittecarra Terrace to 
the east (Jones et al., 2011) (Figure 6.1).  To illustrate the evolution of the 
system presented in the 2D seismic line hb01_102 (Figure 6.10), the section was 
divided into three main seismic-stratigraphic sequences separated by 
unconformity surfaces. 

A well tie is only available in the footwall of the North Houtman Fault (NHF), 
resulting in uncertainties when interpreting hanging wall sequences.  A pre-
upper Permian phase of deformation has resulted in rotation of reflectors and 
thickening of sequences into the NHF, below a clear erosive surface 
(considered to be upper Permian in age).  Underlying this syn-kinematic 
sequence is a 4.0 km (2.5 mi) thick sequence of relatively uniform thickness and 
reflectors varying from uniform to chaotic.  This would likely reflect different 
depositional sequences of early Paleozoic age. 

A thick sequence of Triassic and Jurassic sediments are preserved overlying the 
base Triassic UC in the hanging wall.  These sequences show relatively uniform 
thickness and parallel reflectors that indicate post-kinematic sequences, 
deposited following Permian deformation.  In the footwall, this package is 
significantly thinner due to uplift and erosion associated with the Valanginian 
UC.  

Truncation of Triassic, Jurassic and the NHF by the Valanginian UC suggests 
the NHF was reactivated prior to the Valanginian UC, but precise timing is 
unclear.  Flat lying passive margin sequences were subsequently deposited 
overlying the Valanginian UC.   
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There are two prominent fold structures identified in the study area, a tight 
asymmetric fold in Cretaceous-Neogene sequences, and a second larger fold 
associated with deformation of the pre-Valanginian sequences.   The 
asymmetric fold of Cretaceous-Neogene sequences is interpreted as minor 
inversion and is a splay off the main fault.  It is the larger fold of Paleozoic and 
lower Mesozoic sequences formed during Mesozoic reactivation of the 
Permian fault that is the subject of this study. 

6.5.2 Fault	and	fold	geometry	–	North	Houtman	Fault		

The North Houtman Fault has only been imaged on 2D seismic lines, hence the 
extent of lateral variation of fault and fold is unclear.  The fault appears to trend 
NNW and is identifiable for at least 25 km (15.5 mi) before it tips out (south) 
or becomes laterally segmented (north), stepping to the east.  The NHF appears 
planar, with no apparent vertical segmentation in the Triassic.  Below the base 
Triassic UC there is insufficient control on the fault structure to completely rule 
out either vertical segmentation or potentially a more listric character.  The 
NHF terminates at the Valanginian UC with an apparent east lateral step into 
the footwall block of approximately 660 m (0.41 mi) resulting in a small splay 
fault with net reverse movement impacting the post-Valanginian sequences.   

A key feature of the pre-Valanginian fold is that bedding dips at progressively 
steeper angles from the younger units into older ones, with fold amplitudes 
increasing from 20 m (65 ft) immediately below the Valanginian UC to 450 m 
(148 ft) at the base Triassic UC.  Data quality deteriorates in deeper sequences, 
but the fold can be identified for at least 1,300 m (0.8 mi) below the base 
Triassic UC.  Laterally, folds can be identified for at least 8.5 km (5.3 mi) along 
strike to the NW and SE.   Slight thinning of sequences is evident in the anticline 
directly overlying the base Triassic UC.  There is no evidence of any onlap or 
any syn-kinematic features in Lower Triassic sequences that would suggest the 
anticline pre-dates extension.
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Figure 6.10 - 2D Seismic line hb01_102 depicting the North Houtman Fault and interpreted horizons.  Centre box illustrates the area that is included in 
the forward models, presented in Figure 6.11. 
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Forward models were applied utilising a number of different fault geometries 
that may represent the fault structure below the upper Permian sequences.  
The general geometric features of the folding can be predicted by the forward 
models, with subtle variations observed that provide clues as to the evolution 
of the system.  Results of the fault models are presented on Figure 6.11.  

A simple shear model that implies instantaneous fault propagation with both 
a planar and a slightly listric fault geometry produces a very broad anticline, 
typical of hanging wall anticlines (Khalil and McClay, 2002; Schlische, 1995; Xiao 
and Suppe, 1992).  It is apparent from modelling that simple shear with either 
of these fault interpretations could not replicate the tight fold seen at the base 
Triassic UC.  The movement of the hanging wall during extension either retains 
a horizontal structure (planar fault Figure 6.11C), or forms gently folded 
horizons (listric fault).  In addition, using a listric fault geometry, modelled 
horizons diverge from seismic observations with bedding to the west of the 
fault dipping towards the east.   This is a result of the shallowing of fault dip 
with depth as it was not observed on horizons modelled using planar fault 
geometry.   

A trishear algorithm was utilised with both planar (Figure 6.11F) and listric fault 
(Figure 6.11I) geometries to incorporate a progressive fault-propagation 
model.    Modelled horizons closely match seismic data, producing a tight fold 
with decreasing interlimb angle with depth.   

The successful replication of upwards decreasing fold tightness by a gradually 
propagating fault tip (trishear), is the result of decreasing intensity of strain 
moving away from the fault tip.  This sees the highest level of strain proximal 
to the fault tip, modelled just below the base Triassic UC, due to stress 
decreasing in intensity within more distal Triassic strata.  The build-up of stress 
is controlled by the p/s ratio, with lower values (0.0 in the model) simulating a 
slow/stationary fault tip, allowing higher strains to accumulate and increasing 
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Figure 6.11 – Figures depicting seismic data (A) and interpreted horizons (B) of the North 
Houtman Fault.  Figures C-L depict modelling results of simple shear (SS) and trishear 
(TS).  Model parameters indicated in each figure.  Note vertical and horizontal scale 
remains the same for all figures, as indicated in Figure A. 
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fold amplitude.  As the p/s ratio is increased i.e. a progressively moving tip, the 
strain of beds becomes smaller, the amplitude of the initial fold decreases.   
There are two inferences that can be made on the basis of this observation. 1) 
During the pre-Valanginian deformation, propagation of the fault tip must 
have been stationary / propagating very slowly below the base Triassic UC 
where fold amplitudes are greatest and 2) when slip did occur resulting in net 
extension (throw values of 1,300 m (0.8 mi) are seen on the Kockatea Shale 
horizon), fault propagation was extremely rapid.  Fault propagation from 
Permian levels must have been rapid, else additional folding in Triassic/Jurassic 
sequences would have occurred and be evident in seismic data.   

As the fault cut through the folded sequences and eventually breached the 
surface (likely sometime in the Jurassic), rotation of beds ceased and extension 
was taken up by rigid body translation.  This resulted in net throw of 1,300 m 
(0.8 mi) observed at the Kockatea Shale horizon.  

Given the uncertainties inherent in the interpretation of faults in seismic data, 
a hard linked, vertically segmented fault with associated fault bend can also be 
interpreted and was also modelled using instantaneous fault propagation 
(Figure 6.11L).  The geometry of the fault segmentation was interpreted taking 
into account the orientation of the fold (fault offset likely directly below this) 
and the geometry of the Lower Triassic fault segment (the lower segment must 
be offset from this otherwise the fault bend would not occur).  A steeply 
dipping segment was therefore considered the most likely as this would allow 
a hard link with contractional offset to be formed with the Triassic fault 
segment as well as honouring the seismic data.   

The modelled fold is of similar orientation and magnitude to that observed on 
seismic data; however, the interlimb angle remains constant with depth, which 
is not consistent with seismic observations.  Another difference with the seismic 
data is that the fold nucleates directly above the fault bend, but migrates down 
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the fault with increasing extension.  Given the interpreted location of the fault 
bend, and using the extension evident on the Kockatea Shale horizon offset, 
the modelled position of the fold is far to the west of its location compared to 
seismic data.  In addition, the backlimb of the modelled fold dips at much 
higher angles, influenced by the high angle of dip of the lower segment of the 
fault.  Modelling a shallower dipping lower segment fault may overcome this, 
but if such a geometry was present, it would be resolvable on seismic to the 
west, which it is not.   

6.5.3 Evolution	of	Perth	Basin	Fault‐related	folds	

Based on structural style, geometry and inferences from the modelling, I 
consider the fault-related folding the result of upward fault propagation during 
extension.  The evolution can be divided into two phases 1) initial deformation 
that produced the fold and 2) extension of the fault plane that produces the 
net extensional offsets observed on seismic. 

Extension during the Carboniferous-Permian saw deposition of syn-kinematic 
sequences within the Houtman Sub-basin and formation of the NHF, during 
which the Paleozoic sequences underwent rotation.  Faulting ceased during 
the upper Permian.  The model presented here requires approximately 1,300 
m (0.8 mi) of upper Permian sediments to be deposited above the fault tip, to 
allow deformation (of the sediments) ahead of the reactivated fault.  However, 
Figure 6.10 suggests Permian sequences are syn-kinematic, indicating the fault 
had propagated through to the surface.  Further regional analysis of the 
kinematics of growth of the NHF at the end of the Permian would be needed 
to determine if the requirement of 1,300 m (0.8 mi) of post-kinematic upper 
Permian sediments conflicts with stratigraphic data along the fault.  

Following the base Triassic UC, post-kinematic Triassic – Jurassic sequences 
were deposited.  Subsequent to this deposition but before the Valanginian UC, 
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renewed extension saw reactivation of the NHF, but the existing fault did not 
immediately propagate (vertically) and instead built up strain, and sequences 
overlying the fault tip becoming progressively more folded.  Deformation 
propagated up into younger sequences with decreasing intensity moving away 
from the fault tip, resulting in wider interlimb angles in Triassic sequences.   

At some point the fault slipped and propagated rapidly (p/s ratio = >10) 
through the sequence, breaching the surface sometime during the Jurassic-
Early Cretaceous.  Growth sequences of this age may have been deposited, but 
have subsequently been removed by erosion. 

A break in deposition during the Valanginian saw the lowermost Cretaceous 
and likely Lower Jurassic sequences, including any syn-kinematic sequences 
removed. 

6.6 Discussion	

Folds associated with reactivated faults are most likely interpreted as having 
formed by fault-propagation folding, particularly where there is a change in 
the inter-limb angle of the fold.    Allmendinger and Shaw (2000) used 
numerical modelling to investigate the Santa Fe Springs anticline of the Los 
Angeles basin.  Although the study modelled a thrust system based on trishear 
kinematics, there are similarities to the extensional examples presented here.  
Allmendinger and Shaw (2000) identified the p/s ratio as the key component 
in determining fold geometry.  Where retardation of the initial fault tip 
movement (lower p/s ratios) occurred, tighter folding in overlying strata was 
observed.  This has clear similarities to the tight anticline adjacent the North 
Houtman Fault and our suggestion that the stationary tip line of the reactivated 
early Paleozoic fault was the dominant cause of the folding. 

Jin and Groshong (2006) undertook trishear kinematic modelling and 
compared results to folds within the eastern margin of the Gulf of Suez.  In 
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contrast with our observations of the North Houtman Fault, Jin and Groshong 
(2006) found that bedding within the hanging wall did not steepen with depth 
and instead maintained a constant dip.  This contrast with typical trishear 
folding is explained by a decrease by almost half of the p/s ratio as the fault 
propagated from the older Paleozoic to Lower Cretaceous sequences into 
younger sequences.  Although a change in p/s ratio is not only plausible, but 
well documented, suggesting a variation in p/s ratio that counteracts the 
impact of an advancing fault tip to exactly match the interlimb of the 
underlying fold is unlikely.  A more plausible explanation for the folds observed 
in the Gulf of Suez is that as there is only 1.0 km (0.6 mi) of sediments remaining 
below the unconformity where bedding dip is observed and this is not of 
sufficient thickness for any decrease in dip to manifest itself.  In comparison to 
the North Houtman Fault, approximately 3.0 km (1.9 mi) of sediment is present 
where the change in bedding dip is observed from the Permian sequences to 
the Valanginian UC.  

The reason some faults form a detachment with ramp-flat geometry while 
others propagate up and result in fault-propagation folds was investigated by 
Hughes et. al., (2014) in compressional systems.  The authors found fault dip, 
mechanical layer strength and thickness play an important part, but that 
increased friction along the upper detachment exerted the strongest influence 
over the type of folds produced.  The mechanical and kinematic models are 
based on a single propagating reverse fault, and not on an extensional system 
with two different aged faults (as suggested here).    Rotevatn and Jackson 
(2014) found the lateral spacing between upper and lower fault systems also 
significantly influences the type of folds produced. 

The observation of this study that the interlimb angle of a fold is maintained 
with depth when folds are the result of fault morphology (ramp-flat geometry, 
as in North Keast and Sholl Island Faults), while a progressive tightening of a 
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fold (decrease in interlimb angle) with depth occurs when folds are formed due 
to trishear (North Houtman Fault) can potentially be used as a distinguishing 
feature of the two types of fold.     

Another feature of importance is the presence of syn-kinematic sequences in 
relation to the folds.  As demonstrated with the North Keast Fault, the presence 
of syn-kinematic sequences associated with folds indicates that a propagating 
fault tip (trishear) is unlikely to be the formation mechanism as the fold requires 
overlying sequences to propagate into.  If folds are present within a syn-
kinematic sequence, it indicates the fold is unlikely a result of fault propagating 
folding and would require another deformation mechanism to explain the 
folding.   

6.6.1 Compression	and	extensional	folding	geometry	

Distinguishing between compression and extensional folds is usually based on 
1) presence of growth strata indicative of extension or compression, 2) any 
obliquity of the folds axis in relation to the fault that may indicate strike/slip 
faulting or 3) presence of features typical of fold and thrust belts (such as 
reverse faults).  Any system without conclusive or potentially conflicting lines 
of evidence, such as an inverted fault, presents challenges for identifying the 
kinematic system responsible for the folding. 

The three faults presented in this study are examples of fold structures formed 
during a period of extensional tectonics.  It has been suggested that a period 
of inversion, most likely at the end of the Triassic (Fitzroy Movement) or during 
the rift event of Greater India (Early Cretaceous) may have imposed 
compressional or transpressional stresses resulting in inversion of faults on the 
NWS, causing or contributing to the folding (Crostella, 2011; Etheridge and 
O’Brien, 1994; Gorter et al., 2004; Jones et al., 2011).  In considering inversion 
as a cause/contributor to folding, we must first consider the impact of the initial 



Chapter 6.0 Fault related folding of the North West Shelf 

 
  Page 147 
  
 

extension (and any associated folds) which almost certainly preceded any 
suggested inversion/compressional event.  As the inversion would be acting 
on an existing fault surface, fault-propagation folds (i.e. trishear), operating as 
a deformation process in advance of a migrating fault tip, could not impact 
strata already intersected by the fault.  In the case of the North Houtman Fault, 
folding due to inversion may have impacted overlying Upper Jurassic – Lower 
Cretaceous sequences, but any evidence of this was subsequently removed by 
the Valanginian UC.  In any case such inversion does not explain the fold 
present at lower stratigraphic levels.     

Folds that form due to buttressing of sedimentary sequences against an 
existing extensional fault is a possible formation mechanism due to 
compressional tectonics (Fossen, 2010).  However such folds are typically 
uniformly distributed vertically throughout the sequence and are asymmetrical, 
a pattern which is not evident in the three examples studied.  

The possibility of faults (and hence folds) forming under transtensional strain 
is also a consideration, and certainly one suggested for both the North 
Houtman and Sholl Island Faults by a number of authors (Crostella et al., 2000; 
Song and Cawood, 2000).  Transtensional folds typically have a fold axis parallel 
to extension direction but oblique to the fault strike (Fossen, 2010; Janecke et 
al., 1998) and is particularly well demonstrated in the Death Valley region of 
California (Holm et al., 1994; Mancktelow and Pavlis, 1994).  The 2D seismic 
coverage of the North Houtman Fault prevents confident identification of an 
axial trend of the fold, but other folds within the region covered by 3D seismic 
data are parallel to the associated fault (O’Neil, 2016).  The fold associated with 
the Scholl Island fault is also parallel to the fault in the area studied, which 
would suggest extension normal to the Sholl Island Fault.   

The models produced as part of this study are limited to 2D, hence, oblique 
movement on faults cannot be modelled.  Further analysis of possible 
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transpressional stresses in a 3D space would contribute substantially to the 
discussion in relation to the evolution of the North West Shelf.  These 
modelling results are not intended to be an end in itself, but intended to 
prompt additional questions and hopefully form part of a more robust 
structural model of the North West Shelf.     Future work focusing on evolving 
these 2D models into a 3D workspace and including elements of numerical and 
mechanical modelling are an avenue for additional study. 

6.6.2 	Implications	for	hydrocarbon	exploration	

The timing of trap formation within any petroleum play is a key element in 
demonstrating a working hydrocarbon system.  Maximum burial depth is likely 
achieved during post rift subsidence, hence folds formed during the 
extensional phase are likely to be present prior to the main phase of 
hydrocarbon generation and migration.  Alternatively, inversion structures 
typically post-date rifting and are associated with uplift and a switching off of 
the source kitchens.  Determining the timing of fold structures is therefore 
critical for assessing risks associated with a prospective play.  The re-
interpretation of fold structures previously considered inversion related folds 
as extensional features opens up new untested plays within the North West 
Shelf. 

Within the Perth Basin, a working petroleum system is demonstrated by the 
Cliff Head oil discovery (Geoscience Australia, 2018), but timing of trap 
formation in relation to the bulk charge continues to be a major risk (Gorter et 
al., 2004).  This is evident with exploration focus historically targeting 
conventional extensional related fault blocks (e.g. Morangie-1, Livet-1 and 
Fiddich-1 wells) while a number of fault-related anticlinal structures in the 
hanging walls of the conventional fault block traps remain untested (O’Neil, 
2016).   
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Fault-related folds are common features across the North West Shelf, with 
examples present in the Exmouth Sub-basin (Figure 2, McCormack and McClay 
(2013), Figure 11, Jitmahantakul and McClay (2013)), Northern Carnarvon Basin 
(Figure 13, Romine et al. (1997)), Browse Basin (Figure 13, Struckmeyer et al. 
(1998)), Exmouth Plateau (Figure 3, Mutter and Larson (1989)), Canning Basin 
(Figure 3.9, Parra-Garcia et al. (2015)) and Petrel Sub-basin (Figure 9, 
Geoscience Australia (2010)).  The frequent occurrence of folds are considered 
a product of the polyphase rift history of the North West Shelf, providing 
multiple opportunities for fault tips to reactivate and develop propagation 
folds.  Historical exploration has targeted a relatively small number of these 
anticlinal traps, some of which have been successful (e.g. Marina-1 well, Petrel 
Sub-basin) and some have not (e.g. Lesueur-1, Petrel Sub-basin).  However, 
many remain untested, mostly as they are considered too high risk given the 
consensus that they are inversion related and folding post-dated charge.  This 
Chapter suggests that the prospectivity of anticlinal structures should be more 
carefully assessed to determine whether or not they are related to extensional 
activity and hence likely to have formed prior to bulk charge.  Similar structures 
undoubtedly exist in other basins that have experienced repeated extension 
such as the Plataforma Burgalesa in northern Spain (Tavani et al., 2018).    

6.7 Conclusions	

This study identifies a number of key features that are highly suggestive of 
extensional fault-related folding.  The presence of downward tightening of an 
interlimb fold angle indicates that progressive fault tip migration (i.e. trishear) 
was an active process during fold formation.  Any evidence of growth faulting 
during extension must be considered as this would exclude the possibility of 
folds forming by progressive fault migration during extension.  This study 
suggests underlying fault morphology plays a dominant role in defining the 
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fault-related folding where a ramp-flat fault geometry is present, regardless of 
whether trishear is also considered a contributing deformation mechanism. 

Rift margins such as the North West Shelf that have experienced a polyphase 
rift history often host numerous fault-related folds that are potential structural 
traps.  The three examples presented in this study highlight the need to re-
assess the timing of fault-related anticlines in the context of trap formation 
and generation of bulk charge.  The possibility of these features being 
extensional, rather than compressional features alters the timing risk of an 
anticlinal play and may open up new possibilities within these regions. 
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7.0 THE	ORIGIN	OF	BASIN‐SCALE	SYN‐EXTENSIONAL	
SYNCLINES	ON	THE	SOUTHERN	MARGIN	OF	THE	
NORTHERN	CARNARVON	BASIN		

7.1 Introduction	

Fault geometry exerts a dominant structural control on the deformation of 
hanging wall sequences during extension and contraction.  Numerous authors 
have presented examples of fault-related folds in contractional (Jamison, 1987; 
Medwedeff and Suppe, 1997; Mitra, 1990; Suppe, 1983; Tavani et al., 2005) and 
extensional regimes (Hamblin, 1965; Janecke et al., 1998; Lewis et al., 2015; 
Schlische, 1995; Sharp et al., 2000; Tavani et al., 2018; William, 1991; Xiao and 
Suppe, 1992).  The impact of fault geometry, specifically ramp-flat faults, on 
hanging wall deformation has been demonstrated in numeric and kinematic 
models  (Jin and Groshong, 2006; Khalil and McClay, 2002; Savage and Cooke, 
2003) to produce characteristic anticline-syncline pairs that can be 
geometrically related to the features of the underlying fault (Ferrer et al., 2017; 
McClay and Scott, 1991; Savage and Cooke, 2003).  

Small-scale folding associated with ramp-flat faults is widely observed in a 
number of rift systems, but the potential of folding associated with crustal scale 
ramp-flat faults to form basin-scale features is underappreciated (or largely 
unrecognised) in literature.  This study presents a detailed review of the Lewis 
Trough, a basin-scale syncline situated within the Dampier Sub-basin, Northern 
Carnarvon Basin, Western Australia.  The Lewis Trough presents intriguing 
geometry in relation to its formation during the Early Jurassic, a period typically 
associated with high rates of extension.  However, rather than a fault-related 
graben, the Lewis Trough is a simple and largely unfaulted syncline with an 
associated anticline (Madeleine Anticline) along its western flank.  Existing 
studies suggesting a genesis as a result of compressional stress (Etheridge and 
O’Brien, 1994) or as half graben (Pryer et al., 2002; Veenstra, 1985) fail to 
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adequately explain these features.  However, there are clear similarities with 
hanging wall structures developed in sandbox models with ramp-flat fault 
geometry (McClay and Scott, 1991) and other real world examples of ramp-flat 
systems (Bjornseth et al., 1997). 

This study presents a series of kinematic forward models of varying geometry.  
The models demonstrate a normal SE-dipping ramp-flat fault as a possible 
structural control of the Lewis Trough.  Deformation within the hanging wall 
during extension is shown to produce relative highs and lows in Jurassic strata 
that honour the asymmetric-onlap pattern observed on seismic data within the 
Lewis Trough. 

The development of the Lewis Trough had major implications for the region, 
impacting sediment distribution across the entire Northern Carnarvon Basin 
(Stagg et al., 2004).  Modelling the kinematic evolution of the Lewis Trough 
facilitates our understanding of the regional evolution comprising structural 
complexities within the Dampier Sub-basin.  Furthermore, our observation that 
the Locker Shale acts as a detachment between Permian and Mesozoic fault 
systems has implications for the regional interpretation of the Northern 
Carnarvon Basin. 

7.2 Geological	setting	

The Lewis Trough is a NE trending syncline situated within the Dampier Sub-
basin in the Northern Carnarvon Basin (NCB) (Figure 7.1).   The region has 
experienced three distinct phases of extension; in the Carboniferous to 
Permian, the Late Triassic to Middle Jurassic and the Early Cretaceous 
(Etheridge and O’Brien, 1994; Metcalfe, 2013) (Figure 7.2).  Key stratigraphic 
markers including sequence boundaries (after Marshall and Lang (2013)) are 
interpreted and presented with a generalised stratigraphy of the study area 
(Figure 7.2). 
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Extension during the Carboniferous to Permian caused crustal thinning on a 

regional scale resulting in the formation of the Westralian Superbasin, which 

includes most of the area defined as the North West Shelf.  The Westralian 

Superbasin is defined as a region that evolved during the late Paleozoic with 

related sediment deposition (Yeates et al., 1987).  This resulted in the creation 

of north-northeast and NE-oriented structures on both basin and fault scales 

(AGSO, 1994; Elders et al., 2016).  The Triassic was a period of relative tectonic 

quiescence, with the Early Triassic Locker Shale deposited, overlain by 4 to 6 

km of the fluvio-deltaic Mungaroo Formation (Longley et al., 2002; Marshall 

and Lang, 2013).   

Figure 7.1 - Structural setting of the Lewis Trough in relation to the Northern Carnarvon 
Basin. (a) The surface depicts the Upper Triassic horizon and highlights the Northern and 
Southern Depocentres and main faults of the region with the 2D seismic sections used 
are presented in blue.  (b) 3D seismic areas and wells utilised in this study.  The central 
red box identifies area included in the thickness mapping. (c) the main structural elements 
of the Northern Carnarvon Basin with a background utilising a combination of onshore 
Spherical Cap Bouguer gravity anomalies with offshore Free-air anomalies (400 m grid) 
(Geoscience Australia, 2014). 

Renewed extension in the Late Triassic – Middle Jurassic focused within 

inboard regions of the NCB and resulted in the development of the Exmouth, 

Barrow, Dampier and Beagle Sub-basins and deposition of a 5 to 15 km thick 

Mesozoic sequence (Driscoll and Karner, 1998; Etheridge and O’Brien, 1994; 

Hall, 2012; Metcalfe, 2013).  Reactivation of Paleozoic faults and emplacement 
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of new north-northeast and NE-trending structures occurred throughout the 
NCB (Stagg and Colwell, 1994).  Growth sequences present suggest the 
formation of the Lewis Trough occurred during the Late Triassic – Middle 
Jurassic (Figure 7.3)  (Etheridge and O’Brien, 1994).  Other studies within the 
NCB suggesting fault growth as early as the Rhaetian support this (Black et al., 
2017; Jitmahantakul and McClay, 2013).  In the Early Cretaceous the final large 
scale rift event to effect the margin occurred with the separation of Greater 
India from Australia (Gibbons et al., 2012).  This extensional event had little 
impact on the Lewis Trough.   

7.3 Dataset	

This study used a number of 3D and 2D data sets, extending from Barrow Island 
in the SW to the Beagle Sub-basin in the NE.  The 3D data sets include Demeter 
3D MSS (acquired 2004), Polly 3D MSS (acquired 2013), South West Rankin 
1996 3D MSS (acquired 1996), Panaeus 1999 MC3D MSS (acquired 1999), 
Panaeus 1/2 MC3D MSS (acquired 1997) and Panaeus 2001 East 3D (acquired 
2002).  Coverage of 3D data is typically restricted to the northern and southern 
flanks of the Lewis Trough, with little coverage in the central portion.  In these 
areas, 2D lines are utilised and interpreted into the 3D areas.  The lines 
presented in this study (although not the only lines used in the research) from 
NE to SW are S110_03 (Figure 7.4), gpdb95_02 (Figure 7.5), 101r_09 (Figure 7.6), 
s136_10 (Figure 7.7), ct93_408 (Figure 7.8) and the along-strike line gpdb95_19 
(Figure 7.9).  The locations of the 2D and 3D data sets are presented on Figure 
7.1.  Two sections (101r_09 and ct93_408) are depth converted using average 
interval velocities for each formation obtained from nine nearby wells.  Well 
locations utilised to provide stratigraphic and checkshot data and are 
illustrated on Figure 7.1.  
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Figure 7.2 - Generalised stratigraphic and tectonic setting of the study area showing interpreted horizons and main sequence boundaries (after Marshall 
and Lang (2013).  Tectonic setting shows the main extensional events and the linking of fault systems.   (Geoscience Australia, 2014). 
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Figure 7.3 - Time thickness maps of Jurassic sequences within the Lewis Trough.  Horizons 
used in mapping are shown on seismic section Figure 7.6.  Thickness is present in ms TWT 
for all figures with purple representing thickest sections.  Wells are shown for reference 
highlighting the variation in focus of deposition.  Note the limit of interpretation is due 
to poor data quality and not the impact of erosion from the Middle Jurassic UC or 
Valanginian UC. 

7.4 Methodology	

An explanation for the presence of prominent synclines such as the Lewis 
Trough is a ramp-flat fault.  Extensional ramp-flat faults often exhibit 
associated folding as a consequence of deformation of the hanging wall as it 
moves down the fault (McClay and Scott, 1991).  The folding is a consequence 
of underlying fault geometry and the mechanism with which the hanging wall 
deforms (Schlische, 1995). 
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To test if extensional deformation utilising ramp-flat fault geometry can explain 
key structural characteristics of the synclines, a series of kinematic forward 
models are produced.  Both SE and NW-dipping faults are modelled as these 
orientations are considered the most plausible based on seismic observations, 
previous studies and honouring the regional structural fabric.   

This study investigates the synclinal structures resulting from different 
kinematic regimes, applied using models of ramp-flat faults.  The modelled 
structures are compared to styles of synclines within the study area.   A number 
of different kinematic models are produced by varying input parameters to 
closely match the observed horizon geometries.  Modelling was undertaken 
utilising Midland Valley’s Move software.   

The 2D seismic sections selected for model comparison are sections 101r_09 
(Figure 7.6) and ct93_408 (Figure 7.8) that both possess good quality data and 
depth penetration.  Sections are depth converted and are presented with a 
vertical exaggeration (VE) to highlight folds. 

Section 101r_09 (Figure 7.6) was utilised to model a SE-dipping fault, 
interpreted utilising the termination of footwall reflections in the Rankin Fault 
Zone (RFZ).  Section ct93_408 (Figure 7.8) was used to model a NW-dipping 
fault and based on the geometry of the Mermaids Nose Fault (Figure 7.1).   

Instantaneous fault propagation (simple shear) was utilised in the models with 
a 90° shear angle.  Lower shear angles are also modelled, although this results 
in inclined modelled horizons within the Lewis Trough, which does not 
correlate with seismic data.  For comparison, a fault propagation model was 
also tested with an east-dipping planar fault.  A thick pre-kinematic section was 
used in all models (shown by orange lines, Figure 7.10 and Figure 7.11) and 
represents the Triassic sequences.  Syn-kinematic sedimentation was applied 
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during fault movement and represents Jurassic syn-extension sedimentation 
(shown as green lines, Figure 7.10 and Figure 7.11).   

7.5 Seismic	stratigraphy	

Figure 7.4 to Figure 7.8 illustrate five two dimensional interpreted seismic 
sections that show variations in the structure of the Lewis Trough.  Figure 7.9 
illustrates an along-strike section through the deepest portion of the Lewis 
Trough.  These sections show the variation from the absence or presence of 
only a small syncline in the north (Figure 7.4 and Figure 7.5) through to intense 
folding in the central and southern portions of the study area (Figure 7.6 and 
Figure 7.8).   

There are no wells situated in the Lewis Trough that penetrate syn-kinematic 
sequences, hence correlation and extrapolation of seismic reflections on either 
side of the Lewis Trough was used to interpret the stratigraphy.  The deepest 
resolvable reflections are considered to be Late Triassic in age (tied to the Gnu-
1 and Lynx-1A wells), situated at approximately 8.0 km depth in the footwall of 
the Rosemary Fault System (RFS) and Madeleine Anticline (Figure 7.1).  
Correlation of reflections within the Lewis Trough back to either of the wells is 
problematic, with poor seismic resolution on the Madeleine Anticline (Lynx-1A) 
and unknown throw of the fault adjacent the Gnu-1 well.   Upper Jurassic and 
Lower Cretaceous reflections (Dingo Claystone (J50.0 SB) and Forestier 
Claystone respectively) can be correlated with the Lynx-1A well, however Lower 
Jurassic reflections are less confidently tied back to wells.  The three Lower 
Jurassic picks (LJ1, LJ2 and LJ3) and Upper Triassic pick are therefore presented 
as relative ages.  The Middle Jurassic UC (J40.0 SB) and Valanginian UC (K20.0 
SB) are confidently identified in seismic data and tied back to adjacent wells 
(Figure 7.6)   This interpretation suggests a thickness of Jurassic and Lowermost 
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Cretaceous sediments of approximately 5.5 km within the Northern 
Depocenter.   

Seismic resolution degrades below the Mesozoic sequence.  However deeper 
and older sequences appear to host the general synclinal structure.  The base 
Triassic UC / upper Permian reflections can be identified on the Enderby 
Terrace  (McHarg et al., 2018) but greater uncertainty is associated with this 
horizon pick within the Lewis Trough and Exmouth Plateau.   

7.6 Structure	of	the	Lewis	Trough	

The Upper Triassic surface depicts an elongate depression segmented into two 
depocentres (Figure 7.1).  The Southern Depocentre extends southward into 
the Barrow Sub-basin, while the Northern Depocentre (Lewis Trough) is 
situated within the Dampier Sub-basin.  Similar depressions are also evident in 
seismic data to the NE within the Beagle Sub-basin. 

The Northern Depocentre (Lewis Trough) extends for approximately 45 km 
along strike (Figure 7.6).  This syncline forms a 20 km wide depression flanked 
by the Madeleine Anticline (west) and the Enderby Terrace (east) (Figure 7.1).   

There is an absence of seismically resolvable faults at any stratigraphic level 
within the Lewis Trough (Figure 7.6).  The Rosemary Fault System situated on 
the eastern flank comprises a number of small-scale normal faults dipping SE 
and NW that do not host consistent and sufficient displacement to account for 
the 5.5 km thick Jurassic sequence within the Lewis Trough (Figure 7.5 and 
Figure 7.6).  
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Figure 7.4 - 2D seismic line S110_03 (in TWTs).  Note the absence of structural features of Madeleine Anticline and Kendrew Trough. 
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Figure 7.5 - 2D seismic line gpdb95_02 (in TWTs) showing a shallowing of the Base Triassic UC reflector to the SE and a thick Mesozoic sequence on the 
NW flank.  The Lewis Trough is not recognised in this section, instead several NW-dipping faults down throw the Dampier Sub-basin and truncate the 
Base Triassic UC reflector.  An anticline is present in the northwestern portion of the seismic section.   
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Figure 7.6 - 2D seismic line 101r_09 (in depth) showing the main structural features of the Dampier Sub-basin, including the Northern Depocentre (Lewis 
Trough), Madeleine Anticline and Kendrew Trough.  Lynx-1 and Gungurru-1 well presented with stratigraphic horizons.  Lower Jurassic (LJ1-3), Upper 
Jurassic (Dingo Claystone (J50.0 SB)) and Lower Cretaceous (Forestier Claystone) horizons have been used in thickness mapping presented in Figure 7.3. 
The interpreted SE-dipping fault was used in modelling illustrated on Figure 7.10.  The lower detachment is shown for illustration purposes and the fault 
may actually extend deeper than shown, linking with a regional detachment.  Dashed lines represent less confident seismic interpretation. 
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Figure 7.7 - 2D seismic line s136_10 (in TWTs) depicting the shallower dip of the Mermaids Nose Fault creating the structural ridge seen in Figure 7.1. 
Dashed lines represent less confident seismic interpretation. 
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Figure 7.8 - 2D seismic line ct93_408 (in depth) showing Southern Depocentre, interpreted NW-dipping fault (Mermaids Nose Fault) and the Mermaids 
Nose structure.  The flanks of the Southern Depocentre are less steep than the Northern Depocentre in Figure 7.6, although overall depth is greater.  
Onlap and thinning onto the western flank are less noticeable than seen on Figure 7.6. 
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Figure 7.9 - 2D seismic line gpdb95_19 (in TWTs) presenting an along-strike section of the Northern and Southern Depocentres.  Lower Jurassic (LJ1-3) 
horizons are relative ages, while the Dingo Claystone (DC) (J50.0 SB) and Forestier Claystone (FC) are constrained by the Lynx-1A well.  The poorly 
imaged circular feature (indicated by dashed lines) to the SW is considered to be the extension of the Enderby Terrace perpendicular to the section. 
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Poor seismic imaging of the western flank of the Lewis Trough precludes 
observations of faulting on the Madeleine Anticline or within the Kendrew 
Trough (Figure 7.6).  Further west, the Exmouth Plateau is marked by the 
rotation of Triassic reflections in the footwall of the RFZ and erosion of the 
upper portion of Triassic sequences by the Middle Jurassic UC (Figure 7.4).  The 
RFZ is a SE-dipping fault system that extends through to basement levels and 
likely to the lower crust (AGSO, 1994; Mutter and Larson, 1989). 

The Southern Depocentre is the deeper of the two segmented depressions, 
extending at to at least 11 km depth before seismic data quality deteriorates 
(Figure 7.8).  The depocentre plunges to the SW within the Barrow Sub-basin, 
along the western side of Barrow Island.  In addition to the SE-dipping RFZ, a 
large NW-dipping fault is also present which forms part of the Mermaids Nose 
structure (Figure 7.8).  This fault features a number of ramp-flat segments in its 
shallower sequences but its structure below 12 km depth is uncertain.  The 
anticline-syncline pair observed in the Northern Depocentre (western flank) 
(Figure 7.6) are less developed in the Southern Depocentre, with reflections 
forming a monocline adjacent the RFZ (Figure 7.8).   

The along-strike seismic section (Figure 7.9) transects the centre of the 
Northern and Southern Depocentres and depicts the southwest plunge of the 
Southern Depocentre.  The section also shows the poorly imaged ridge that in 
map view clearly that separates the two depocentres (Figure 7.1).  This structure 
is considered by Gartrell (2000) to be one of a series of magmatic intrusions 
along the length of the Lewis Trough.  However, a perpendicular seismic 
section through the ridge (Figure 7.7) shows that the shallowing of the Lewis 
Trough is the result of the lower-angle Mermaids Nose Fault, extending to the 
NW under the Lewis Trough.   
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North of the Lewis Trough, there is no obvious syncline in seismic data, with 
fault controlled thickening associated with NW-dipping faults (Figure 7.4 and 
Figure 7.5).  A structural high is present on the western flank that may be the 
northern continuation of the Madeleine Anticline.  To the north (Figure 7.4) a 
syncline is present but highly faulted, demonstrating the along-strike variability 
of the folding present. 

7.6.1 Existing	interpretations	of	the	Lewis	Trough	

The five NW/SE seismic sections presented on Figure 7.4 to Figure 7.8 indicate 
that the Lewis Trough is not a continuous Depocentre , but is segmented into 
at least two definable areas (Northern and Southern Depocentres) (Figure 7.1).  
There is an absence of a clear controlling structure of the synclines which has 
spawned three different explanations for the formation of the Lewis Trough, 
each with a common theme of structural inheritance from underlying zones of 
weakness.  

Veenstra (1985) described the Lewis Trough as a half graben controlled by the 
Rosemary Fault System. However, Etheridge and O’Brien (1994) observed that 
the Lewis Trough lacks typical characteristics of an extensional graben or half 
graben. These authors suggest the Lewis Trough formed due to north/south 
oriented compression in the Late Triassic that resulted in a crustal-scale 
syncline, nucleating at areas of thinned crust interpreted to be present beneath 
the Lewis Trough.  Evidence of the contractional event impacting the Dampier 
Sub-basin is however lacking in the literature.  

Hill (1994) suggests a possible influence of the adjacent north to north-
northeast trending Pinjarra Orogen, the west to west-southeast Paterson 
Orogen fabric and the Pilbara craton. In this model, extensional stresses 
formed the Lewis Trough during the Carboniferous to Permian rift event.   
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Pryer et al. (2002) favours the presence of a large-scale NE trending “North 
West Shelf Megashear”, with the Lewis Trough forming the downthrown 
hanging wall of an east-dipping ‘domino’ fault that makes up the RFZ. The 
presence of such a large-scale feature goes some way to explaining the 
formation of NE-trending structures (e.g. Westralian Superbasin) in the 
Permian but does not explain growth sequences of Early Jurassic age. 

7.6.2 Growth	History	of	Lewis	Trough	

Time thickness maps showing changes in growth during the Early Jurassic are 
shown in Figure 7.3.  Thickness maps could only be produced for the Northern 
Depocentre due to data quality and insufficient 3D seismic coverage in the 
Southern Depocentre.  Seismically defined horizons (Figure 7.2) used in the 
compilation of thickness maps (Figure 7.3) comprise Upper Triassic, Lower 
Jurassic 1 to 3, Dingo Claystone and Forestier Claystone reflections.   

Jurassic time thickness maps show a non-uniform growth history with a shifting 
depocentre.  In the earliest Jurassic, deposition was focused in the southwest 
corner (Figure 7.3a) and became progressively restricted during the Lower 
Jurassic 3 to 2 interval (Figure 7.3b).  The focus of deposition shifted to the NE 
prior to the Middle Jurassic UC (Figure 7.3c).  Figure 7.3d shows the thickness 
of the Dingo Claystone to Forestier Claystone (Upper Jurassic – Lower 
Cretaceous) horizons and depicts an elongate depocentre stretching the 
length of the Lewis Trough.  This shows continued subsidence into the Late 
Jurassic. 

Thinning of reflections onto the Madeleine Anticline (Figure 7.6) suggests this 
structure formed during deposition of Lower Jurassic sequences.  In contrast, 
the south eastern flank of the Lewis Trough records equal thickness within 
hanging wall and footwall strata.  The absence of thickening adjacent to faults 
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on either flank suggests the mechanism of basin evolution may be attributed 
to hanging wall displacement on extensional faults in either flank.  Although 
no thickness map could be produced for the Southern Depocentre, a similar 
thinning (although not as prominent) of reflections onto the north western 
high is observed in seismic sections (Figure 7.8) 

7.7 Kinematic	forward	models	

7.7.1 Northern	Depocentre	Modelling	

Various geometries of a SE-dipping fault are modelled for the Northern 
Depocentre (Figure 7.10).  The modelled fault geometries are restricted to a 
SE-dipping fault as there is no evidence of a NW-dipping large-throw fault on 
Figure 7.6.  The models are considered realistic possibilities within data 
constraints and uncertainties associated with interpretation of the fault 
inherent in available seismic data.   

The angle and length of the ‘ramp’ section controls the steepness of modelled 
reflections within the syncline.  Model 1 uses an upper ramp of 75º and a lower 
ramp of 60º.  The ‘flat’ portion controls the width of the resultant anticline and 
was modelled with an angle of 20º.  Figure 7.10 illustrates both an 
instantaneous fault propagation (simple shear) model (Model 1) and a 
progressive fault tip migration (trishear) model (Model 2).  Both models 
assume a pre-existing (Permian) normal fault terminating below the Triassic 
sequence that is reactivated in the Early Jurassic.   

Model 1 replicates the salient features apparent from seismic data within the 
Northern Depocentre with 6.0 km of throw (Figure 7.10 f).  This includes the  
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Figure 7.10 - Forward model of the Northern Depocentre illustrating a SE-dipping fault. 
Uninterpreted (a) and interpreted (b and c) sections shown.  Modelling results shown in 
Figure (d-h).  Note scale and orientation of all sections are the same and depicted on the 
first image. Yellow horizons represent pre-kinematic sequences while green represent 
syn-kinematic.  The pre-deformation figure (d) shows the initial starting point of the 
modelling, representing an inactive Permian fault underlying pre-kinematic (of Mesozoic 
extension) sequences. 
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Figure 7.10 (continued) During reactivation, the 60º Permian fault either propagates up, 
or links with an existing Jurassic aged fault (75º).  This process is considered 
instantaneous, in that no folding associated with an advancing fault tip occurs.  As 
extension continues during Jurassic syn-extensional sedimentation, folding of pre-
kinematic sequences (Triassic) occurs, with no inter-trough faulting or change in 
thickness.  Syn-kinematic sequences of Early Jurassic age display thinning onto the high 
produced (Madeleine Anticline) while maintaining even thickness onto the SE flank.  
Model 2 illustrates progressive fault tip migration (trishear) with folding occurring ahead 
of the advancing fault tip of the Permian aged fault.  Variation in fault geometries are 
considered in the modelling, the models presented are realistic possibilities within data 
constraints and uncertainties associated with interpretation of the fault inherent in 
available seismic data.     
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presence of a secondary shallower depression (Kendrew Trough) and adjacent 
anticline (Madeleine Anticline).  Model 1 also replicated the asymmetric onlap 
(Early Jurassic) observed within the Northern Depocentre.  Thus, the ramp-flat 
basin-bounding fault geometry kinematically accounts for the prominent 
features observed within the Lewis Trough.     

A second fault geometry was modelled (Model 2), to test if progressive fault 
tip migration (trishear) without the presence of a ramp-flat fault could produce 
the hanging wall deformation observed on seismic data (Figure 7.10 g-h).  A 
planar fault geometry (60º) was modelled with the fault tip extending from the 
Permian sequences and terminating within Triassic sequences and syn-
kinematic packages accumulating above it.  This is consistent with an absence 
of a seismically resolvable fault.  

Model 2 results in an anticline and syncline, although the axial surface is 
inclined and dipping to the east as a result of the monoclinal folding in the 
hanging wall.  Thickness changes seen in the model mimic those interpreted 
on seismic data.  However, the geometry of the syncline itself differs.  The 
anticline could correspond to the Madeleine Anticline but there is no syncline 
that corresponds with the Kendrew Trough.  In addition, the plausibility of a 
fault of such magnitude terminating within pre-kinematic sequences (and not 
propagating through to syn-kinematic sequences) needs to be considered.   

7.7.2 Southern	Depocentre	Modelling	

The previous section presented a SE-dipping fault as a possible structural 
control of the Northern Depocentre.  The Southern Depocentre on the other 
hand is in close proximity to both a SE (Rankin Fault Zone) and NW (Mermaids 
Nose Fault)-dipping fault.  Structural differences comprising the absence of a 
prominent anticline (Madeleine Anticline) and secondary syncline (Kendrew 
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Trough) suggests the mechanism responsible for the Southern Depocentre 
differs from that in the north.  

To test the influence of a SE and NW-dipping fault on the Southern 
Depocentre, seismic section ct93_408 (Figure 7.8) was used as a template to 
interpret fault geometry.  For illustration purposes, stratal geometries in the 
Upper Triassic section are shown (Figure 7.11), although they were 
subsequently removed by the Middle Jurassic UC.  This is not likely to impact 
the modelling as it is a pre-kinematic sequence and any impact of the 
underlying fault should manifest itself through the entire sequence. 

In Model 3, the fault geometry extends under the Southern Depocentre, before 
dipping down to 22 km depth (Figure 7.11).  An anticline-syncline pair 
immediately adjacent the Mermaids Nose Fault is developed as well as a 
second syncline in an equivalent position to the Southern Depocentre.  
However, a number of key features prominent on seismic data on the east and 
west flank are not reproduced within the modelled horizons.  Notably thickness 
changes on the east and west flanks are opposite to seismic data, with thinning 
occurring onto the Enderby Terrace.  Also, the western anticline (Madeleine 
Anticline) and syncline (Kendrew Trough) are not reproduced in the model, 
although it is noted that seismic data offers no conclusive evidence that these 
structures extend to the Southern Depocentre. 

Another disparity between the model and seismic data is the fold modelled in 
pre-kinematic sequences adjacent the fault.  The Triassic section adjacent the 
Mermaids Nose structure is relatively unfolded (Figure 7.8).  However, 
pronounced folding should be observed in Triassic strata if the Mermaids Nose 
Fault possesses the Model 3 geometry.  The absence of a fold can be explained 
by either a different fault geometry or post-Triassic deformation on the 
Mermaid Nose Fault that was insufficient to result in deformation of overlying 
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sequences.  The latter is unlikely given the large throw required to create the 
Lewis Trough. 

A second fault geometry was modelled (Model 4) with a listric shape in its 
upper portion and a broad, 20º ramp section in its lower portion.  This model 
produces a broad arch in Triassic sequences comparable to that observed in 
seismic data.  A trough is produced at the location of the southern depression 
although Jurassic syn-kinematic sequences still thin onto the east flank, and 
contradict seismic observations.   

A third fault was modelled (Model 5), using a NW-dipping fault to test if the 
RFZ could be a controlling structure for the southern depression.  The 
similarities between the modelled horizons and seismic data are clear, with 
thinning onto the broad arch that is the west flank of the syncline and 
development of the Kendrew Trough and Madeleine Anticline 

7.7.3 Summary		

The kinematic models produced as part of this study demonstrate that 
extension displacement above a ramp-flat fault geometry produces the 
structural architecture observed within Mesozoic sequences within the 
Dampier Sub-basin.     

The models have tested both SE (Rankin Fault Zone) and NW (Mermaid Nose)-
dipping faults on the Northern and Southern Depocentres (respectively).  A SE-
dipping fault as part of the RFZ is the preferred fault model for the Northern 
Depocentre.  The structures of Madeleine Anticline, Kendrew Trough as well as 
onlapping onto the west flank of the Lewis Trough are successfully reproduced 
in this model.   
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Figure 7.11 - Forward model of Southern Depocentre showing uninterpreted (a) and 
interpreted (b) horizons. Note scale and orientation of all sections are the same and 
depicted on the first image.  Yellow horizons represent pre-kinematic sequences while 
green represent syn-kinematic. 
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Figure 7.11 (continued) - Three fault models (d,e,f) depicting SE and NW-dipping faults 
under instantaneous fault propagation.  Model A produces irregular folds in pre-
kinematic sequences.  Model B honours the structural complexities on the Enderby 
Terrace, but thickening relationships within the central trough is opposite (i.e. thinning 
onto east flank) to that observed on seismic data.  Model C produces central trough (Lewis 
Trough) central high (Madeleine Anticline) and secondary trough adjacent fault (Kendrew 
Trough) while honouring thickening relationships observed in seismic data.  
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The Southern Depocentre is more complex, with key features present in the 
Northern Depocentre less obvious in the south.  This along-strike variation in 
structure may indicate the influence of adjacent structures on the genesis of 
different segments of the segmented syncline.  Both a SE and NW-dipping fault 
model can produce a final model that is comparable to seismic data, but a SE-
dipping fault geometry is the preferred model.  Although the thinning onto the 
west flank is less recognisable on Figure 7.8, this is still considered a key feature 
of the depression.  None of the NW-dipping fault models could satisfactorily 
reproduce this.  In addition, although the southern extent of the depression 
could not be delineated, the Mermaid Nose Fault terminates in the footwall of 
the Sholl Island Fault, while the Southern Depocentre continues to plunge 
south-westward past this point.  There are no other recognisable NW-dipping 
faults of sufficient magnitude to provide structural control of the Southern 
Depocentre.  Alternatively, the RFZ does extend further southwest, parallel to 
the strike of the Lewis Trough. 

7.8 Discussion	

McClay and Scott (1991) undertook experimental sandbox modelling of ramp-
flat extensional systems by simulating varying amounts of extension and the 
fault geometry.  The models demonstrated a clear relationship between 
underlying fault geometry and hanging wall deformation.  The length of lower 
ramp determines the geometry of the syncline and the angle of the flat portion 
affects the adjacent anticline.  The sandbox models show a striking 
resemblance to the models produced as part of this study (Figure 7.12). 

Variation in stratal growth geometry and structural configurations along the 
Lewis Trough are explained by along-strike variation in the ramp-flat geometry 
of the fault - as demonstrated by McClay and Scott (1991).  Building on this   
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Figure 7.12 - Summary models of McClay and Scott (1991) sandbox experiments of ramp-
flat listric fault systems.  (a) Short ramp-flat, high extension (note similarities Figure 7.5).  
(b) Intermediate ramp-flat, high extension (note similarities with Figure 7.6). 

concept, Rotevatn and Jackson (2014) studied a polyphase extensional system 
from the Gulf of Suez and attributed along-strike variations in fault geometry 
to (1) lateral spacing of the upper and lower fault systems prior to dip linkage 
and (2) availability of mechanically weak layers to partition strain.  The 
variability of these two factors was considered a key control in fault geometry 
and subsequent hanging wall deformation.   

Fault systems of different ages, regardless of their linkage mechanism are never 
perfectly parallel and often form a series of kinks and zig zags depending on 
the level of complexity of lateral linkage (Henstra et al., 2015; Morley et al., 
2004; Walsh et al., 2003).   Where these systems are kinematically joined via a 
detachment, length changes of the detachment would be expected as the two 
fault segments increase and decrease their proximity along strike.  Hanging 
wall deformation and resultant structures would also vary as the detachment 
forms a key element in deforming the hanging wall (McClay and Scott, 1991) 
(Figure 7.12).  Interestingly if the sandbox models represented on Figure 7.12 
are compared to seismic sections (Figure 7.6), the occurrence of reverse faults 
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correspond to the Madeleine Anticline, suggesting there may be a component 
of reverse faulting not imaged in seismic.  

A key component of a fault-bend is the presence of a detachment (i.e. fault 
flat) which typically requires a rheology contrast, such as a ductile sequence 
(eg. Rotevatn and Jackson (2014)) or zones of overpressure.  Hughes et. al., 
(2014) demonstrated that increasing friction on the detachment sequence has 
the strongest influence on the development of fault-related folds.  The 
composition and stratigraphic location of the Locker Shale between the 
Permian and Jurassic fault systems is considered a likely interval that facilitates 
the formation of a detachment.  In addition, the Locker Shale is a potential 
source rock (Barber, 1982; Bishop, 1999) and may have been over pressured 
during hydrocarbon generation and expulsion from the Early Jurassic.  This 
would further lower the internal state of friction and increase the likelihood of 
this interval forming a detachment (Suppe, 2014). 

Unfortunately, seismic data does not image Permian aged faults within the 
Lewis Trough; but seismic sections taken inboard show Jurassic aged faults 
detaching within the Locker Shale and demonstrates a detachment at or within 
this interval.  This suggests the Locker Shale plays a far more important role in 
structuring between the Permian and Mesozoic fault systems that has been 
recognised in the literature.  Seismic sections also suggest a hard link between 
some Permian and Jurassic faults (Figure 5.3). 

A conceptual model of the relationship between Jurassic and Permian aged 
fault systems is presented on Figure 7.13.  The model demonstrates the 
variation in hanging wall deformation with changes in fault geometry.  A 
prominent flat (centre image) develops a clear anticline-syncline pair in the 
hanging wall, comparable to the Lewis Trough and seen in seismic data (Figure 
7.6).  As the fault becomes more planar, less deformation is experienced in the 
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hanging wall, with a monocline developing instead of an anticline.  This 
explains why the anticline-syncline pair appears less prominent in some areas 
(Figure 7.4), particularly compared to the Lewis Trough. 

7.9 Conclusions	

Kinematic models of a SE-dipping ramp-flat fault geometry can produce 
hanging wall deformation comparable to seismic data for the Lewis Trough.  A 
basement involved Permian aged fault exerted a dominant control over the 
formation of the Lewis Trough, forming the lower fault segment of this 
complex fault geometry.  The upper segment is Early Jurassic in age and 
represented by the Rankin Fault Zone on the southern margin of the Exmouth 
Plateau.  This fault system extends down and detaches onto the Locker Shale 
(Early Triassic age) and hard-links with the Permian aged fault system.   

Along strike structural variation of the Lewis Trough is due to lateral variability 
(changes in fault strike) of the upper and lower fault segments.  This results in 
a varying length of the detachment and changes in hanging wall deformation 
along strike. 
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Figure 7.13 - 3D model of the linkage of Paleozoic and Mesozoic fault systems associated with the growth of the Lewis Trough (modified from Jackson 
and Rotevatn (2013)).  The lateral variation in the linkage mechanism of the two fault systems alters the hanging wall deformation.  A prominent flat 
section in the fault results in a well-defined anticline and syncline, comparable to the Northern Depocentre and Figure7.6.  As the flat portion varies 
laterally, the flat becomes less prominent resulting in a less defined anticline-syncline pair (seen on Figure 7.4 and Figure 7.8, Southern Depocentre). 
Note that the fault, considered part of the Rankin Fault Zone is shown as a single coherent fault, however is likely made up of numerous segments. 
Figure not to scale. 
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8.0 DISCUSSION	

8.1 Introduction	

The previous Chapters have presented a detailed structural interpretation of 
the Dampier Sub-basin, drawing in examples from literature and regionally 
across the North West Shelf.   Three prominent structural grains are observed 
in faults of Latest Triassic-Early Cretaceous age; N, NNE and NE.  Faults trending 
north-south are also observed in early Paleozoic structures (Sholl Island Fault) 
and NE trends in Permian aged faults (Mermaids Nose Fault).  These fault 
trends define larger scale structural features of the region, including the 
Candace Terrace, Lewis Trough, Madeleine Anticline and the Rankin Fault Zone. 

Mesozoic growth sequences show that extension initiated in the Rhaetian, but 
was most significant in the Early Jurassic.  Some Mesozoic aged faults detach 
or tip out onto the base Locker Shale while others hard link with Permian faults.  
This variation in vertical linkage results in a complex interaction between the 
Paleozoic and Mesozoic fault systems.  Uplift is associated with the Middle 
Jurassic UC and was followed by a brief period of Early Cretaceous extension 
of limited intensity in the Dampier Sub-basin. 

Fault displacement analysis shows that Mesozoic fault growth initiated as a 
combination of isolated new faults and blind fault nucleation from depth.  Fault 
growth progressed via lateral and vertical coalescence of fault segments.  Both 
hard and soft linkages with the underlying Paleozoic fault system are present. 

Fold structures at different scales are present throughout the Dampier Sub-
basin and North West Shelf.  Three examples of fault-related folds were 
investigated, situated on the Exmouth Plateau, Candace Terrace and the Perth 
Basin.  Forward models of these faults demonstrate the effect of instantaneous 
fault propagation with a fault bend and progressive fault tip migration 
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(trishear).  Folding in the hanging wall can be produced as a result of these 
processes under an extensional regime, without the need for compression.  

The sub-basin scale fold structure of the Lewis Trough was also studied, with a 
SE dipping ramp-flat fault geometry modelled.  Modelling shows that a fault 
detaching onto the Locker Shale Formation can explain the key features of the 
Dampier Sub-basin, entirely as a result of extension.  The modelling further 
highlighted the structural variability of the Lewis Trough and the complexity of 
the kinematic links between the Paleozoic and Mesozoic fault systems.   

The following Chapter builds on discussions within each individual Chapter and 
presents an overall tectonostratigraphic evolution of the Dampier Sub-basin 
utilising the findings of this study. 

8.2 Tectonostratigraphic	evolution	of	Northern	Carnarvon	
Basin		

8.2.1 Paleozoic	extension	

The Paleozoic fault system is a complex interaction of N and NE trending faults 
which act as a basal framework for the Mesozoic fault system (Figure 8.1).  The 
Candace Terrace provides evidence of extension during the Paleozoic with the 
Sholl Island Fault preserving pre-kinematic sediments of possible Silurian age 
in addition to a number of growth sequences spanning from the Devonian to 
the Permian.  The presence of growth sequences of different ages indicates 
reactivation of the Sholl Island Fault at various times during the Paleozoic.   The 
timing of early growth corresponds to marine and non-marine deposition in 
the Bonaparte, Canning and Southern Carnarvon Basins suggesting a set of W-
NW trending Paleozoic depocenters (Haig et al., 2017).   

A distinct shift is evident in the late Carboniferous–early Permian, with the NE 
trending Mermaids Nose Fault recording significant thickness and rotation of 
sediments, while a much thinner succession is preserved on the north-south 
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trending Sholl Island Fault (Figure 4.2).  This shift of dominant fault orientation 
occurred concurrently with significant crustal thinning across the Exmouth 
Plateau (Stagg and Colwell, 1994) and provides the crustal setting in which the 
Mesozoic deformation occurred.  It also highlights the structural complexities 
in unravelling the mechanics of the Carboniferous-Permian extension.  The 
deformation resulted in an anomalously wide (500 km) region of thinned lower 
crust (Exmouth Plateau) (AGSO, 1994; Etheridge and O’Brien, 1994; Mutter and 
Larson, 1989; Williamson et al., 1990) as well as marginal upper crustal 
extension seen in the Mermaids Nose region.  There was also concurrent 
extension in regional basins such as the north-south aligned Coolcalalaya, 
Merlinleigh and north Perth Basins, the NE trending Vulcan Sub-basin and 
Browse Basin and the NW trending Fitzroy Trough (Crostella et al., 1995; Iasky 
et al., 2003; Parra-Garcia et al., 2015). 

The rapid lateral change from large-scale upper crustal faulting (Mermaids 
Nose Fault) to thinned continental crust (Exmouth Plateau) could be explained 
by the presence of a regional detachment (Driscoll and Karner, 1998; Mutter 
and Larson, 1989; Stagg and Colwell, 1994; Williamson et al., 1990).  Alternately, 
Mutter and Larson (1989) discuss a model combining both pure and simple 
shear that may account for the inboard faulting, with initial simple shear 
inboard progressing to pure shear in outboard regions.  However, their model 
relates to Mesozoic extension and not the earlier Paleozoic deformation.  It is 
not entirely clear if the model could equally be applied to the earlier 
Carboniferous-Permian rifting.   

This study did not aim to address the validity of any of these models, or provide 
a detailed investigation into crustal modelling of the Paleozoic deformation.  
However, it does highlight the importance of understanding the Paleozoic 
rifting when interpreting Mesozoic structures. 
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A clear angular unconformity at the base Triassic represents the end of 
Paleozoic extension.  The Locker Shale Formation, and its equivalent in the 
north Perth Basin (Kockatea Shale), sees the onset of marine deposition 
associated with the post-kinematic sequences.  This was overlain by the deltaic 
sequence of the Mungaroo Formation which extended westwards covering a 
subsidising continental slope.  The absence of wide spread fault-related 
thickening in Triassic sequences suggest a tectonically stable period.  Thickness 
changes associated with some faults of this age suggest gravitational faulting, 
likely in relation to the deltaic Mungaroo Formation.  By the time extension 
initiated in the Rhaetian, the Triassic sequence was approximately 3-4 km thick 
across much of the Exmouth Plateau and outboard portions of the Dampier 
Sub-basin.  This thickness, in conjunction with the tectonic conditions during 
Mesozoic deformation had a profound impact on the style of faulting during 
Mesozoic deformation. 

8.2.2 Mesozoic	reactivation	/	fault	propagation	

In the Dampier Sub-basin, Mesozoic extension initiated in the Rhaetian and 
continued through to the Middle Jurassic UC.  During this time, fault growth 
varied across the study area and regionally across the Northern Carnarvon 
Basin.  At the scale of an individual fault, Fault 3 of the Keast Graben 
demonstrates different initiation of growth across several segments.   Faults in 
other areas that are truncated by the Middle Jurassic UC don’t show any syn-
kinematic features (Figure 4.8 and Figure 4.12), implying growth later in the 
lower Middle Jurassic.  The Lewis Trough developed during this time and 
displays a shifting focus of deposition, likely related to the structural evolution 
of the Trough.  Regionally, a Rhaetian onset of extension is seen in the Exmouth 
Sub-basin (Black et al., 2017; Jitmahantakul and McClay, 2013) but is earlier 
than reported in the Beagle Sub basin (Lech, 2013) and Browse Basin 
(Struckmeyer et al., 1998).  This varied growth demonstrates the heterogeneity  
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Figure 8.1 – Evolutionary model for the Dampier Sub-basin, showing relationship between 
Paleozoic and Mesozoic fault systems and the formation of the Lewis Trough. 
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of fault growth both locally and regionally across the North West Shelf and 
that the Late Triassic–Middle Jurassic phase of extension is not a single, 
coherent event as is often portrayed in literature. 

In the early stages of the extension, faulting initiated as isolated segments 
within Triassic and Jurassic sequences with a number of blind faults (with no 
surface expression) as well as growth faults with surface expression (Chapter 
5.0).   Nucleation sites of new faults are situated preferentially above the 
Paleozoic faults (Figure 8.1).  As extension progressed, lateral linkage of faults 
occurred, resulting in a network of previously isolated depocentres combining 
to produce laterally extensive deposition of sediments. The displacement 
analysis presented in Chapter 5.0 suggests Mesozoic higher displacement 
faults preferentially hard link with the Paleozoic fault system.  However, 
modelling of a ramp-flat fault (Chapter 6.0) suggests a high-throw fault 
forming a fault bend within the Locker Shale and extending to Lower 
Cretaceous sequences.  Chapter 4.0 identified lower displacement faults within 
Jurassic sequences that either tip out in the Mungaroo Formation (planar 
faults) or form listric faults and detach onto the Locker Shale Formation.  A 
similar pattern was observed within the Browse Basin by Struckmeyer et al., 
(1998) and shows the regional importance of mechanical variations within 
Triassic sequences. 

This variation in linkage mechanisms suggests three evolutionary pathways of 
faults formed/reactivated in the Mesozoic.  1) direct upwards propagation of 
Permian faults (North Houtman Fault), 2) Mesozoic nucleation (potentially soft 
linked with Permian faults) that tip out or detach on Lower Triassic sequences 
(Locker Shale) and 3) offset Mesozoic and Permian faults hard linking via a 
detachment within the Locker Shale Formation (Lewis Trough). 

The role of the Locker Shale Formation in the variation of linkage mechanisms 
highlights the impact of mechanical contrasts in the stratigraphy for vertical 
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propagation of faults.  A fault bend occurring within the Upper Triassic 
Brigadier Formation (North Keast Fault, Chapter 6.3) suggests similar 
mechanical contrasts may exist throughout lower Mesozoic sequences. 

The role of the mechanical contrast provided by the Locker Shale (and 
potentially other Triassic sequences) may also have implications for regional, 
plate wide deformation.  Given the demonstrated ability of the Locker Shale to 
act as a detachment for the Mesozoic fault system in marginal areas, similar 
behaviour could be expected across the Exmouth Plateau.  Within the Dampier 
Sub-basin, the Locker Shale is too shallow to act as a crustal scale detachment 
although outboard on the Exmouth Plateau it sits at mid-crustal levels (15 km 
depth (Bellingham and McDermott, 2014)).  It has also been suggested that a 
pair of flat lying reflectors observed at depths of 15-18 km beneath the 
Exmouth Plateau is evidence of mylonitization formed by shearing along the 
mid-crustal detachment (Mutter and Larson, 1989). 

The presence of a much deeper mid-crustal detachment, as suggested by 
Mutter and Larson (1989), would mean multi-level detachment surfaces across 
the Exmouth Plateau and within the Dampier Sub-basin, with thick skinned 
Paleozoic faults detaching onto the mid-crustal detachment while thin skinned 
faults of Mesozoic age detach onto the Locker Shale.    

This study has found no evidence of a compressive or transpressive event in 
the Late Triassic or Early Jurassic impacting the Northern Carnarvon Basin, i.e. 
the Fitzroy Movement of Forman et al. (1981).  The authors actually reported 
the event to be restricted to the Fitzroy Graben and northern margin of the 
Exmouth Plateau, but it was later considered a regional event by a number of 
authors, impacting the Barrow, Dampier and Browse Sub-basins (Etheridge and 
O’Brien, 1994; Jablonski and Saitta, 2004; Longley et al., 2002; McGee et al., 
2017; Struckmeyer et al., 1998).  Folds within Triassic and Jurassic sediments in 
the NCB can more simply be explained as a result of extensional tectonics, such 



Chapter 8.0 Discussion 

 
  Page 189 
  
 

as fault-propagation folding (Chapter 6.5) and fault bend folds (Chapter 6.4).  
In the case of the Lewis Trough, it is proposed the genesis of the synclinal folds 
is controlled by a SE dipping basement involved fault of varying geometry 
deforming hanging wall strata during Mesozoic extension.  This fault geometry 
suggests that the upper part of the RFZ is entirely a Mesozoic feature, with the 
lower part of the fault stepping eastward (via a Locker Shale detachment) to a 
Permian aged fault present at the location of the Lewis Trough syncline (Figure 
8.1).  If the controlling Permian fault had propagated straight up, a more typical 
fault controlled graben would have resulted.   

Limited reactivation of Early Jurassic faults during the Late Jurassic–Early 
Cretaceous was observed in the study area.  Any evidence of reactivation was 
limited to higher throw faults and overall extension is relatively small.  The lack 
of syn-kinematic features associated with Early Cretaceous reactivated faults 
can be explained by a combination of removal sediments during the 
Valanginian UC and non-deposition.  This suggests that deformation within the 
Dampier Sub-basin during the Late Jurassic–Early Cretaceous was relatively 
short lived and of minor significance. 

8.3 Plate	boundaries	and	stress	direction		

Mesozoic structures present within the Dampier Sub-basin present a complex 
pattern of orientations influenced by underlying structures and the dominant 
extension direction during formation.  At individual fault scale, the Rankin Fault 
Zone presents an en echelon style array with N, NNE and NE trending planar 
and listric faults. Sub-basin scale synclinal structures of Early Jurassic age are 
oriented NE, parallel to the Permian aged Mermaids Nose Fault.  The synclines 
are segmented along the length of the Barrow, Dampier and Beagle Sub-basins 
(Figure 8.3). 
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Numerous studies have highlighted the impact of pre-existing structures on 
the genesis and evolution of new faults (Baudon and Cartwright, 2008; Jackson 
and Rotevatn, 2013; McClay et al., 2002; Whipp et al., 2014).  Experiments using 
clay models to represent extensional settings undergoing two phases of 
extension have shown that different fault sets nucleate at different orientations 
depending on the obliquity and magnitude of successive extension events 
(Clifton et al., 2000; Henza et al., 2010).  Faults will nucleate as ‘new’ faults 
optimally aligned to the primary stress direction in addition to reactivation of 
pre-existing non-optimally aligned faults.  New faults must overcome a higher 
cohesive shear strength of the intact rock than if an existing fault was 
reactivated (Morley, 2010; Morley et al., 2004). 

McClay et al. (2002) highlighted the fault pattern produced by both orthogonal 
and oblique reactivation of pre-existing fault network in a sandbox model.  
Where extension is orthogonal to a pre-existing fabric, the resultant fault 
network typically forms orthogonal to extension.  As the degree of obliquity 
between the existing rift fabric and extension direction increases, there is a 
rotation of fault strike from that of the older orientation to one perpendicular 
to the new extension direction (Figure 5.16).   

The demonstrated fault network on the Rankin Fault Zone of N, NNE, and NE 
trending faults of Early Jurassic–Early Cretaceous age (Figure 5.16) is unlikely 
to be a result of the orientation of extensional forces alone.  The multiple 
orientations of faults suggest they are also influenced by pre-existing 
structures.   

The en echelon fault pattern and change in orientations of faults from NE to 
NNE could be explained by oblique reactivation of the NE trending Permian 
faults under E-W extension.  The presence of north-south oriented fabrics (e.g. 
Sholl Island Fault) would experience more orthogonal / mildly oblique 
reactivation under such a stress regime which could account for the north-
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south fault orientations.  Furthermore, the influence of a north-south oriented 
fabric could explain some of the segmentation seen in the synclines within the 
main sub-basins (e.g. Lewis Trough).  The fault patterns observed are consistent 
with reactivation of both NE and north-south trending Paleozoic faults under 
east-west Mesozoic extension.  

The observed fault pattern associated with Early Jurassic extension within the 
Dampier Sub-basin is at odds with the Argo rift, which is typically considered 
the event responsible for the extension related structures.  Seafloor magnetic 
anomalies (Heine and Muller, 2005) and the NE trending fault pattern within 
the Browse Basin (Struckmeyer et al., 1998) (Figure 8.2) suggest the Argo rift 
related extension was oriented NW.  This is in contrast with the east-west 
extension inferred from the Dampier Sub-basin fault network.  This suggests 
that the Argo rift event was relatively localised and may not be the dominant 
event responsible for Dampier Sub-basin extensional structures.  This would 
also suggest that extension associated with the north-south trending arm of 
the rift system in Western Australia (associated with the Greater India rift) was 
earlier (Rhaetian – Middle Jurassic) than is typically acknowledged in the 
literature. 

The east-west extension likely to have produced the Mesozoic fault 
orientations within the Dampier Sub-basin is associated with long lived 
deformation.  Initiating during the Rhaetian, extension continued to the Middle 
Jurassic when a break in deformation occurred (Middle Jurassic UC).  The 
occurrence of the Middle Jurassic UC is of regional extent and would imply the 
change in stress regime associated with the breakup of Argo had a broad 
impact (but varied in intensity) across the margin.   
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Figure 8.2 – Structural elements of the Browse Basin (modified from (Struckmeyer et al., 
1998)) showing NE trending faults, indicative of NW oriented extension associated with 
the Argo rift event. Comparison can be made to the north to NE trending faults of the 
Dampier Sub-basin (Figure 8.3), suggestive of an east-west oriented extension direction.   
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A very short lived period of extension then followed during the Early 
Cretaceous, with limited impact in the Dampier Sub-basin, but higher rates of 
deformation within the Exmouth Sub-basin (Black et al., 2017).  Final breakup 
of Greater India did not occur until the Valanginian (Gibbons et al., 2012; Heine 
and Muller, 2005).  Modelling undertaken by Gibbons et al. (2012) suggests a 
plate wide reorganisation of spreading centres occurred around the time of 
the Greater India rift.   

A number of authors have suggested a mantle plume within the Exmouth Sub-
basin during the Late Jurassic (Mihut and Müller, 1998; Rohrman, 2015).  Rift 
systems are often associated with plumes but it is unclear if plumes themselves 
are a cause of the rift.  Modelling presented by Burov and Gerya (2014) suggest 
a critical factor of plume driven extension may be the presence of pre-existing 
weakness, which focuses deformation and facilitates continental breakup.  
Such a plume, if acting on a weakened continental crust from Early Jurassic 
extension that had ceased due to reorganisation of spreading centres (and 
resulted in Middle Jurassic UC) may have re-established the Greater India rift.  
Evidence of such a mantle plume within the Exmouth Sub-basin includes 
regional uplift, intrusions and volcanic centres observed on seismic and well 
data.  However, the implications of such an event for crustal tectonics is less 
clear.   



Chapter 8.0 Discussion 

 
  Page 194 
  
 

 

Figure 8.3 – Fault orientations of the southern portion of the Exmouth Plateau, Exmouth, 
Barrow, Dampier and Beagle Sub-basins.  Surfaces represent top Triassic horizons 
showing the segmentation of the synclines.  Fault orientations trend N, NNE and NE 
indicative of oblique reactivation of the north-south and NE Paleozoic fabric (Crostella et 
al., 2000; Geoscience Australia, 2014; Lech, 2013; Stagg and Colwell, 1994). 
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9.0 CONCLUSIONS	

This study presents a comprehensive investigation into the structural evolution 
of the Northern Carnarvon Basin, focusing on the Dampier Sub-basin.  Fault 
architecture and stratigraphic relationships define a complex interaction of 
Paleozoic to Mesozoic faults separated by a thick sequence of Triassic 
sediments.  This separation of fault systems, in addition to rheology contrasts 
within the Triassic sequences, has had a profound impact in the structuring of 
the Dampier Sub-basin.  The conclusions of this study are summarised as 
follows.  

 Evidence of early and late Paleozoic faulting was identified in the study 
area.  The north-south trending Sholl Island Fault has been active since 
the Devonian with growth packages preserved on the Candace 
Terrace.  In the Permian, deposition shifted to NE trending faults as 
demonstrated in sediments preserved in the hanging wall of the 
Mermaids Nose Fault.    

 Mesozoic fault growth initiated in the Rhaetian and continued until the 
Middle Jurassic.  Displacement analysis suggests faults nucleated and 
evolved as both blind and growth faults, that grew by lateral and 
vertical linkage with adjacent segments.  In cross section faults are 
confined to Mesozoic strata with both planar and listric geometries 
that detach or tip out in Lower Triassic sequences or are hard linked 
with Permian faults.   

 In map view Mesozoic faults form N, NNE and NE trending structures.  
Sub-basin scale features display similar orientations, with the en 

echelon Rankin Fault Zone trending NE and a series of segmented 
synclinal features, such as a Lewis Trough also trending NE. 

 Little evidence of Late Jurassic–Early Cretaceous extension was 
observed in the study area, a result of non-deposition and removal by 
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the Valanginian UC (K20.0 SB).  The absence of syn-kinematic features 
associated with sediments of this age would suggest extension 
associated with Greater India rifting had little impact on the Dampier 
Sub-basin. 

 The orientation of individual faults and sub-basin scale features 
provide evidence of the influence of the pre-existing structural grain, 
evident in Devonian (north-south trending Sholl Island Fault) and late 
Permian (NE trending Mermaids Nose Fault) structures on Mesozoic 
faults.  The combination of orientations evident in Mesozoic structures 
suggests extension oblique to these fabrics, likely with an east-west 
orientation.   

 Vertical interaction between Permian and Mesozoic faults produced 
numerous fault-propagation folds, with examples of different 
formation mechanisms, including progressive (trishear) and 
instantaneous fault tip migration (ramp-flat fault geometry). 

 The Locker Shale Formation acts as a detachment surface onto which 
Mesozoic restricted faults detach.  The geometry of hard linked 
Permian faults are also impacted by the mechanical contrasts of the 
Locker Shale, with Early Jurassic linkage of a basement involved 
Permian fault forming a ramp-flat geometry.  This fault geometry and 
hanging wall deformation with subsequent extension resulted in the 
formation of the Lewis Trough. 

 Little evidence of the Late Triassic Fitzroy movement was observed in 
the study area.  Compressional features, such as fault-related folds and 
synclines are considered extensional features caused by the polyphase 
rift history of the North West Shelf.  
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9.1 Suggestions	for	future	work	

It is hoped that this study and the publications that arise from it will promote 
additional research and discussion of a number of topics.  A suggestion of 
potential research areas that have become apparent during the course of this 
study are detailed below. 

9.1.1 Lewis	Trough	

A regional study of the synclines observed in the Barrow, Dampier and Beagle 
Sub-basins could be utilised to test the models presented in this study.  Such 
work could expand the 2D modelling into a 3D space to investigate the 
implications of hanging wall deformation with a varying fault geometry.   The 
2018 public release of the Fortuna 3D MSS broadband survey may provide 
clarity in the poor-quality areas of previous seismic surveys, particularly 
investigating the presence of intrusions along the length of the Trough.    

9.1.2 Carboniferous‐Permian	Rift	

The mechanics of the Carboniferous-Permian rift has been little investigated 
since early stage work in the 1980’s and 1990’s.  There has been no large-scale 
study linking recent gravity, seismic and well data to constrain the extent of 
reported lower crustal thinning and extent of upper crustal deformation.  New 
broadband surveys may also allow the imaging of Paleozoic aged faults under 
the Rankin Fault Zone which would allow a better understanding of how the 
fault systems interact. 

9.1.3 Locker	Shale	

The ability of the Locker Shale to act as a detachment surface could be tested 
regionally, with work into the compositional variations seen within the unit.  
Investigating the impact of thickness variations and composition has on the 
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interaction of the Permian and Mesozoic fault systems would be an advantage 
to developing a more robust evolutionary model of the region. 

9.1.4 Triassic	tectonic	events	

There is evidence of Triassic volcanism and deformation within the Roebuck 
and Canning Basins while extension was initiating within the southern area of 
the Northern Carnarvon Basin.  Work could be focused on understanding the 
temporal and spatial relationship between these events and the Triassic 
deformation in the Browse Basin. 

9.1.5 Variation	in	timing	and	style	of	Mesozoic	extension	

The orientation of faults of Mesozoic age is more consistent with Greater India 
rifting than with the Argo rift.  Mapping variations in the timing and magnitude 
of faulting along the margin would better constrain plate tectonics models for 
this interval.  
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