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ABSTRACT 

The geological, geomorphological and seismotectonic characteristics of Australia’s 

North West Shelf (NWS) and adjoining eastern Sunda and western Banda arcs were 

investigated to examine the nature of tectonic processes and the geological and 

seismological hazards that occur in this region.  The NWS previously has been considered 

“geologically stable” and part of the Australian Stable Continental Region.  However, the 

results of this study demonstrate that this part of the Australian continental margin is 

tectonically active and there is a broad range of dynamic geological hazards.   

Key outcomes of this research show that active faults extend at least 2,000 km along the 

northwestern continental margin of Australia and these faults pose significant seismic 

hazards.  For the first time in Western Australia there are sufficient data to model fault 

sources using the probabilistic seismic hazard analysis (PSHA) approach.  However, there 

are alternative approaches to modelling seismic sources that can produce significantly 

different ground motion results.  The PSHA results from two alternative modelling 

approaches were compared to assess the differences in Peak Ground Acceleration (PGA) 

at a range of return periods.  Model A uses only areal source zones and Model B uses 

areal source zones and fault sources on the NWS.  For Model A the peak ground 

acceleration (PGA) values for 1,000, 5,000, and 10,000-year return periods are 

approximately 0.1 to 0.14g, 0.28 to 0.35g, and 0.38 to 0.45g, respectively.  Model B 

produced changes to the spatial pattern and amplitude of PGA within about 40 km of a 

fault.  In the near field, Model B yields PGA values 1.2, 1.6 and 2.0 times the Model A 

values at the 1,000, 5,000, and 10,000-year return periods, respectively. 

The PGA values determined using the PSHA approach are of sufficient amplitude to be 

a trigger for submarine landslides on susceptible slopes.  This implies that seismically 

induced slope failures have the opportunity to occur at frequencies of 10-3 to 10-4 per year.  

The occurrence of geological hazards at these frequencies is significant in a risk-based 

framework. 
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1 INTRODUCTION 
This thesis presents the results of a series of investigations that: document a system of newly identified 

fault zones on Australia’s North West Shelf (NWS) (Figure 1-1); characterize the hazards associated 

with these active faults; evaluate the influence of alternative source modelling approaches on ground 

motions hazards; provide probabilistic estimates of strong ground shaking for the NWS and surrounding 

regions; and, describe the geomorphology of seafloor instabilities found along the continental margin.  

Details of these research activities are presented in the following chapters.  

1.1 THESIS OBJECTIVES 
The overall objective of this research was to examine the nature and characteristics of geological and 

seismological hazards occurring along the NWS.  The specific goals of this research project were to: 

• Examine the relationships between plate boundary processes and reactivation of faults along 

the Mesozoic rifted margin of northwestern Australia; 

• Characterize the location, style, and rates of seismotectonic deformation along the northern 

Australian plate boundary and NWS; 

• Quantify the hazard through probabilistic seismic hazard analyses;  

• Examine how alternative source modelling approaches affect the amplitude and distribution of 

ground shaking hazards; and, 

• Document the effects that tectonic processes have on seafloor stability on the NWS. 

To achieve these goals, I completed the following primary activities: 

• Examination and interpretation of published data related to the geological, seismological, 

tectonic and geodetic settings of the NWS and northern Australian plate boundary; 

• Interpretation of 2D and 3D seismic reflection data along approximately 1,400 km of 

Australia’s northwestern continental margin; 

• Analysis of tectonic geomorphological characteristics of offshore structures, strandlines and 

coastal features along the northwest Australian continental margin; 

• Development of a composite seismicity catalogue for the regional between 100.6°E (western 

Java) and 137.2°E (Aru Island), and from 4.7°S (Java/Banda seas) to 30°S (central coast of 

western Australia) covering 9,653,186 km2; 

• Analysis of historical completeness intervals and development of magnitude frequency 

distributions for zones across the entire model area; 

• Development of two alternative seismic source models for the above referenced region; 

• Completing two alternative PSHAs for the two alternative source models; 
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• Preparing peak ground acceleration ground motion contour maps for the NWS and surrounding 

regions for a range of return periods;  

• Comparison of ground motion hazard results for the two alternative source models; and, 

• Seafloor geomorphologic mapping to identify and characterize submarine landslides on the 

Exmouth Plateau part of the NWS. 

The results of these research activities show how the changes in crustal dynamics on the northern plate 

boundary have reactivated Mesozoic rift era faults and how activity along these faults increase the 

seismic hazard and provide opportunities for secondary seafloor geohazards to occur.  The elevated 

hazard on the NWS, compared to the non-extended parts of the Australian craton, poses increased risks 

to engineered facilities on the NWS if the hazards are not properly accounted for.
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Figure 1-1. Regional tectonic setting of northwestern Australia and surrounding Sunda and Banda arc regions.  Black lines show locations of sections presented 
on subsequent figures.  Black arrows show directions and rates of motion of the Australian plate relative to the Eurasian plate (Charmot-Rooke and Le Pichon, 

1999; Simons et al., 2007).

Fig 1-2a 

Fig 1-2b 

Fig 1-5 

Fig 1-11 
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1.2 THESIS ORGANIZATION 
This thesis is organized as a series of research papers in accordance with the academic policies of The 

University of Western Australia.  The foreword at the beginning of each chapter provides a brief 

discussion on how the chapter contributes to the overall objective of the research project.  There are 

differences in the format of each chapter due to the style requirements of the various journal, books, or 

conference proceedings where the chapter manuscripts have been published or are in review.  In order 

to maintain consistency between the chapters and manuscripts, chapters generally were not revised after 

their publication and are presented in their submitted or accepted formats.  In some cases, to improve 

the presentation for the reader, figures were moved into the body of the text, and minor editorial were 

made following comments from the thesis examiners.  A summary of the contents of each chapter is 

provided below. 

Chapter 1 states the research goals and objectives, the main areas of research, thesis organization, and 

background related to the overall objectives of the research project.  The background section of this 

chapter provides expanded discussions of key technical issues that were not included in published 

papers due to page length limitations. 

Chapter 2 introduces general concepts related to geohazards and earthquake risk, the probabilistic 

seismic hazard assessment approach, and provides a framework for the discussions and conclusions 

from the papers that form the main body of this research.  The paper discusses how the probabilistic 

treatment of seismic hazards provides a basic input for understanding the risks associated with 

earthquake strong ground shaking.  This chapter was published in the Encyclopedia of Maritime and 

Offshore Engineering. 

Chapter 3 presents an overview of the regional tectonic setting of northwestern Australia and the 

adjoining regions of the eastern Sunda Arc and western Banda Arc.  I present the results of fault mapping 

completed along the northwestern Australian continental margin and provide fault characteristics that 

are used in Chapters 4 and 5.  This chapter was published in the journal Tectonics. 

Chapter 4 summarizes the characteristics of several faults identified in Chapter 3.  These characteristics 

include surface rupture length, area, estimated earthquake magnitudes, fault displacements, slip rates, 

and earthquake recurrence intervals.  These are the primary fault characteristics required to incorporate 

distinct fault sources in a PSHA.  This chapter was published in the Proceedings of the Tenth Pacific 

Conference on Earthquake Engineering. 

Chapter 5 presents the results of a PSHA that was carried out for a 9,653,186 km2 region of northwestern 

Australia, eastern Indonesia and the southwestern Banda Arc.  This chapter presents ground motion 

contour maps that cover this entire region.  We present the results from two alternative PSHAs to 
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compare the effects of two alternative seismic source characterization approaches: one using only areal 

source zones to model the NWS, and one that incorporates fault sources on the NWS.  This chapter has 

been submitted to the Bulletin of the Seismological Society of America. 

Chapter 6 presents the results of geomorphological landslide mapping along the Exmouth Plateau part 

of the NWS continental margin.  We map and characterize several different types of landslide failures 

on the continental slope and the deep-water Exmouth Plateau surface and evaluate possible triggering 

mechanisms for these failures. This chapter was published in the Australian Geomechanics Journal. 

Chapter 7 synthesizes the findings from the research programme and presents the overall conclusions 

from this thesis.  

1.3 BACKGROUND 
The following section provides background information and expanded discussions of technical concepts 

that are not provided in subsequent chapters due to restrictions on paper lengths.  This is a customary 

part of a thesis by publication. 

This research project examined the nature and characteristics of tectonic processes, and geological and 

seismological hazards that occur along the NWS, and involved a thorough reassessment of the 

geomorphological and seismotectonic characteristics of the NWS and adjoining eastern Sunda and 

western Banda arcs (Figure 1-1).  The NWS has been long thought of as a “geologically stable” province 

and part of the Australian stable continental region (SCR; Johnston et al., 1994); however, based on my 

initial examination of information for the region there appeared to be intriguing evidence of 

seismotectonic activity.  For example: a surface wave magnitude (MS) 7.8 earthquake occurred in the 

offshore northwestern Australia region in 1906 (Geller and Kanamori, 1977); western Australia 

displayed evidence of multiple surface fault ruptures that suggested geologically recent (Quaternary) 

tectonic activity (Williams, 1979; Clark, 2010; Leonard and Clark, 2011); multiple large historical 

earthquakes have occurred in western Australia including the 1885 local magnitude (ML) 6.6 Mt. 

Narryer, 1929 ML 6.6 Broome, 1941 moment magnitude (Mw) 6.3 Meeberrie, 1968 Mw 6.5 Meckering, 

1970 ML6.7, 6.4, and 6.2 Lake Tobin, 1979, Mw 6.1 Cadoux, and 1988 Mw 6.6, 6.3, 6.2 Tenant Creek 

earthquake sequences (McCue, 1990; Crone and Machette, 1994; Leonard, 2008); and additionally, 

coral reef and shoreline elevations indicated late Quaternary age tectonic subsidence at Scott Reef and 

Rowley Shoals (Collins, 2002; Collins and Testa, 2010) and tectonic emergence in the Cape Range 

region (van de Graaff et al., 1976; Denman and van de Graaff, 1976). 

During this initial examination of the geomorphology, geology, tectonics and seismicity of the region it 

became clear that northwestern Australia was anomalous compared to other stable continental regions 

(Johnson et al, 1994; Kanter, 1994; Crone et al., 1992; 1997; Clark et al., 2011; Wheeler, 2006).  Based 
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on this review I developed a hypothesis that the seismotectonic activity in northwestern Australia and 

on the NWS may be related to the tectonic processes occurring along the northern plate boundary (Harris 

et al., 2009; Shulgin et al., 2009), similar to that which occurs along eastern Makran (Jacob and 

Quittmeyer, 1979), eastern Alaska (St. Elias segment) (Doser and Lomas, 2000), southern Hikurangi 

(Wallace et al., 2004), western Sunda (Deplus et al., 1998); northern Caribbean (Calais et al., 1992), 

and Philippine (Suppe, 1984; Ramos et al., 2005) subduction zone terminations.  The dynamics of large-

scale plate boundary features, such as these changes in crustal architecture and rates and styles of 

deformation, directly influence patterns and rates of crustal deformation and seismic activity in adjacent 

regions.  This leads to related effects such as: development of crustal fault zones; elevated levels of 

seismic activity; increased strong ground shaking hazards; seismic triggering of secondary geohazards; 

and increased occurrence of geohazard risk events to exposed infrastructure.   

As a result of this assessment I began a three-part project to re-examine the seismotectonic setting of 

offshore northwestern Australia (the part of the NWS north of Barrow Island), to analyse the seismic 

hazard of the NWS and surrounding region, and to assess the types of related geohazards that occur 

along the continental slope.  This work also builds upon and extends the work from a PhD dissertation 

at UWA that was completed to the south of my study area (Whitney, 2015), for which I was Principal 

Advisor. 

1.3.1 Tectonic Setting of Northwestern Australia and the Northern Boundary of the Australian 
Plate  

1.3.1.1 Former Rifted Margin 

The NWS preserves a long history of tectonic deformation including: formation of a Devonian 

intracontinental rift system, the Westralia Superbasin (Teichert, 1939; Boutakoff, 1963; Yeates, 1987); 

development of the Triassic to Late Cretaceous rifted continental margin (Jones, 1973; AGSO North 

West Shelf Study Group, 1994; Baillie and Jacobson, 1995; O’Brien et al., 1999) and oceanic basins 

(Larson, 1977; Heine and Muller, 2005; Robb et al., 2005); and reactivation of these former rift systems 

during Late Miocene to Recent time (Boutakoff, 1963; AGSO, 1994, Struckmeyer et al., 1998; Cathro 

and Karner, 2006; Keep et al., 2007; Müller et al., 2012; Hengesh and Whitney, 2014).  The former rift 

basins are major depocentres that accumulated up to ~25 km of Paleozoic and Mesozoic syn- and post-

tectonic sediments (Exon and Buffler, 1992; AGSO, 1994; Goncharov, 2004).  During rifting these 

deposits were locally injected and modified by volcanic intrusive materials (Mueller et al., 2002), and 

the basin sediments now are expressed as areas with high free-air gravity anomalies along the western 

continental margin (Brett, 2015).  The northwestern margin of the Australian craton (Figure 1-1) has 

been defined as a passive continental region (Bird, 2003); however, it is being reactivated and deformed 

(Keep and Moss, 2000; Kaiko and Tait, 2001) as a result of major changes in structural style (Silver et 
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al., 1983; McCaffrey, 1988; Hall, 2011; Harris, 1991, 2006; Audley-Charles, 2011) along the northern 

Australian plate boundary (Chapter 3; Hengesh and Whitney, 2016). 

1.3.1.2 Northern Plate Boundary 

The northern margin of the Indo-Australian plate is involved in a complex collision with the Sunda 

Shelf part of the Eurasian plate, the Sunda and Banda island arcs, as well as continental fragments and 

marginal seas (Fitch, 1972; Hamilton, 1979; Hall, 2011).  Relative motion of the Indo-Australian, Sunda 

Shelf, and Philippine Sea plates is constrained from repeated geodetic surveys of GPS sites in the 

Pacific, Australia, Indonesia, and Southeast Asia regions.  These surveys indicate: (1) the Australian 

Plate is moving along azimuths of 011° to 015° and is converging with the Sunda Shelf/Banda Arc at 

rates of 66 to 75 mm/yr relative to a fixed Sunda Shelf reference frame ((Genrich et al., 1996; Charmot-

Rooke and Le Pichon, 1999; Simons et al., 2007); (2) the Philippine Sea plate is moving northwestward 

at a rate of approximately 110 mm/yr relative to Eurasia (DeMets et al., 1994); (3) the Sunda Shelf is 

moving east-northeastward at a rate of about 7 to 11 mm/yr relative to Eurasia (Genrich et al., 1996; 

Bock et al., 2003; Simons et al., 2007), and (4), Timor, in the southern Banda Arc, is moving southward 

at 7 to 23 mm/yr relative to Australia (Bock et al., 2003; Nugroho et al., 2009). 

The northern boundary of the Indo-Australian plate follows the Sunda Arc subduction zone and the 

Banda Arc collision zone (Figure 1-1).  The Indo-Australian Plate consists of two main parts including 

the Australian continental and Indian oceanic sub-plates; the differences in crustal type control the 

nature of processes occurring along the plate boundary.  Prior to Middle Miocene time, subduction was 

active along the entire Sunda and Banda arcs, but now is limited to that part of the plate boundary where 

Indian Ocean crust is colliding with continental crust of the Sunda Shelf (Silver et al., 1983).  Here, the 

thinner, denser oceanic crust is subducted northward beneath the thicker, less dense, continental crust.  

Figure 1-2a shows the earthquake hypocentre plot across the Java trench and illustrates the well-

developed Benioff zone associated with the subducted Indian Ocean crust.
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Figure 1-2. Earthquake hypocentre plot across Java trench and Timor collision zone.
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Subduction extends from the Arakan trench (offshore Myanmar) in the northwest to approximately 120-

121°E longitude near the island of Sumba (Figure 1-1) (Karig et al., 1987).  East of this location, the 

Indian Ocean crust has been completely consumed (Audley-Charles, 1975; 1985; 2011; Shulgin et al., 

2009).  Figure 1-3 illustrates the process of progressive closure of the former Banda trench subduction 

zone over the past 5.5 million years (Ma) (Roosmawati and Harris, 2009).  Figure 1-4  illustrates how 

the collision is more progressed along the eastern part of the Outer Banda arc compared to the western 

part (Harris, 1991; Harris et al., 2000).  The collision began along the eastern part of the arc and 

progressed westward as the oceanic crust was consumed and the trench became progressively blocked 

by the continental lithosphere (Audley-Charles, 2011).  Once all oceanic crust was consumed, the 

Australian continental crust blocked the subduction zone (Audley-Charles, 2004) and began obducting 

foredeep materials onto the northern plate margin forming the islands of Sumba, Timor, Savu and Rote 

(Figure 1-5) (Audley-Charles, 2011; Saqab et al., 2016).  As the northern plate boundary arc-continent 

collision progressed, the northern margin of Australia and the accreted terranes began over-riding the 

oceanic crust of the Banda Sea (along the Flores-Wetar thrust) and subduction polarity reversed (Figure 

1-4) (Silver et al., 1983; Harris, 1991; Genrich et al., 1996; Harris et al., 2000; Hall, 2011; Audley-

Charles, 2011).  Figure 1-2b illustrates the differences in plate geometry across the Java subduction 

zone and Timor collision zone.  The Java subduction zone has a continuous Benioff zone, while beneath 

Timor the Benioff zone is disrupted and there is a concentration of shallow to mid-level crustal 

seismicity. 

The collision of the Australian continent along the southern part of the Banda Arc (also referred to as 

the Outer Banda Arc) has caused profound changes in the style of deformation including cessation of 

north-directed subduction, accretion of the former island arc, and reversal of subduction polarity along 

the Flores and Wetar thrust system (Figure 1-4).  The Australian continent-Banda Arc collision also is 

causing deformation of northern and northwestern Australia including regional tectonic flexure (Keep 

and Harrowfield, 2008; Sandiford and Quigley, 2009; Langhi et al., 2011; Hengesh et al., 2011a,b; 

Saqab et al., 2017), reactivation of older rift structures (Keep et al., 1998, 2007; Keep and Moss, 2000; 

Whitney et al., 2015), and surface faulting (Whitney et al., 2015; Hengesh and Whitney, 2016).  

Earthquake stress tensors (Revets, 2010), borehole breakout data (Hillis et al., 2008; Hillis and 

Reynolds, 2000, 2003), joint and fracture data (Whitney et al., 2016), geomechanical numerical models 

(Rajabi et al., 2017; Muller et al, 2015), and plate-scale models (Reynolds et al., 2002, 2003; Burbidge, 

2004; Dyksterhuis and Muller, 2004, 2008; Muller et al., 2012) all indicate that the maximum horizontal 

stress direction is oriented in approximately a N45°E direction from the trench to about 17°S latitude, 

but changes to an N80°E direction at about 20°S near Barrow Island (Figure 1-6).  The changes in stress 

orientation along the rifted margin affect the style of deformation associated with fault reactivation. 
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Figure 1-3. Palinspastic map showing evolution of northern Australian plate boundary (modified from 
Roosmawati and Harris, 2009). Shortening of the Australian continental margin is shown by decrease in 
space between the two lines that represent its width. Green shading represents land near sea level, brown 
= mountains, yellow = turbidite deposition and light grey = active volcanism.  Collision of Australian passive 
margin initiates in the Timor region and propagates westward toward Rote. Collision of the Scott Plateau 
initiates in Sumba and propagates SE to Savu and Rote. 
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Figure 1-4.  Serial sections through Timor, Rote, and Savu islands. Note: the sections suggest a time-space 
equivalence along orogenic strike at least from Rote (initial phase) to East Timor (advanced stage).   
Explanation of lithotectonic units: black = forearc basement; dark grey = Gondwana Sequence sedimentary 
basement and mélange; green = Australian passive margin sequence; white = synorogenic deposits.  Revised 
from Harris (1991) and Harris et al. (2000).  Blue arrow shows position of Wetar segment of Flores-Wetar 
thrust. 
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Figure 1-5. Images of deformation front across Timor trough along the southern Banda collision zone.  
Bottom image provides a zoomed-in perspective of the deformation front.  The seismic data are from 
BandaSeis 2D Survey (Baillie et al., 2013; and Baillie and Milne, 2014).  Figure modified from Saqab et al., 
2017. 
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Figure 1-6. Stress maps for Australia.  Inset box on Panel C shows study region.  Modified from Rajabi et 
al., 2017. 
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1.3.1.3 Western Australia Shear Zone 

The NWS preserves a rich record of Neogene and younger tectonic deformation (e.g. Quigley et 

al., 2010) that follows the extended continental margin between the Indian Ocean basin and non-

extended “Stable Continental Region” Precambrian crust.  This zone of geologically recent 

folding and faulting is referred to as the Western Australia Shear Zone (WASZ), which extends 

1,400 km from the active plate boundary on the north, through the Browse, Roebuck and 

Carnarvon basins to the Cape Range on the south (Figures 1-1 and 1-7) (Whitney et al., 2014; 

Hengesh and Whitney, 2014; Whitney, 2016).  This zone then continues another 600 km to the 

southeast as a series of Quaternary active folds and faults (Whitney and Hengesh, 2015a, b; 

Whitney et al., 2015). 

The timing of fault reactivation in the WASZ coincides with reorganization of the northern plate 

boundary.  Onset of continent-arc collision occurred near the vicinity of Timor (4 to 5 Ma) and 

has propagated westward diachronously at an average rate of 110 km/Ma (Harris, 1991; Harris et 

al., 2000; 2009; Figures 1-3 and 1-4).  On the northwestern most part of the Australian continent, 

Scott Plateau, a crustal promontory similar to Exmouth Plateau, collided with the trench forming 

Sumba Island about 3.0 Ma (Figure 1-3).  The collision then propagated southeastward to Savu 

(1.8 Ma), and Rote (0.2 Ma) (Roosmawati and Harris, 2009; Harris et al., 2009; Spakman and 

Hall, 2010; Rigg and Hall, 2011; Audley-Charles, 2011) and is ongoing.  The timing of this 

collision coincides with the timing of reactivation of faults on the continental shelf. 

Focal mechanisms for events along the WASZ are consistent with dextral slip along northeast 

trending fault planes (Revets, 2009; Keep et al., 2012) and examination of near surface 

deformation within the WASZ indicates an overall dextral oblique sense of motion within the 

system (Whitney et al., 2015a, b).  However, earthquakes with sinistral slip focal mechanisms 

also have occurred on antithetic northwest trending fault planes (within Fitzroy trough) that 

intersect the WASZ (Frederich et al., 1988). 

Rates of tectonic deformation on individual structures are low (<0.01 to 0.26 mm/yr), yet the 

cumulative rates across the former extended margin (at the basin scale) ranges from 1.4 to 2.6 

mm/yr (Chapter 3; Hengesh and Whitney, 2016).  The rates of deformation are sufficient for 

neotectonic features to be geomorphologically expressed both onshore and offshore (Hengesh et 

al., 2011b; Whitney and Hengesh, 2015a, b; Whitney et al., 2015; Whitney et al., 2016; Hengesh 

and Whitney, 2016). 

The NWS is exposed to activity from a variety of seismogenic sources in the region including 

Stable Continental Region (SCR) earthquakes (Johnson, 1994, 1996a,b; Gaul et al., 1990; McCue, 

1999, 2014; Burbidge et al., 2012), reactivated faults in an extended SCR setting (McCue, 1990; 
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Hengesh and Whitney, 2014; 2015), subduction plate interface and intraplate sources (Hengesh, 

2010; Asrurifak et al., 2010; Irsyam, 2010; Koulali et al., 2016), as well as arc-continent 

transpressional deformation along a former subduction margin (Silver et al., 1983; McCaffrey, 

1988; Breen et al., 1989; Genrich et al., 1996; Snyder et al., 1996; Duffy et al., 2013; Porritt et 

al., 2016; Saqab and Bourget, 2015).  
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Figure 1-7. Tectonic setting of the North West Shelf region.
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1.3.2 Characterizing Seismic Sources on the NWS and Surrounding Region 

Three previous national scale seismic hazard maps were prepared for Australia and each was based on 

different source modelling approaches and data that have evolved over the past 45 years.  The initial 

Australian source model was prepared by McEwin et al. (1976) and the source zones were based only 

on 12 years of instrumental seismicity data.  During this period, from 1960 to 1972, the seismographic 

coverage and recording period were limited, and therefore the hazard maps were based on an incomplete 

seismicity catalogue.  The initial model was updated to include an expanded seismicity database and 

areas of uncertainty (Standards Australia, 1979).  Gaul et al. (1990) developed the first “probabilistic 

earthquake risk maps” for Australia using the probabilistic approach developed by Cornell (1968).  

These maps were based on a seismic source model that incorporated data on geology, tectonics, and 

seismicity.  The source zones primarily were defined based on seismicity and background zones that 

were delineated to account for the possibility of earthquakes in areas with little recorded seismicity.  

The Gaul et al. (1990) model was an important contribution, but has inherent limitations due to the 

seismologically based source zone geometry, inconsistent magnitude selections in the seismicity 

catalogue, and use of intensity attenuation relations.  In 1992 the Gaul et al. (1990) source model was 

refined, the seismicity catalogue was updated, and the resulting maps were incorporated into the 

Australia Building Code (AS1170.4; Standards Australia, 1993).  This map still forms the basis of the 

current building code and was published as part of the Global Seismic Hazard Mapping Project (McCue, 

1999).  An additional update in source modelling approach was developed by McCue et al. (1997) and 

McCue and Sinadinovski (2001), which incorporated the current Australian tectonic stress field and 

Mohr–Coulomb failure criteria in their model.  Brown and Gibson (2004) developed a comprehensive 

seismic source model (referred to as AUS5), which assumes that the current seismicity in Australia is 

related to geological characteristics, as well as both the current and past tectonic environments.  These 

authors used a multi-tiered approach to define the seismic source zones.  The tiers include cratonic 

division, geological regions, geology, seismicity and active faults. 

In 2012 Geoscience Australia published an updated National Earthquake Hazard Map of Australia 

(Burbidge et al., 2012).  This project made important revisions to the previous models including: update 

of the seismic source model and seismicity catalogue; removal of dependent events and blasts from the 

catalogue; use of ground motion prediction equations (rather than intensity); implementation of 

geologically based estimates of maximum earthquake magnitudes; and, use of a modern computational 

code for the hazard calculations.  The 2012 seismic hazard map resulted in an important enhancement 

to the Australian national earthquake hazard mapping effort. 

The progression of seismic hazard mapping in Australia has consistently incorporated new seismic 

source modelling, ground motion attenuation, and computational approaches.  The source models 

increasingly have reflected the geological, seismic, and tectonic characteristics of the Australian 
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continent.  However, none of the maps provide ground motion estimates for the offshore area and there 

has been limited consideration of the contribution to the hazard in northern Australia from fault sources 

or large magnitude earthquakes along the northern plate boundary collision. 

For this project the seismotectonic setting of the NWS, northwestern Australia craton, Java trench 

portion of the Sunda Arc, and Banda Arc region was evaluated in order to develop a seismic source 

model for input to the PSHA.  The purpose of including tectonic elements along the northern plate 

boundary was to incorporate sources of large magnitude to great earthquakes that would contribute to 

the hazard in the northern part of the NWS region.  The main seismotectonic features included in the 

source model are: (a) the extended continental margin of the NWS, including reactivated faults; (b) 

stable cratonic areas of northwestern Australia; (c) the north dipping Java segment of the eastern Sunda 

Arc subduction zone; (d) south dipping Flores-Wetar thrusts; (e) north dipping deformation zones along 

the Outer Banda (Timor) arc-continent collision; and (f) the oceanic basins.  

The seismic source model includes parameters that describe the location, geometry, magnitude, style of 

faulting, crustal thickness, and recurrence parameters for areal source zones and shallow crustal fault 

sources, as well as subduction interplate and intraplate sources (Figure 1-8).  These parameters have 

associated uncertainties related to both inherent randomness in the natural process (aleatory variability) 

and uncertainty in our understanding of the process (epistemic uncertainty).  Epistemic uncertainties in 

source parameters are incorporated through implementation of a logic tree approach, which incorporates 

weighted alternative interpretations of parameters such as Mmax, slip rate, and a- and b-value recurrence 

parameter pairs (Budnitz et al., 1997; Scherbaum and Kuehn, 2011; Bommer, 2012; Kale and Akkar, 

2017).  The aleatory uncertainty in estimation of Mmax is informally accounted for through use of 

multiple empirical regressions (Bommer and Scherbaum, 2008; Bommer, 2012).   

Four different types of seismic source zones are included in the model.  These include areal sources, 

fault sources, subduction interplate sources and intraplate subduction sources, which are described 

below.

http://srl.geoscienceworld.org/content/85/6/1141#ref-5
http://srl.geoscienceworld.org/content/85/6/1141#ref-3
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Figure 1-8. Seismic source model described in Section 5.  Earthquakes presented on this figure are from the GEM catalogue (Storchak et al., 2013; 2015; Di 
Giacomo et al., 2018).  Subduction plate interface segments include: Zone 101=West Java; Zone 102-East Java-Bali; Zone 103= Sumbawa; Zone 104=Sumba 

Basin; Zone 105=Timor; and, Zone 105=Aru.  See Figure 1-1 for geographic place name locations.
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1.3.2.1 Areal Source Zones 

Areal source zones include regions of the shallow crust (i.e. <45 km depth) that are inferred to have 

uniform style of faulting, earthquake magnitude and recurrence characteristics (Figure 1-8; Table 1-1), 

but where sufficient data are not available to model specific faults.  Definition of the areal source zones 

was based on examination of geomorphological features (Hengesh et al., 2011), fault locations and 

kinematics (Hengesh, 2010; Hengesh and Whitney, 2016), geodetic data and tectonic block boundaries 

(Genrich et al., 1996; Bock et al., 2003; Simons et al., 2007; Nugroho et al., 2009), lithological 

boundaries (Hocking, 1988, 1990; Hocking et al., 1987; Brett, 2015), stress patterns (Hillis and 

Reynolds, 2003; Rajabi et al., 2017), and historical seismicity and centroid moment tensors (Hengesh 

and Whitney, 2016).  Parameter values estimated for input to the PSHA include: (1) source location; (2) 

thickness of seismogenic crust; (3) style of faulting; (4) Mmax distribution and weights; and (5) 

earthquake recurrence rates and weights.  Parameter values for the seismic source zones described below 

are summarized in Table 1-1. 

The Mmax values associated with each zone were estimated based on the recorded historical maximum 

magnitude, lengths of faults mapped within each zone, crustal thickness, and comparison to analogous 

tectonic settings in other regions.  The assigned magnitude distributions and weights represent our 

judgment that the distribution reasonably captures the epistemic uncertainty of the zone.  For example, 

the global record of earthquake occurrence in stable continental regions indicates that larger earthquakes 

occur in areas underlain by thinner extended crust (Schulte and Mooney, 2005; Mooney et al., 2012) 

(i.e. former rifted margins) than areas underlain by non-extended crust (Johnston et al., 1994; Clark et 

al., 2011).  We therefore assign higher relative maximum magnitude distributions to areas of extended 

and modified continental crust than we do for the non-extended stable continental regions of 

northwestern Australia.   

The style of faulting inferred for each shallow crustal source zone is dependent on structural trends and 

the dominant regional stress pattern for that particular area.  The regional stress patterns change from 

north to south across the larger model area (Figure 1-6).  In the north, the regional stress pattern is 

dominated by northeast-southwest directed compression (from the plate boundary south to Fitzroy 

Trough near Broome), while in the southern part of the model area (south of 20° south latitude) the 

regional stress pattern is dominated by east-west compressive stress (Whitney et al., 2016; Hillis and 

Reynolds, 2000; Revets et al., 2009).  The transition from northeast-southwest to east-west principal 

horizontal stress directions occurs in the area between Barrow Island and Broome, Western Australia.  

Therefore, although faults in the northern and southern parts of the model area may have similar 

orientations, the style of faulting likely to occur along those faults will vary depending on whether it is 

undergoing northeast-southwest compression, or east-west compression.  Localized stress patterns, such 

as flexure of the northern part of the Australian plate between Timor trough and Broome (Hengesh et 
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al., 2011), also influence the style of deformation.  The style-of-faulting parameter is incorporated in 

the source parameter functions of the ground-motion attenuation equations used to compute the ground-

motion hazard.   

Earthquake recurrence rates were calculated for each areal source zone.  Earthquake data from the late 

1800’s to 2015 were collected and evaluated.  The catalogue was cleaned (duplicates removed) and 

declustered to remove dependent events (Gardner and Knopoff, 1974).  All event magnitudes (e.g. mb, 

Ms, ML) were converted to moment magnitude.  Subcatalogues were extracted for each areal source 

zone and recurrence parameters were calculated, taking into account variable historical completeness 

as a function of magnitude.  For all areal sources earthquake recurrence was assumed to follow a 

Gutenberg-Richter truncated exponential magnitude frequency distribution (MFD) (Gutenberg-Richter, 

1956), 

Log10[N(>M)]=a – bM    Equation 1-1 

where: N is the number of events having magnitude >M, and a and b are empirical constants.



Neotectonics, Seismic Hazards and Seafloor Stability on Australia’s North West Shelf  
The University of Western Australia 
 

1-23 

Table 1-1. Source characteristics for areal source zones.  See Figure 1-8 for locations of source zones. 

Zone 
# Setting 

Max 
historical 

event 
Style of 
faulting 

Weight 
(wt) 

Seismogeni
c Thickness 

(km) wt 

Maximum 
Magnitude 

(Mw) wt b-value a-value N>Mw5.0 wt N>Mw7.5 
   Reverse 0.67   7.7 0.2 0.9495 5.0192 1.869 0.11  

1 
Front of the accretionary 

deformation zone along Java 
segment of Java trench 

Mw 7.72, 
2006 Strike slip 0.33 75 1.0 7.8 0.6 1.1457 6.0590 2.140 0.67 

Not 
applicable 

(NA) 
       7.9 0.2 1.3613 7.0988 2.483 0.22  
              
   Reverse 0.67   7.7 0.2 0.9979 5.3919 2.525 0.2  

2 Front of the accretionary 
deformation zone along Java trench 

Mw 7.76, 
1994 Strike slip 0.33 100 1.0 7.8 0.6 1.2905 6.9132 2.889 0.6 NA 

       7.9 0.2 1.5552 8.2897 3.263 0.2  

              

   Reverse 0.67     0.7999 4.3468 2.225 0.2  

3 Front of the accretionary 
deformation zone along Java trench 

Mw 8.3, 
1976 Strike slip 0.33 50 1.0 8.3 1.0 1.2256 6.5607 2.707 0.6 NA 

         1.4779 7.8726 3.041 0.2  

              

   Normal 0.5   7.3 0.2 0.9741 5.1528 1.915 0.2  
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Table 1-1. Source characteristics for areal source zones, continued. 

Zone 
# Setting 

Max 
historical 

event 
Style of 
faulting 

Weight 
(wt) 

Seismogenic 
Thickness 

(km) Wt 

Maximum 
Magnitude 

(Mw) Wt. b-value a-value 
N>Mw 

5.0 Wt N>Mw 7.5 

4 
Northern margin of Indian Ocean 

plate being warped down into Java 
trench 

Mw 6.96, 
1979 Strike slip 0.5 50 1.0 7.5 0.6 1.2872 6.7180 1.9147 0.6 

Not 
applicable 

(NA) 
       7.7 0.2 1.6090 8.3270 1.9147 0.2  

              
   Reverse 0.6   6.8 0.2 0.7146 2.0454 0.0297 0.2  

13 Craton/stable continental interiors Mw 6.3, 
1941 Strike slip 0.4 20 1.0 7 0.6 0.9316 2.9481 0.0195 0.6 NA 

       7.2 0.2 1.0609 3.3614 0.0114 0.2  

              

   Reverse 0.6   6.8 0.2 0.5503 1.4847 0.0541 0.2  

24 Extended continental crust; 
reactivated 

Mw 6.2, 
1997 Strike slip 0.4 20 1.0 7 0.6 0.6517 1.9207 0.0459 0.6 NA 

       7.2 0.2 0.7862 2.4988 0.0370 0.2  
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Table 1-1. Source characteristics for areal source zones, continued. 

Zone 
# Setting 

Max 
historical 

event 
Style of 
faulting 

Weight 
(wt) 

Seismogeni
c Thickness 

(km) wt 

Maximum 
Magnitude 

(Mw) wt b-value a-value 
N>Mw 

5.0 wt 
N>Mw 

7.5 
   Normal 0.67   7.5 0.2 0.9011 4.0998 0.67 0.2  

29 
Shallow crustal zone above 
intraplate subduction source 

(Z<45) 
Mw 7.54, 2007 Strike slip 0.33 45 1.0 7.6 0.6 1.0512 4.8356 0.33 0.6 NA 

       7.7 0.2 1.2310 5.7163 0.3643 0.2  
              
   Reverse 0.67   7.5 0.2 0.8895 4.7577 2.0436 0.2  

30 

Lombak-Eastern Javanback-arc - 
shallow crustal zone above 
intraplate subduction source 

(Z<45) 

Mw 7.5, 1836; 
Mw 7.0, 1857; 
Mw 7.0, 1815 

Strike slip 0.33 45 1.0 7.6 0.6 0.9673 5.1467 2.0436 0.6 NA 

       7.7 0.2 1.0682 5.6516 2.0436 0.2  
              
   Reverse 0.67     0.6503 3.0316 0.6027 0.2  

31 
Shallow crustal zone above 
Flores intraplate subduction 

source 
Mw7.74, 1992 Strike slip 0.33 45 1.0 7.75 1.0 0.8073 3.8321 0.6249 0.6 NA 

         0.9917 4.7729 0.6520 0.2  

              

   Reverse 0.67   7.7 0.2 1.0011 4.5393 0.3418 0.2  

32 Savu Basin - forearc (Z<100) Mw 6.2, 1926 Strike slip 0.33 50 1.0 7.8 0.6 1.1123 5.0955 0.3418 0.6 NA 

       7.9 0.2 1.2514 5.7907 0.3418 0.2  
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Table 1-1. Source characteristics for areal source zones, continued. 

Zone 
# Setting 

Max 
historical 

event 
Style of 
faulting 

Weight 
(wt) 

Seismogenic 
Thickness 

(km) wt 

Maximum 
Magnitude 

(Mw) wt b-value a-value 
N>Mw 

5.0 wt 
N>Mw 

7.5 
   Reverse 0.67     0.7579 3.5876 0.6280 0.2  

33 Wetar thrust - back arc thrust 
system Mw 7.49, 2004 Strike slip 0.33 45 1.0 7.5 1 0.8766 4.2282 0.7005 0.6 NA 

         0.9919 4.8510 0.7790 0.2  

              

   Reverse 0.67     0.7277 3.7821 1.3923 0.11  

34 Aru thrust - back arc thrust 
system 

Mw 8.5, 1938; 
Mw 7.46, 1927 Strike slip 0.33 45 1.0 8.5 1.0 0.9522 5.0395 1.8987 0.67 NA 

         1.1308 6.0394 2.4299 0.22  

              

   Normal 0.67     0.8159 3.8273 0.5592 0.2  

35 Java Sea back arc Mw 7.5, 1820 Strike slip 0.33 45 1.0 7.5 1.0 0.9488 4.4914 0.5592 0.6 NA 

         1.0886 5.1907 0.5592 0.2  
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Table 1-1. Source characteristics for areal source zones, continued. 

Zone # Setting 

Max 
historical 

event 
Style of 
faulting 

Weight 
(wt) 

Seismogenic 
Thickness 

(km) wt 

Maximum 
Magnitude 

(Mw) wt b-value a-value N>Mw 5.0 wt 
N>Mw 

7.5 
   Normal 0.5   7.4 0.2 0.7870 3.6686 0.5415 0.2  

36 Banda Sea back-arc Mw7.2, 1963 Strike slip 0.5 45 1.0 7.5 0.6 0.8941 4.2255 0.5689 0.6 NA 

       7.6 0.2 0.9895 4.7219 0.5945 0.2  
              
   Normal 0.5   7.1 0.11 0.7502 2.8583 0.1281 0.11  

301 

Continental margin 
under flexure due to 
collision with Banda 

Arc 

Mw6.0, 1965 Strike slip 0.5 40 1.0 7.3 0.67 1.0113 4.0858 0.1069 0.67 NA 

       7.5 0.22 1.3148 5.5118 0.0867 0.22  
              
   Normal 0.5   7.2 0.2 0.8232 3.9844 0.7388 0.2  

302 

Northern margin of 
Australian continental 

shelf being warped 
down into the Timor 

trough 

Mw5.8, 2013 Strike slip 0.5 50 1.0 7.4 0.6 0.9694 4.6569 0.6458 0.6 NA 

       7.6 0.2 1.1925 5.6833 0.5258 0.2  
              
   Reverse 0.5     0.5557 2.0705 0.1960 0.20  

303 Oceanic basins Mw7.4, 1906 Strike slip 0.25 30 1.0 7.4 1.0 0.8350 3.4672 0.1960 0.60 NA 

   Normal 0.25     1.0258 4.4214 0.1960 0.20  
              
   Normal 0.25   6.75 0.11 0.8435 3.3342 0.1309 0.2  

304 

Transitional 
continental crust, 

between continental 
slope and abyssal 

plain 

Mw5.7, 1976 Strike slip 0.5 35 1.0 7.0 0.67 0.8887 3.4969 0.1131 0.6 NA 

   Reverse 0.25   7.25 0.22 1.0101 4.0676 0.1040 0.2  
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Table 1-1. Source characteristics for areal source zones, continued. 

Zone # Setting Max historical 
event 

Style of 
faulting 

Weight 
(wt) 

Seismogenic 
Thickness 

(km) 

wt Max. Mag. 
(Mw) 

wt b-value a-value N>Mw 5.0 wt N>Mw 
7.5 

       7.2 0.2      
   Normal 0.11   7.4 0.4 0.9405 4.2855 0.3828 0.2  

305 
(Model A 

– no 
faults) 

Extended continental 
crust; reactivated 

M6.5, 1885; 
Mw6.3, 1929 Strike slkip 0.67 30 1.0 7.6 0.2 1.0659 4.8872 0.3613 0.6 NA 

   Reverse 0.22   7.8 0.15 1.1970 5.5168 0.3401 0.2  
       8.0 0.05      

   Normal 0.11   6.7 0.11 0.9405 4.2855 0.3828 0.2  

305 
(Model B 

– with 
faults) 

Extended continental 
crust; reactivated 

M6.5, 1885; 
Mw6.3, 1929 Strike slkip 0.67 30 1.0 6.8 0.67 1.0659 4.8872 0.3613 0.6 NA 

   Reverse 0.22   6.9 0.22 1.1970 5.5168 0.3401 0.2  
              
   Reverse 0.5   6.8 0.2 1.2159 5.8697 0.6168 0.2  

306 Cratons and stable 
continental interiors Mw6.58, 1988 Strike slip 0.5 20 1.0 7 0.6 1.3349 6.4644 0.6168 0.6 NA 

       7.2 0.2 1.5209 7.3948 0.6168 0.2  
   Reverse 0.5   6.9 0.2 0.7093 2.8803 0.2156 0.2  

307 
Failed intracontinental 

rifts and margins of 
cratons 

Mw5.5, 1941 Strike slip 0.5 20 1.0 7.1 0.6 0.8338 3.3783 0.1619 0.6 NA 

       7.3 0.2 0.9775 3.9528 0.1163 0.2  
Subduction Sources            

         0.7747 3.9772 1.2700 0.11 0.0147 

101 
Shallow crust around 
western end of Java 

trench interplate zone 
Mw8.1, 1903 Thrust 1.0 100 1.0 7.4 1.0 1.0028 5.1181 1.2700 0.67 0.0040 

         1.2062 6.1347 1.2700 0.22 0.0012 
              
         0.9838 5.3676 2.8089 0.2 0.0098

0 

102 

Shallow crust around 
eastern Java/Bali 

segment of Java trench 
interplate zone 

Mw7.3, 1927 Thrust 1.0 100 1.0 7.4 1.0 1.1863 6.4205 3.0835 0.6 0.0033 

         1.6025 8.5846 3.7349 0.2 0.0004 
              
         1.0692 5.6511 2.0184 0.2 0.0043 
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Table 1-1. Source characteristics for areal source zones, concluded. 

103 

Shallow crust around 
Sumbawa segment of 
Java trench interplate 

zone 

Mw6.98, 1922 Thrust 1.0 100 1.0 7.4 1.0 1.2608 6.6283 2.1094 0.6 0.0015 

         1.4518 7.6021 2.2042 0.2 0.0005 
              
   Reverse 0.8     0.9774 5.1094 1.6691 0.2 0.0030 

104 
Shallow crust around 

Savu Basin segment of 
Banda collision 

Mw7.29; 1938 Strike slip 0.2 100 1.0 7.4 1.0 1.1036 5.7531 1.7183 0.6 0.0015 

         1.2236 6.3648 1.7664 0.2 0.0060 
              
   Reverse 0.67     0.7081 3.3570 0.6554 0.2 0.0111 

105 
Shallow crust around 

Timor segment of 
Banda collision 

Mw6.1, 1975 Strike slip 0.33 45 1.0 7.4 1.0 0.8928 4.2805 0.6554 0.6 0.0038 

         1.1509 5.5710 0.6554 0.2 0.0009 
              
   Reverse 0.33     0.9829 5.0961 1.5192 0.2 0.0053 

106 
Shallow crust around 

Aru segment of Banda 
collision 

Mw6.73, 1960 Strike slip 0.67 45 1.0 7.4 1.0 1.1890 6.1062 1.4488 0.6 0.0015 

         1.4139 7.2078 1.3757 0.2 0.0004 
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1.3.2.2 Fault Sources 

The faults on the NWS are reactivated Mesozoic age rift related structures associated with the Northern 

Carnarvon, Roebuck, and Browse basins (Baillie and Jacobson, 1995; Harrowfield and Keep, 2005).  

The faults form a northeast-trending zone that extends 1,400 kilometres along the continental shelf 

(Figure 1-8).  The former basin structures now are deforming in response to the current collisional 

processes along the northern plate margin (Hengesh and Whitney, 2014; 2016). 

Fault sources represent individual seismogenic faults where there are sufficient data to assess the 

location, segmentation, geometry, style of faulting, recency of activity, earthquake magnitudes, slip 

rates and recurrence intervals.  The fault sources included in this model were identified and mapped 

using 2D and 3D seismic data from Cortese et al. (2014).  Faults were mapped if they deform late 

Neogene (i.e. H50 horizon of Cortese et al., 2014) or younger Quaternary deposits (Gallagher et al., 

2014) on multiple seismic lines, and if they could be mapped into the Mesozoic or older basement 

sections.  In many areas of the NWS there are polygonal faults or other types of shallow faults with 

minor displacements that do not extend to seismogenic depth and these structures were interpreted as 

non-tectonic and were not mapped or included in the analyses (Figure 1-9).  In some cases, faults were 

identified that rupture and deform the shallow subsurface or seafloor indicating Holocene or late 

Pleistocene activity (Figure 1-10).  The fault parameter values used to characterize the faults are 

summarized in Table 1-2.  

  



Neotectonics, Seismic Hazards and Seafloor Stability on Australia’s North West Shelf  
The University of Western Australia 
 

1-31 

 

Figure 1-9. Examples of non-tectonic faults from Exmouth Plateau.
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Figure 1-10. Example of seafloor faulting from Browse basin. 
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Table 1-2. Fault source characteristics and recurrence calculations. 

Fault 
Name 

Sense of 
Slip 

Estimated 
Rupture Length 

(km) 

Rupture 
Width  
(km) 

Estimated 
Rupture 

Area  
(km2) 

Magnitude 
Distribution 

 (Mw) 

Ave of Mean MD 
for SRL & Mw  
(all fault types) 

(m) 
Slip Rate Models 

 (mm/yr) 

Weighted 
Mean Slip 

Rate 
(mm/yr) 

Recurrence rate (weighted mean 
slip rate/mean max MD (ave of SRL 

& Mw) (yr-1) 

  Min Max Min Max                
Outer 
Shelf RL-SS 220 254 16 22 3520 5588 7.5 7.8 8.1 8.1 10.5 15.5 0.30 1.50 3.30 1.43 0.00018 0.00014 0.00009 

        0.22 0.67 0.11    0.22 0.67 0.11     

Inner 
Shelf 
South 

RL-SS 165 219 16 22 2640 4818 7.4 7.7 8.0 5.9 8.3 12.8 0.40 1.40 3.20 1.38 0.00023 0.00017 0.00011 

        0.22 0.67 0.11    0.22 0.67 0.11     

Inner 
Shelf 
North 

RL-SS 70 124 16 22 1120 2728 7.1 7.3 7.6 2.3 3.8 6.2 0.40 1.40 3.20 1.38 0.00060 0.00037 0.00022 

        0.22 0.67 0.11    0.22 0.67 0.11     

Inner 
Basin 
South 

SS 62 122 16 22 992 2684 7.0 7.3 7.6 2.0 3.5 6.1 0.30 1.50 3.30 1.43 0.00072 0.00041 0.00024 

        0.22 0.67 0.11    0.22 0.67 0.11     

Inner 
Basin 
North 

SS 62 159 16 22 992 3498 7.0 7.4 7.8 2.0 4.2 8.5 0.30 1.50 3.30 1.43 0.00072 0.00034 0.00017 

        0.22 0.67 0.11    0.22 0.67 0.11     

Dampier 
North RL-SS 60 91 10 17 600 1547 6.8 7.1 7.4 1.6 2.6 3.8 0.02 0.40 1.40 0.52 0.00032 0.00020 0.00014 

        0.20 0.60 0.20    0.20 0.60 0.20     

Dampier 
Central RL-SS 47 70 9 15 423 1050 6.6 7.0 7.2 1.2 1.9 2.7 0.020 0.40 1.40 0.52 0.00043 0.00028 0.00019 

        0.20 0.60 0.20    0.20 0.60 0.20     

Dampier 
South RL-SS 63 70 9 15 567 1050 6.7 7.0 7.2 1.6 2.2 2.7 0.02 0.40 1.40 0.52 0.00032 0.00024 0.00019 

        0.20 0.60 0.20    0.20 0.60 0.20     

Dampier 
S+C RL-SS 110 140 9 15 990 2100 7.0 7.3 7.6 3.1 4.4 6.1 0.02 0.13 0.40 0.16 0.00005 0.00004 0.00003 

        0.20 0.60 0.20    0.20 0.60 0.20     
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Table 1-2. Fault source characteristics and recurrence calculations, concluded. 

Flinders-
Sholl Island 

North 
RL-SS 30 37 9 15 270 555 6.5 6.7 6.9 0.7 1.0 1.3 0.01 0.13 0.40 0.16 0.00022 0.00016 0.00012 

        0.20 0.60 0.20    0.20 0.60 0.20     

Flinders-
Sholl Island 

Central 
RL SS 50 75 9 15 450 1125 6.7 7.0 7.3 1.3 2.0 2.9 0.012 0.129 0.400 0.160 0.00012 0.000080 0.000055 

        0.20 0.60 0.20    0.20 0.60 0.20     

Flinders-
Sholl Island 

South 
RL SS 80 150 10 17 800 2550 6.9 7.3 7.6 2.3 4.1 6.6 0.005 0.067 0.258 0.093 0.000041 0.000023 0.000014 

        0.20 0.60 0.20    0.20 0.60 0.20     

Rowley 
Shoals RL SS 75 140 10 17 750 2380 6.9 7.3 7.6 2.1 3.8 6.1 0.002 0.273 1.070 0.378 0.000180 0.000100 0.000062 

        0.20 0.60 0.20    0.20 0.60 0.20     

Flores Thrust Rev 130 130 48 60 6240 7800 7.4 7.8 8.2 4.8 7.9 17.4 25.000 30.000 35.000 30.000 0.006196 0.003786 0.001720 

        0.20 0.60 0.20    0.20 0.60 0.20     

Wetar Thrust Rev 200 240 48 60 9600 1440
0 7.6 8.0 8.6 7.6 14.3 39.6 40.000 45.000 50.000 45.000 0.005894 0.003156 0.001137 

        0.20 0.60 0.20    0.20 0.60 0.20     

Sanford 
River 

RL 
SS/Rev 25 37 10 17 250 629 6.4 6.7 7.0 0.6 0.9 1.4 0.007 0.010 0.014 0.010 0.000016 0.000011 0.000007 

        0.20 0.60 0.20    0.20 0.60 0.20     

Roderick 
River 

RL 
SS/Rev 65 75 10 17 650 1275 6.8 7.1 7.3 1.8 2.4 3.1 0.033 0.050 0.066 0.050 0.000028 0.000021 0.000016 

        0.20 0.60 0.20    0.20 0.60 0.20     

Narryer 
West 

RL 
SS/Rev 30 35 10 17 300 595 6.5 6.8 7.0 0.8 1.0 1.3 0.007 0.011 0.015 0.011 0.000015 0.000011 0.000008 

        0.20 0.60 0.20    0.20 0.60 0.20     

Cape Range RL 
SS/Rev 65 145 10 17 650 2465 6.8 7.3 7.6 1.8 3.6 6.4 0.023 0.058 0.092 0.058 0.000033 0.000016 0.000009 

        0.20 0.60 0.20    0.20 0.60 0.20     
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The faults shown on Figure 1-8 are interpreted as having primarily a strike slip sense of 

deformation with secondary extensional or contractional components of motion.  The transcurrent 

style of deformation is consistent with focal mechanism solutions along the former rifted margin 

(Revets, 2009; Keep et al., 2012; Keep, 2013; Clark et al., 2014; Chapter 3) that indicate a dextral 

strike slip style of deformation.   

Seventeen fault segments on the NWS are identified as being of sufficient continuity, expression 

and activity to be included in the source model (Figure 1-7; Table 1-2).  The faults range in length 

from 25 to 254 km.  Rupture widths are assessed using the following assumptions: (a) the top of 

the rupture is 3 km; (b) seismogenic thickness of the crust is assessed as being approximately 10 

to 17 km, which is consistent with the extent of faulting observed on deep seismic data; (c) final 

minimum and maximum rupture widths are calculated using the fault dip and range of 

seismogenic thicknesses.  The resulting rupture widths range from 9 to 22 km (Table 1-2).   

Maximum earthquake magnitudes and displacements were estimated using empirical regressions 

that relate fault length and area to magnitude.  Five different empirical relationships between fault 

length and area were used to compute distributions of estimated maximum earthquake magnitudes 

for each fault (Table 1-3) (Wells and Coppersmith, 1994; Ellsworth, 2003; Hanks and Bakun, 

2008; and Wesnousky, 2008).  Where the option exists, the magnitudes were computed using the 

relationships for “all fault types” or “strike slip faults” because of the inferred oblique strike slip 

components of motion on the NWS; these relationships also have a high correlation coefficients 

relative to other regressions (Wells and Coppersmith, 1994).  The minimum, average, and 

maximum magnitude values are derived from the range of lengths and areas used and the range 

of results derived from the five different equations.  The resulting magnitude distribution ranges 

from Mw 6.5 to 7.6.  The maximum earthquake magnitude distributions for each fault are 

presented in Table 1-2. 
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Table 1-3.  Empirical Regressions used in Seismic Source Characterization 

Authors Types of Regressions Equations Units 

Magnitude regressions 
Ellsworth (2003) Moment Magnitude vs 

Area  
For area <500 km2 
For area >500 km2 

 
 
Mw = 4.1 + log (area) 
Mw = 4.2 + log (area) 

 
 

km2 

km2 
Hanks & Bakun 
(2008) 

Moment Magnitude vs 
Area  
For area <537 km2 
For area >537 km2 

 
 
Mw = log A + (3:98 + 0:03) 
Mw = (4/3) log A + (3.07 + 
0.04) 

 
 

km2 

km2 

Wesnousky (2008) 
Length vs Moment 
Magnitude (strike-slip 
faults) 

Mw = 5.56 + (0.87 * log (L)) km 

Wells and 
Coppersmith (1994) 

Moment Magnitude vs 
Area (all fault types) 

Mw = 4.07 + (0.98 * log 
(area)) km2 

Wells and 
Coppersmith (1994) 

Moment Magnitude vs 
Length (all fault types) 

Mw = 5.08 + (1.16 * log 
(SRL)) km 

Displacement regressions 

Wells and 
Coppersmith (1994) 

Mean Average 
Displacement vs Length 
(all fault types) 

log (AD) = -1.43 + (0.88*log 
(SRL)) km 

Wells and 
Coppersmith (1994) 

Mean Average 
Displacement vs Moment 
Magnitude (all fault types) 

log (AD) = -4.8 + (0.69*Mw)  

Wells and 
Coppersmith (1994) 

Mean Maximum 
Displacement vs Length 
(all fault types) 

log (MD) = -1.38 + (1.02*log 
(SRL)) km 

Wells and 
Coppersmith (1994) 

Mean Maximum 
Displacement vs Moment 
Magnitude (all fault types) 

log (MD) = -5.46 + (0.82*Mw)  

 

In addition to the Mmax distribution it is necessary to provide estimates of fault slip rates for input 

to the PSHA.  Slip rates are estimated for offsets of late Neogene horizons and represent long 

term geological slip rates rather than detailed paleoseismic slip rates.  The slip rates are computed 

using vertical displacements of the late Miocene unconformity (H50) defined by Cortese et al. 

(2014) or Quaternary horizon (Gallagher et al., 2014) and converting these to horizontal 

displacements.  Although no suitable piercing points were identified to directly assess horizontal 

slip rates across the fault zones a general indication of horizontal slip rates can be estimated by 

assuming a range of vertical to horizontal slip ratios.  Common horizontal to vertical slip ratios 

range from 1:1 to 10:1.  Therefore, the estimated horizontal displacements range from 1 to 10 

times the vertical displacements (Table 1-2).  To compute rates, we assume that deformation 

along these faults had begun by the early to middle stages of the collision along the Sumba-Savu-
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Rote ridge (see discussion in Section 2.0), approximately 1 to 3 Ma (Roosmawati and Harris, 

2009; Rigg and Hall, 2011).  We use 1 Ma as the minimum age of deformation and 3 Ma as the 

maximum age for onset of deformation (Chapter 4; Hengesh and Whitney, 2014).  The 

displacement values measured for each fault zone and estimated vertical and horizontal slip rates 

are summarized in Table 1-2.  A distribution of weighted slip rates is used to develop the 

magnitude frequency distribution for faults in the seismic source model.   

The magnitude frequency distributions (MFDs) for fault sources estimate recurrence rates of large 

magnitude “maximum magnitude” events.  These MFDs were developed by dividing empirically 

derived displacements for maximum earthquake magnitudes by fault slip rates (Chapter 4; 

Hengesh and Whitney, 2016; Chapter 5; Hengesh et al., submitted).  This approach is analogous 

to the maximum moment MFD of Wesnousky (1986).  The maximum fault displacement was 

calculated for each Mmax value using the average of the Wells and Coppersmith (1994) empirical 

relationship between moment magnitude (Mw) and maximum displacement (MD) and length and 

maximum displacement (MD) for “all fault types” (Table 1-3).  The recurrence rate for each Mmax 

value was then computed as the ratio of the weighted mean slip rate and associated MD value.   

1.3.2.3 Subduction Zone Source Characterization 

  Plate Interface Sources 

Deformation along the northern boundary of the Australian Plate changes from subduction along 

the Sunda Arc to arc-continent collision along the Outer Banda Arc.  Based on analysis of the 

composite seismicity catalogue, the historical seismic record (Newcomb and McCann; 1987; 

Koulali et al., 2016), changes in orientation, crustal type and subduction polarity of the Sunda and 

Banda arcs (Hamilton, 1979; Silver, 1983; McCaffrey, 1988; Harris, 1991; Roosmawati and 

Harris, 2009; Harris et al., 2000, 2009; Rig and Hall., 2011), and the presence of discrete crustal 

blocks with unique motion vectors (Gingrich et al., 1996; Charmot-Rooke and Le Pichon, 1999; 

Bock et al., 2003; Nugroho et al., 2009), we have defined four subduction zone plate interface 

segments (along the Java trench) and two segments along the Outer Banda Arc (Figure 1-8). 

From west to east, the six plate interface segments include the: West Java, East Java-Bali, 

Sumbawa, Sumba basin, Timor, and Aru zones (Figure 1-8).  The West Java segment extends 

approximately 500 km from Sunda Strait to a longitude coincident with Semarang, Java near the 

western termination of the Flores thrust where there is a change in the pattern of intermediate 

depth seismicity.  The east Java-Bali segment is 640 km long and coincides with the Roo Rise 

chain of seamounts on the subducting Indian Ocean sub-plate (Figure 1-8).  The chain of 

seamounts that form Roo Rise is inferred to represent an asperity along the subducting plate 

(Masson et al., 1990; Abercrombie et al., 2001; Bilek, 2007) and a distinct rupture segment.  The 
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Sumbawa segment is 390 km long and coincides with the smoother, older Argo abyssal plain part 

of the oceanic crust and changes in block kinematics along the plate boundary (Nugroho et al., 

2009).  The Sumba basin segment is 520 km long and is located at the intersection of the Scott 

Plateau continental margin with the Java trench.  There are significant shallow crustal thrust faults 

along the Sumba segment that accommodate a component of the convergence at the plate 

boundary (Roosmawati and Harris, 2009; Harris et al., 2009; Spakman and Hall, 2010; Rigg and 

Hall, 2011). 

Two plate interface zones define the eastern part of the northern Australian plate boundary that 

extends from Timor to Aru islands (Figure 1-8).  The Timor segment of the Banda collision 

extends approximately 400 km from Rote Island to the northeastern part of Timor Island (Figure 

1-8).  The zone represents the area along Timor trough where Australian continental crust is now 

blocking the former subduction complex and the foredeep is obducting onto the continental 

margin (Von der Borch, 1978; Roosmawati and Harris, 2009; Harris et al., 2009; Audley-Charles, 

2011; Rigg and Hall, 2011; Saqab et al., 2016).  Figure 1-5 illustrates the style of deformation 

along the collision zone.  Sinistral reverse oblique focal mechanisms characterize this part of the 

plate boundary (Chapter 3; Hengesh and Whitney, 2016) and northeast trending strike-slip faults 

in the upper plate suggest partitioning of the arc parallel component of motion between Timor 

and Australia (Duffy et al., 2013).  Geodetic data (Bock et al., 2003; Nugroho et al., 2009) suggest 

a convergence rate 15+8 mm/yr between Australia and Timor along the Timor collision zone.   

The Aru segment extends from the northeast end of Timor to Aru Island (Figure 1-8).  The Aru 

segment is defined based on the termination of the Wetar thrust system along the Inner Banda 

Arc, a change in seismicity rates, and an increase in the transcurrent component of motion.  There 

is a decrease in seismicity rates associated with the Wetar thrust system, an increase in seismicity 

along a vertical seismic zone between 100- and 200-km depth, and the deep detached Indian 

oceanic slab of the former Banda subduction zone (Figure 1-11).  A zone of vertically aligned 

intermediate depth seismicity is interpreted to represent a transcurrent component of motion along 

the Timor to Aru segment of the plate boundary zone. 
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Figure 1-11.  Hypocentral seismicity plot across Aru Trench segment. 

A distribution of Mmax values was estimated for each subduction zone plate interface source 

(Table 1-4).  Individual plate interface source zones were defined based on possible rupture 

segments defined by along strike changes in structural style, footwall asperities, differential block 

motions and changes in patterns of historical seismicity.  Down dip rupture widths were estimated 

based on hypocentral depth profiles assuming minimum hypocentral depths of 5 to 10 km and a 

range of maximum hypocentral depths of 30 to 50 km.  Using the range of rupture lengths and 

rupture widths (assuming different rupture scenarios) a range of earthquake magnitude values 

were then computed from a suite of empirical regressions that relate rupture length (Dorbath et al 

1990; Strasser, 2010) and rupture area (Geomatrix, 1993; Wyss, 1979; Strasser, 2010) to moment 

magnitude.  The lower bound Mmax value in the distribution is limited by the maximum historical 

event magnitude, such as the 1903 Mw8.1 west Java event, in a particular zone.  To account for 

the epistemic uncertainty in the segmentation models a distribution with 0.1 magnitude unit 

intervals is used between the minimum and maximum Mmax values.  For example, the east Java-

Bali segment of the plate interface has a Mmax distribution of Mw 8.5 to 9.0 with 0.1-unit 
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magnitude intervals.  The alternative maximum earthquake magnitude values are assigned 

weights to reflect preferences for values within the distribution.  

Three separate types of earthquake occurrence models are incorporated to characterize subduction 

zone seismic sources.  These include: (1) characteristic earthquakes (i.e. Mw > 8) caused by thrust 

motion on the dipping plate interface between depths of about 5 and 50 km (Lay et al., 2012); (2) 

distributed earthquakes with magnitudes between Mw7.5 and the minimum characteristic events 

originating along the plate interface and within the descending slab between depths of about 5 

and 50 km; (3) distributed seismicity (Mw>5) within the volume of crust from 3 to 100 km depth 

around the plate interface; and (4), deep intraplate earthquakes (depths between 45 and 200 km) 

that occur within the subducted oceanic slab and adjacent crust down dip of the plate interface.  

The depth limits for the plate interface are based on an analysis of earthquake hypocentral depths 

and correspond to the approximate limits of the 100° to 350°C isotherms, within which most large 

magnitude subduction zone earthquakes occur (Peacock and Hyndman, 1999; Currie and 

Hyndman, 2006).  At shallower depths (e.g. 0 to 10 km) rocks and sediments contain too much 

water and do not accommodate large amounts of stress.  Beneath about 45 km depth, and at 

temperatures greater than 350°C, the plate interface becomes too ductile to accommodate large 

amounts of stress (Peacock and Hyndman, 1999; Currie et al., 2002).   

The temperature and pressure conditions within the subduction zone lead to dewatering of the 

subducting plate and a decrease in friction across the plate interface.  This process has the effect 

of allowing aseismic creep or slip to occur, and thus not all accumulated strain is released 

seismically.  The aseismic component of slip affects the percentage of seismic coupling on the 

interface.  Lower amounts of seismic coupling, or efficiency, decreases the amount of effective 

slip on the fault plane, and thus the seismic moment rate available for generating large earthquakes 

(Pacheco and Sykes, 1992; Pacheco et al., 1993; McCaffrey, 2002).  The seismic coupling 

coefficient is considered in our estimation of slip rate and earthquake recurrence. 

Slips rates are computed by first compiling geodetically measured plate motion vectors along the 

plate boundary (c.f. Nugroho et al., 2009).  Vector decomposition is then used to compute the 

plate normal rate of motion.  A seismic coupling coefficient is then applied to the plate normal 

component of motion to estimate the effective slip rate.   

Three different types of MFDs are applied to subduction zone plate interface sources.  An areal 

source zone MFD is used to model the occurrence of earthquakes from 0 to 100 km depth and 

magnitudes between Mw 5.0 and 7.5.  For earthquakes between Mw 7.5 and the lower bound Mmax  

value on the plate interface we use a Gutenberg-Richter (1956) truncated exponential MFD model 

with the same b-value as the areal source, but adjust the rate parameter to Nc>Mw7.5, i.e. 
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cumulative number of earthquakes (Nc) greater than a minimum magnitude value (Mmin) of 

Mw7.5.  The maximum moment MFD (Wesnousky, 1986) is used to model the recurrence of great 

earthquakes on the plate interface sources.  We use the effective slip rate to compute a moment 

rate (Mo) for slip across the rupture area of the entire plate interface and then subtract the total 

accumulated moment for events between Mw 7.5 and the minimum Mmax value to compute the 

effective moment rate.  The recurrence rate is estimated by dividing the seismic moment of each 

alternative Mmax value by the effective moment rate. 
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Table 1-4. Magnitude and recurrence characteristics for earthquakes on subduction plate interface 
sources. 

 

Intermediate Magnitude 
(Intra-cycle) Plate Interface Earthquakes 

Maximum Magnitude (Great) 
Plate Interface Earthquakes 

M
agnitude 
 (M

w ) 

b-
value 

Recurrence 
Rate 

(Nc >Mw7.5 

W
eight 

Magnitude 
 (Mw) 

W
eight 

Effective slip 
rate 

(cm/yr) 

Recurrence  
(yrs) 

Zone 
101 

7.5 to 
8.5 1.033 0.003136 1.0 

8.6 0.25 

4.7 489 
8.7 0.25 

8.8 0.25 

8.9 0.25 

Zone 
102 

7.5 to 
8.4 1.186 0.0033 1.0 

8.5 0.1666 

2.51 1782 

8.6 0.1667 

8.7 0.1667 

8.8 0.1667 

8.9 0.1667 

9.0 0.1666 

Zone 
103 

7.5 to 
8.1 1.261 0.001486 1.0 

8.2 0.1666 

2.09 873 

8.3 0.1667 
8.4 0.1667 
8.5 0.1667 
8.6 0.1667 
8.7 0.1666 

Zone 
104 

7.5 to 
8.2 1.104 0.0030 1.0 

8.3 0.2 

0.98 1412 
8.4 0.2 

8.5 0.2 

8.6 0.2 

8.7 0.2 

Zone 
105 

7.5 to 
8.1 0.893 0.0038 1.0 

8.2 0.1666 

0.98 1278 

8.3 0.1667 

8.4 0.1667 

8.5 0.1667 

8.6 0.1667 

8.7 0.1666 

Zone 
106 

7.5 to 
8.2 1.189 0.0015 1.0 

8.3 0.1666 

0.69 2305 

8.4 0.1667 

8.5 0.1667 

8.6 0.1667 

8.7 0.1667 

8.8 0.1666 
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  Intraplate Subduction and Deep Crustal Seismic Zones 

The subduction intraplate zones model the occurrence of Benioff zone seismicity associated with 

the subducted Indian Ocean slab along the Sunda subduction zone (Figure 1-12) and deep 

distributed seismicity associated with the Timor and Aru collision zones (Figure 1-13).  Four 

subduction intraplate sources and two deep crustal source volumes are defined in the source 

model (Figure 1-8).  The sources extend from a minimum depth of 45 km at the base of the 

shallow crustal or plate interface zones to maximum depths of 200 km (Figure 1-12 andFigure 

1-13).   

The Mmax distribution for subduction intraplate sources generally reflects the record of intraplate 

events recorded worldwide and ranges from Mw 7.75 to 8.25.  However, the minimum value in 

the magnitude distribution is based on the maximum recorded historical event in the zone.  For 

example, the Aru intraplate zone has a lower limit maximum magnitude value of Mw 8.1, based 

on the 1963 Mw 8.1 Aru earthquake.  The MFDs for subduction zone intraplate sources are 

modelled by computing Gutenberg-Richter (1956) truncated exponential recurrence parameters 

for the entire volume of an intraplate zone (surface area * depth interval from 45 to 200 km).  

Along the Java trench the N>Mw5.0 rate is partitioned across three depth intervals (45 to 100 km, 

100 to 150 km, and 150 to 200 km) that encompass the Benioff zone seismicity (Figure 1-12).  

The total seismicity rate is then partitioned based on the relative volumes of the three sub-zone 

intervals (e.g. crustal volumes defined by the length of the source zone, and the width of the zone 

of intraplate seismicity, and the depth intervals).  The intraplate zones along the Timor collision 

are modelled as a single volume source extending from 45 to 200 km depth (Figure 1-13) because 

the seismicity is distributed (i.e. no clear Benioff zone).  Although earthquakes are recorded to 

depths of 650 km, we use a maximum depth of 200 km for intraplate sources because the relevant 

ground motion prediction equations for intraplate earthquakes are only valid to 200 km and 

earthquakes at greater depths would make little contribution to the hazard. 

 



Neotectonics, Seismic Hazards and Seafloor Stability on Australia’s North West Shelf  
The University of Western Australia 
 

1-44 

 

Figure 1-12. Sections across Java subduction zone illustrating earthquake hypocentre locations from 
composite catalogue, position of subducted slab, and source zone geometry.  Section locations shown 
on Figure 1-8. 
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Figure 1-13. Sections across southern Banda collision zone illustrating earthquake hypocentre 
locations, position of arc-continent interface, and source zone geometry.  Section locations shown on 
Figure 1-8.
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1.3.3 Ground Motion Models 

In addition to the source model (described above), the PSHA computation requires a ground 

motion model that describes the ground motion prediction equations (GMPE) used to compute 

horizontal component response spectral accelerations.  The calculation of spectral accelerations 

in the PSHA incorporates epistemic uncertainties through the use of several suites of ground 

motion prediction equations (GMPEs) that are selected for each seismotectonic environment in 

the model region (Montaldo et al., 2005; Petersen et al., 2007, 2008, 2015) and implemented 

using a logic tree approach (Atkinson et al., 2014; Marzocchi et al., 2015). 

Five different suites of horizontal acceleration response spectra GMPE are used to model the five 

source types (Table 1-5; see Chapter 5).  For this analysis, the individual GMPEs within each 

suite for a given seismotectonic domain are assigned equal weights.  For the extended passive 

margin of the Australian craton (the NWS) a combination of equally weighted ACR and SCR 

relations were used to compute ground motions.   

Aleatory uncertainty was formally accounted for in the hazard integral through the lognormal 

probability density function (PDF) for the predicted ground-motion parameter (Bommer and 

Abrahamson, 2006).  Because this is a regional project without specific regulatory guidance the 

analyses were completed to develop the mean hazard (McGuire et al., 2005), and specific fractiles 

for the hazard analyses have not been mapped. 

  

http://srl.geoscienceworld.org/content/85/6/1141#ref-17
http://srl.geoscienceworld.org/content/85/6/1141#ref-19
http://srl.geoscienceworld.org/content/85/6/1141#ref-4
http://srl.geoscienceworld.org/content/85/6/1141#ref-4
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Table 1-5. Ground motion prediction equations used in PSHA; within each group equations were 
equally weighted. 

Active Continental Region 

Abrahamson et al. (2014) 
Boore et al. (2014) 
Campbell and Bozorgnia (2014) 
Chiou and Youngs (2014) 

Stable Continental Region 

Atkinson and Boore (2006), 760 m/s 
Atkinson and Boore (2011) 
Pezeshk et al. (2011), 760 m/s 

Toro et al. (1997), 760 m/s 

Extended SCR –Reactivated 
Margin 

Abrahamson et al. (2014) 
Boore et al. (2014) 
Campbell and Bozorgnia (2014) 
Chiou and Youngs (2014) 
Atkinson and Boore (2006), 760 m/s 
Atkinson and Boore (2011) 
Pezeshk I. (2011), 760 m/s 
Toro et al. (1997), 760 m/s  

Subduction Zone Plate 
Interface 

Zhao et al. (2006) 
Abrahamson et al. (2016) 
Atkinson and Boore (2003) 

Subduction Zone Intraplate 
Zhao et al. (2006) 
Abrahamson et al. (2016) 
Atkinson & Boore (2003) 

 

1.3.4 Probabilistic Seismic Hazard Framework 

The PSHA methodology is illustrated schematically on Figure 1-14 and includes the following 

components: 

1. Characterization of seismic sources within the ~9,600,000 km2 study region (Figure 1-8), 

which includes the following parameters: 

a. Source geometry and location; 

b. Source types (e.g., shallow crustal, subduction, etc.) and style of faulting (e.g., 
normal, strike-slip, reverse, etc.); 

c. Magnitude distributions representing the range of possible earthquake sizes on 
each source; these are characterized using magnitude probability density 
functions; 

d. Earthquake magnitude frequency distributions (MFD).  This is a characterization 
of the annual rate at which earthquakes of a specified magnitude or greater occur 
in each source zone.  Depending on the source type, the MFD is estimated based 
on: i) the long-term slip rate (e.g., for fault sources); ii) regression on historic 



Neotectonics, Seismic Hazards and Seafloor Stability on Australia’s North West Shelf  
The University of Western Australia 
 

1-48 

seismicity (e.g., for areal sources); or iii), maximum seismic moment 
(Wesnousky, 1986).   

2. Characterization of ground motion attenuation in each source is based on the geological 

environment and source types.  This is described by a suite of GMPEs (Table 1-5).   

3. Performing the PSHA using the seismic source model in combination with the GMPEs to 

compute hazard curves.  These curves are expressed in terms of the annual frequency of 

exceeding a specified acceleration at a given point (i.e., annual hazard curves).  This 

information also can be presented in the form of uniform hazard spectra (UHS), which 

correspond to spectral accelerations having the same probability of exceedance across all 

structural periods.  

4. Deaggregation of seismic hazard results to compute the relative contribution of different 

model parameters, such as earthquake magnitude, distance, and the number of standard 

deviations in the GMPEs.  

Computation of the seismic hazard (Step 3 described above) involves using the weighted 

parameter values from the source model as well as the combination of uncertainties in earthquake 

size, location, frequency, and resulting ground motions.  The estimated annual rate at which the 

ground motion, A, will exceed a particular value, a, is carried out using the approach that was first 

developed by Cornell (1968) and refined by McGuire (2004): 

∫∫∑ >=>
=

drdmrfmfrmaAPMNaA RM

Nsource

i
  )( )( ],[)(][

1
minλ  (Equation 1-2) 

where Nsource is the total number of fault and areal sources, N(Mmin) is the annual rate of 

earthquakes with magnitude greater than or equal to Mmin, ],[ rmaAP >  is the probability of the 

ground motion, A, exceeding the threshold value, a, given the earthquake magnitude (m) and 

distance (r) from the fault, and fM(m) and fR(r) are probability density functions describing the 

variability in magnitude and distance.  

The computation of this integral is carried out numerically.  By assuming that earthquake 

occurrence can be modelled as a Poisson process, the probability of exceedance in a specified 

exposure period (i.e 10% in 50 years, or 2% in 50 years) may be estimated as follows (Yegian, 

1979) 

        (Equation 1-3)  P A a t e a t[ , ] [ ( ) ]> = − −1 λ
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where P[A>a,t] is the conditional probability of the spectral acceleration (A) exceeding a specified 

acceleration (a) during a time interval (t) given that an earthquake will occur, and λ(a) is the mean 

annual rate of exceedance of the specified acceleration level.  The hazard typically is expressed 

on an annual (per year) basis. 

For this research project we completed two separate PSHAs using two alternative source models 

to compare the effects of using fault sources on the NWS, or using only areal sources on the NWS.  

For each model we computed the hazard at 15,616 points and contoured the results to present 

ground motion contour maps of the region for different return periods and spectral acceleration 

values (see Chapter 5; Hengesh et al., in revision).  
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Figure 1-14. Schematic illustration of PSHA methodology. 
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1.3.5 Seafloor Stability 

The continental slope off of the NWS including parts of the Exmouth Plateau (Figure 1-1) is 

susceptible to a range of seafloor hazards from instabilities including sensitive calcareous soils, 

liquefaction and flow failures, gas expulsion, currents and scour, submarine landslides and 

turbidity flows (Hengesh et al., 2012; Scarselli et al., 2013; Dirstein et al., 2014; Hogan et al., 

2017).  The primary physiographic features of this area include: (a) the continental shelf; (b) 

upper, middle, and lower continental slope; and (c) Kangaroo Syncline and Scarborough Arch 

(Figure 1-15).  The continental shelf generally is defined as extending from the nearshore 

environment to the shelf break at approximately 200 m water depth.  From the shelf break to 

Kangaroo Syncline the continental slope drops 1,200 m and is characterised by submarine canyon 

systems, sedimentary fan complexes, and landslide scars (Figure 1-15).  Average slopes along the 

canyon systems are on the order of 3° to 7° (following interfluves), while the slopes across 

landside headscarps can be 30° to 90° (Chapter 6; Hengesh et al., 2013; Zhang et al., 2015). 

The continental slope extends from the shelf break to the Kangaroo Syncline at approximately 

1,400 m water depth, where the lower slope adjoins the Exmouth Plateau (Figure 1-15).  The 

plateau is a 350 km wide arch (in an east-west direction) that extends from the Kangaroo syncline 

at the base of the continental slope (~1,400 m depth), over the arch (~1100 m depth), to the 

continent-ocean boundary (COB) at approximately (~5000 m depth). 

The primary drivers of geohazard risk at these water depths are slope failures and associated mass 

transport deposits (Posamentier and Martinsen, 2011).  These types of failures can be amongst 

the largest earth movements in the world (Moore et al., 1989; Hampton et al., 1996; Masson et 

al., 2006; 2010) involving thousands of cubic kilometres of material.  However, it is not 

necessarily these large catastrophic failures that pose the greatest risk to marine infrastructure.  

Relatively frequent small failures can impose sufficient loads on infield and export systems to 

jeopardize the integrity of seafloor infrastructure (White et al., 2016). 

Submarine landslides have affected and contributed to the shape of the North West Shelf 

continental margin (Hampton et al., 1996; Locat and Lee 2002; Lee et al., 2007; Butler and Turner 

2010) and are associated with both relict physiographic features and reactivated geological 

structures.  Relict features originally formed during the later stages of Mesozoic rifting and 

include the continental slope and outer margins of the Exmouth Plateau (Figure 1-15).  

Reactivated structures formed as a result of post-Neogene onset of arc-continent collision 

(Chapter 3; Hengesh and Whitney, 2014; 2016).  The transpressional reactivation of some of the 

former normal faults has resulted in the structural inversion of post-rift basin infills and has caused 

local arching and warping of the sea-floor (Kaiko and Tait, 2001).  Structures such as the 
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Scarborough Arch and Kangaroo syncline (Figure 1-15) have increased seafloor slope gradients 

and reduced the stability of shallow, unconsolidated sediments.  Slides are known on both the 

east and west facing limbs of Scarborough Arch (Scarselli et al., 2013) and along the continental 

slope (Hengesh et al., 2012).  

The shallow stratigraphic section on the North West Shelf is composed of Quaternary hemipelagic 

foraminiferal nanno-fossil ooze (Apthorpe, 1988; von Rad and Exon, 1983; von Rad and Haq, 

1992).  These deposits have very high porosity, water content, void ratios, and low strength 

profiles (Figure 1-16).  The low strengths result in low residual stability of slopes and, given a 

triggering opportunity, a high slope failure potential.  The weak calcareous deposits overlie more 

competent polygonally faulted Paleocene to Eocene age nanno-fossil chalks and mudstones 

(Boyd et al., 1992). 

The results of our ground motion hazard mapping (Chapter 5: Hengesh et al., in review) indicate 

that even at moderate return periods of 1,000 years the amplitude of strong ground shaking will 

be on the order of 0.1 to 0.15g.  These ground shaking amplitudes are sufficient to trigger failures 

in susceptible deposits.  Ground motions in the near field area of a large magnitude earthquake 

on one of the reactivated faults will produce accelerations between 0.5g and 1.0g.  These events 

are likely to produce significant slope failures along the continental margin.  Slope failures 

recognized in the seafloor morphology along parts of the NWS continental margin (Chapter 6; 

Hengesh et al., 2013) include slides, slumps, translational failures, topple failures, debris flows 

and associated turbidity flows, and large-scale mass transport complexes.  These slope failures 

range in scale from small movements involving areas of 10’s to 100’s of square metres to large 

mass transport complexes involving failures on the order of 100 km3 of the continental slope 

(Hengesh et al., 2013).  An example of one such mass transport complex from the Gorgon 

escarpment on Exmouth Plateau is shown on (Figure 1-17). 
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Figure 1-15. Physiographic setting of the Exmouth Plateau continental margin. 
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Figure 1-16. Geotechnical soil properties on Exmouth Plateau from ODP borings ODP 761, 762, and 763 (von Rad and Haq, 1992). 



Neotectonics, Seismic Hazards and Seafloor Stability on Australia’s North West Shelf  
The University of Western Australia 
 

1-55 

 

Figure 1-17. Examples of landslide features along continental slope west of Barrow Island. These are referred to as the Gorgon #1 and Gorgon #2 landslide 
complexes (Hengesh et al., 2013). 
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1.4 SUMMARY 
Late Miocene re-organization of the northern Australian plate boundary is inferred to have triggered an 

episode of fault reactivation on Australia’s NWS.  The reactivated faults deform shallow sub-bottom 

sediments and the seafloor and are considered to be active.  These faults are potential seismogenic 

sources that may produce large magnitude earthquakes, a significant hazard on the NWS.  The potential 

for surface fault rupture, strong ground shaking and triggered secondary hazards such as slope failures 

and liquefaction impose risks to subsea infrastructure development.  The concepts of hazard and risk 

are described in Section 2, below. 

The reactivated faults on the NWS have been characterized to develop inputs to a PSHA.  The fault 

characterization and PSHA are described in the following Chapters 3, 4, and 5.  The ground motions 

that may result from large magnitude earthquakes on these faults also are sufficient to trigger seafloor 

instabilities.  Examples of the submarine slope failures on the Exmouth Plateau part of the NWS are 

described in Chapter 6.  The overall results of this research effort and a summary of conclusions are 

presented in Chapter 7. 
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2 GEOHAZARD RISK ASSESSMENT AND SEISMICITY 
The paper presented in this chapter provides background information related to different types of 

geological hazards and how these hazards can be quantified to assess geohazard risk.  This discussion 

provides context for the subsequent chapters that address active faulting, strong ground shaking, and 

submarine landslide failures on the North West Shelf. 

Hengesh, J.V. and D. Baumont (2017). Geohazard Risk Assessment and Seismicity, Encyclopedia of 

Maritime and Offshore Engineering, John Wiley & Sons, Ltd, online DOI: 

10.1002/9781118476406.emoe520 and print edition ISBN: 978-1-118-47635-2. 

2.1 ABSTRACT 
Major infrastructure projects in marine environments are exposed to a wide range of geological and 

seismic hazards, and invariably these projects benefit from careful consideration of their unique 

geological conditions.  In offshore projects it is necessary to characterize hazards during all phases of a 

project as understanding the nature of a hazard can enable steps to be taken that can reduce the risk to 

the system. 

Risk is the product of three important parameters including: geological hazard, structural vulnerability, 

and consequence.  There are five general types of geological or seismic hazards, including: (1) surface 

fault rupture, (2) strong ground shaking, (3) liquefaction related ground deformation, (4) seismically 

induced slope failure, and (5) tsunami.  Ground motion hazards can be assessed using the probabilistic 

seismic hazard analyse approach.  This approach is particularly useful in characterizing the hazard 

because the results are presented in terms of an annual frequency of exceedance, or frequency of 

occurrence, which is one of the primary factors necessary to consider hazards in a risk-based framework.  

Performing a PSHA requires two basic inputs that describe earthquake sources, and the transmission of 

seismic energy through the earth’s crust: the seismic source model and the ground motion model.  

Treatment of uncertainty is a critical part of developing these inputs. 

2.2 INTRODUCTION 
Major infrastructure projects in marine environments are being developed in geological and tectonic 

settings that range from shallow water deltaic systems to sediment starved hemi- pelagic environments, 

and from passive continental margins and active plate boundaries.  Despite the wide range of project 

types and locations, all are exposed to various geological hazards, and invariably can benefit from careful 

consideration of their unique geological conditions.  This is particularly important in the marine 

environment where projects can face extraordinary challenges related to facility construction, operation 

and maintenance, as well as response to and recovery from unexpected disruptions to system integrity. 
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Geological and seismic conditions influence all stages of a project life cycle from planning, design, 

construction, and operation to eventual decommissioning.  It is necessary during all phases of a project 

to understand the characteristics of these conditions.  Basic information should include the location and 

distribution of hazardous conditions, the severity of potential geohazard events, and the frequency with 

which these events might occur.  This information allows the project team to adequately evaluate and 

develop solutions for potential issues that might arise.  Simply put, it is necessary for a project team to 

sufficiently investigate the unique geological, geotechnical, and seismological conditions that may 

impact an investment such that the associated risks can be reduced to an acceptable level. 

2.2.1 Earthquake “Risk” for Engineered Structures and Systems 

Standards of modern business practice require that risks associated with natural hazards be understood 

such that impacts are minimized, mitigated, or avoided.  Major earthquakes in China, Turkey, Taiwan, 

India, Indonesia, Chile and Peru during the past 10 years illustrate the dramatic effects that earthquakes 

have on structures, buildings, lifelines, communities and economies (Bell et al., 2005; EERI 2000, 2001, 

2002, 2008; Lee et al., 2009; Tavera and Bernal, 2008).  As in many previous earthquakes, these events 

produced damage as a result of surface fault rupture, strong ground shaking, liquefaction, slope failure, 

and tsunami.  These large damaging earthquakes highlight the need to understand the risks that might be 

imposed on infrastructure projects from future events. 

The term “risk” is commonly used in natural hazard and engineering studies, but often has no clear 

definition.  In this chapter the term “risk” describes the losses that may occur due to an earthquake.  

Losses can be measured in a variety of ways, such as: (1) direct economic losses resulting from damaged 

infrastructure; (2) indirect losses resulting from business interruption and economic impacts; (3) injuries 

and fatalities; (4) impact on the environment; and (5) loss of public confidence and stakeholder value. 

Risk, as described above, is the product of three important parameters including: geological hazard, 

structural vulnerability, and consequence (McGuire, 2004).  This can be expressed conceptually as: 

Risk = Hazard x Vulnerability x Consequence 

where the term “hazard” describes parameters such as level of ground shaking, liquefaction potential, 

surface fault rupture, slope instability, and tsunami.  The term vulnerability describes the susceptibility 

or fragility of engineered systems to damage from the effects of hazard events, and consequence reflects 

factors such as life loss, injury, economic resilience, and environmental impact.  Therefore, assessing 

“risk” requires information regarding severity and frequency of geological hazards, vulnerability of 

structures in a specific area, and the human, economic, and environmental consequences of failure. 

Risk can be a complex parameter to evaluate.  Areas of low hazard, but high vulnerability may have 

relatively moderate to high risk, while areas of high hazard, but low vulnerability may have relatively 
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moderate to low risk.  Consequently, in order to assess the risk to existing infrastructure, or future 

development projects, it is necessary to first identify and characterize the extent, severity, and frequency 

of potential geological or seismological hazards. 

The geological and engineering professions share the common objective of assisting clients to minimize 

risk to their projects or portfolios.  Achieving this objective is typically a multidisciplinary effort.  

Seismic hazard assessment provides an excellent example of the multidisciplinary approach required to 

assess the severity and frequency of a particular type of hazard. 

2.2.2 Types of Seismic Hazards 

There are five general types of earthquake-related geological hazards, or seismic hazards, including: (1) 

surface fault rupture, (2) strong ground shaking, (3) liquefaction related ground deformation, (4) 

seismically induced slope failure, and (5) tsunami.  The sudden displacement of adjacent crustal blocks 

along a fault is referred to as primary fault rupture, which may cause permanent displacement of the 

ground surface (Figure 2-1).  

Strong ground shaking (Figure 2-2) and tsunami are seismic waves generated from the primary fault 

rupture, and are measured in terms of their frequency, amplitude, particle displacement, velocity, and 

acceleration.  Liquefaction (Figure 2-3) and seismically induced slope failure (Figure 2-4), in turn, are 

produced as seismic waves propagate through soil and/or rock masses and are characterized by the length, 

width, thickness, and rate of soil movement.  Their occurrence depends on both the geotechnical 

properties and ground shaking characteristics.  Earthquakes and landslides both can generate damaging 

tsunami (Figure 2-4 and 2-5).  Each of these hazards has the potential to produce severe damage to 

infrastructure and consequent injury or loss of life, as well as business interruption, disruption of lifeline 

systems, and impacts to economic networks. 

Understanding the location, severity, and frequency of the five main seismic hazards is the primary goal 

of geological and seismic hazard investigations.  It is necessary to characterize the geological conditions 

at various scales (regional to site) in order to provide estimates of the three main parameters (location, 

severity and frequency) in such a way that they can be used in siting, engineering and design of projects.  

This information often can be efficiently developed because most large magnitude damaging earthquakes 

occur along geologically recognizable structures, and most secondary hazards occur within recognizable 

geological environments.  Proper hazard characterization and incorporation of hazard parameter values 

into the engineering process are critical steps in the management of risk.  Knowledge of these parameters 

leads directly into proper siting of facilities, design of foundations, structural elements and components, 

and determination of level of risk.
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Figure 2-1. Seafloor surface faulting offshore northwestern Australia. Seafloor surface faulting offshore northwestern Australia. 
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Figure 2-2. Destruction of waterfront community on Izmit Bay, Turkey due to strong ground shaking and soil liquefaction following August 17, 1999 Izmit 
earthquake.  Photograph by James Hengesh. (b) Generic ground motion response spectra used to depict amplitudes of ground shaking. 

(a) 

(b) 
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Figure 2-3. Liquefaction induced sand boils and lateral spread related tensional cracks following the 
2001 Mw 7.6 Bhuj India earthquake. Photograph by James Hengesh. 
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Figure 2-4. (A) Image of submarine landslide offshore western Australia; grid size 5 km (Hengesh et 
al., 2012). (b) Photo showing impact area from tsunami generated during April 21, 2007 seismically 
triggered landslide (Chile; Vargas Easton et al., 2013). 

N 
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Figure 2-5. Coastal scour from the December 26, 2004 Indonesia tsunami. Photograph from U.S. 
Navy Photographer's Mate 3rd Class Tyler J. Clements. 

2.3 SEISMIC HAZARD ANALYSES 
The estimation of earthquake ground motion hazards is a key element of every major offshore 

engineering project.  This is a multidisciplinary effort that requires input from seismic geology, 

geotechnical engineering, and engineering seismology.  The outputs of these analyses are used to 

assess other aspects of a project such as: triggering of other geohazards (e.g. liquefaction or slope 

instability); evaluation of foundation designs (e.g. soil structure interaction, foundation 

settlement); design of structural elements (e.g. estimation of vertical and horizontal seismic 

loads); and project risk analyses (e.g. using probability of exceedance values to assess risk 

factors).  Probabilistic seismic hazard analyses (PSHA) are particularly useful because the results 

are presented in terms of an annual frequency of exceedance, or frequency of occurrence, which 

is one of the primary factors necessary to consider hazards in a risk-based framework.  Because 

of the wide range of applications for PSHA results, we only present a review of the key steps 

needed to carry out this type of analysis. 
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2.3.1 PSHA Framework 

Probabilistic seismic hazard analysis techniques are now routinely used in computing ground 

motion hazards for engineered facilities.  The methodology for carrying out a PSHA is illustrated 

schematically on Figure 2-6 and the key components are described below.  PSHA can be used to 

assess the level of earthquake strong ground shaking that might be expected during a specified 

period of time or probability of exceedance value for a particular site or area, and to develop the 

response spectra for use in facility engineering.  Performing a PSHA requires two basic inputs 

that describe earthquake sources and the transmission of seismic energy through the earth’s crust.  

These two basic inputs are referred to as the seismic source model and the ground motion 

attenuation model (Steps 1 and 2 in Figure 2-6). 

The seismic source model defines the location and geometry of seismic sources and specifies the 

maximum earthquake magnitude, activity rates, and rupture characteristics for seismic sources in 

a model region (Hengesh and Lettis, 2005).  The ground-motion attenuation model describes how 

ground motions diminish with distance away from a seismic source (see for example, Gregor et 

al., 2014).
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Figure 2-6. Probabilistic seismic hazard analysis methodology. 
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2.3.1.1 Seismic source model 

Seismic source model development involves characterization of the seismic sources found in a 

project region.  The various types of sources to be characterized depend on the seismotectonic 

setting of the region under evaluation.  Three general types of sources are recognized including: 

subduction zones, areal source zones, and fault sources (Figure 2-6).  Subduction zones are 

characterized to model the interface between the subducting and overriding plates, i.e. the area 

where great earthquakes occur, as well as the Benioff zone, or subducted slab.  Areal source zones 

include regions of the shallow crust (i.e. <40 km depth) that are inferred to have uniform style of 

faulting, earthquake magnitude, and recurrence characteristics (Figure 2-6), but where sufficient 

data are not available to model specific faults.  Fault sources include specific fault zones that are 

independent earthquake sources. 

The typical parameters that are characterized for input to a PSHA include the location, style, and 

rates of earthquake occurrence for each type of source encountered in the model area.  Parameter 

values are developed to describe: 

• Source location and geometry.  All major active faults and seismotectonic provinces are 

defined within the model area.  This includes the geographical extent at the surface as 

well as the orientation and depth of the source zones. 

• Source type (e.g., shallow crustal area source zones, fault sources, subduction zones, etc.) 

and style of faulting (e.g., normal, strike-slip, reverse, etc.); 

• Magnitude potential (i.e., range of earthquake sizes possible on each source) and 

magnitude distribution (i.e., characterized using a magnitude probability density 

function); and 

• Earthquake magnitude-frequency or recurrence relationships, represent the annual rate at 

which earthquakes of a specified magnitude or greater occur on each source.  Depending 

on the source type, the magnitude-frequency relationship can be estimated based on: i) 

the long-term slip rate (e.g. for fault sources); or ii) a regression on historic seismicity 

(e.g. for areal sources). 

• SHA input data (e.g. geological map, tectonic features, activity rates, seismicity 

catalogue, geodetic data, site conditions) should be collected and organized in a 

structured database using a scale consistent with the objectives of the project and the level 

of protection foreseen. Site investigations should be carried out to characterize the site 

conditions and reduce to the extent practicable the epistemic uncertainty that may 

jeopardize the hazard estimates. 
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2.3.1.2 Ground motion model 

Earthquake ground shaking occurs as transient seismic waves that originate from a fault rupture 

and propagate through the earth. These waves represent part of the energy release during an 

earthquake and this energy dissipates, or attenuates with distance from the seismic source.  

Extensive research has been carried out to model the characteristics and engineering properties 

of these seismic waves (c.f. http://peer.berkeley.edu/ngawest2/final-products/). 

The ground motion attenuation characteristics that are used to compute the ground shaking hazard 

at a site are described by a series of ground motion prediction equations (GMPE), or attenuation 

relationships, statistically derived from regional or world-wide ground motion databases.  These 

empirical functions model the ground shaking amplitude and spectral properties based on a 

number of parameters such as the earthquake magnitude, type of rupture mechanism (reverse, 

normal, or strike slip), source to site distance (various measures of distance to fault rupture), and 

site conditions (e.g. soil class, average shear-wave velocity over the first 30 meters,  predominant 

frequency).  In general, GMPEs for shallow crustal sources are divided into two classifications: 

those for Active Crustal Regions (ACRs), similar to the Western United States, Japan, or New 

Zealand; and those for more Stable Continental Regions (SCRs) such as the Central and Eastern 

United States (CEUS), Australia, northwestern Europe, and eastern South America. 

The seismic source model and ground motion models are the fundamental inputs to a PSHA 

(Figure 2-6).  However, given the incomplete understanding of tectonic features and processes 

there are inherent uncertainties in the characterization of earthquake hazards.  This uncertainty 

stems from limited information on specific seismic sources (e.g. unknown magnitude or 

earthquake recurrence on particular faults), the natural variability in the earthquake generation 

process, and variability in propagation of seismic waves through the earth’s crust. 

2.3.1.3 Treatment of uncertainty 

A PSHA incorporates uncertainty in the seismic source characteristics (earthquake size, type, and 

distribution in space and time) as well as ground motion amplitude at a site resulting from a given 

earthquake scenario.  This uncertainty is due to both inherent randomness in the natural process 

(aleatory variability) and uncertainty in the modelling of the process (epistemic uncertainty).  

Aleatory variability is formally accounted for in the hazard integral through the probability 

density function (PDF) of continuous random variables such as spectral acceleration given a 

magnitude and distance, hypocentral depth or earthquake magnitude given a rupture dimension.  

Epistemic uncertainty is incorporated through a logic tree, which has branches that incorporate 

alternative interpretations of parameters such as the maximum magnitude on a fault, the long- 

term slip rate, and appropriate GMPEs. 

http://peer.berkeley.edu/ngawest2/final-products/)
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Figure 2-7 provides an example of how epistemic uncertainties are treated using a logic tree 

approach in a PSHA.  The alternative weights and values of various parameters are developed as 

part of a seismotectonic study.  The parameters for which epistemic uncertainty are considered 

commonly include the following (from left to right on Figure 2-7): 

• Rupture length and width of fault sources; 

• Seismogenic thickness of the areal source zones; 

• Style of Faulting; 

• Maximum/characteristic magnitude on the areal and fault sources; 

• Slip rates on fault sources; 

• Earthquake recurrence parameters (i.e., “a” and “b” values); and, 

• Ground motion prediction equations 

2.3.2 Probabilistic Seismic Hazard Analysis 

A PSHA uses inputs from the seismic source model, and GMPEs selected for the specific tectonic 

environment, to estimate the ground motion hazard at a site.  The hazard is expressed in terms of 

the annual frequency of exceeding a given spectral acceleration at the project site (i.e., annual 

hazard curves shown on Step 3 of Figure 2-6, and Figure 2-8).  This information also can be 

shown in the form of uniform hazard spectra (UHS), which correspond to spectral acceleration 

values having the same probability of exceedance levels across all structural periods (Figure 2-6, 

step 4 and Figure 2-9).  The UHS typically are used by engineers to define the design spectra for 

a given area or facility.  Computation of the seismic hazard involves the combination of 

probabilities and uncertainties in earthquake size, location, frequency, and resulting ground 

motions.  The estimated annual rate at which the ground motion, A, will exceed a particular value, 

a, can be computed following the approach developed by Cornell (1968) and updated by 

Kiureghian and Ang (1975): 

      Nsource 

  λ[ A > a] =∑ N (M min)∫∫ P[ A > a m, r] f M (m) f R (r ) dm dr     (2-1) 
            i =1 

where Nsource is the total number of fault and areal sources; N(Mmin) is the annual rate of 

earthquakes with magnitude greater than or equal to Mmin; P[A > a|m, r] is the probability of the 

ground motion, A, exceeding the threshold value, a, given the earthquake magnitude (m) and 

distance (r) from the fault; and fM(m) and fR(r) are probability density functions describing 

magnitude and distance parameters. 
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The hazard computation is especially useful for engineering projects as the probability of 

exceedance values can be computed to assess the hazard for a particular level of confidence 

accounting for the specific lifetime of a facility.  By assuming that earthquake occurrence can be 

modelled as a Poisson process, the probability of exceedance in a specified exposure period (life 

of a project) may be estimated as follows (Yegian, 1979): 

P[ A > a,t] = 1 − e−[ λ ( a ) t ] 

where P[A > a, t] is the conditional probability of the spectral acceleration (A) exceeding a 

specified acceleration (a) during a time interval (t) given that an earthquake will occur, and λ(a) 

is the mean annual rate of exceedance of the specified acceleration level. 

2.3.3 Hazard Deaggregation 

The results of the PSHA can be deaggregated to evaluate the relative contribution to the overall 

hazard from different input parameters including for example, magnitude, distance, epsilon 

(number of standard deviations above or below the median), and seismic sources.  Hazard 

deaggregation, which typically is performed on magnitude and distance parameters (Figure 2-10), 

illustrates the contribution of different magnitude and distance pairs to the overall hazard.  This 

procedure involves calculating the fractional contribution of selected magnitude-distance bins to 

the total hazard at a specified annual probability of exceedance level.  These results help identify 

the seismic sources and magnitudes on those sources that contribute most to the seismic hazard.  

This information is necessary to select natural ground motions records which are representative 

of the target hazard.  The ground motion time series can then be adjusted so that their associated 

spectra are matched to the design spectra.  
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Figure 2-7. Example logic tree illustrating treatment of uncertainty in hazard analysis. 
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Figure 2-8. Example hazard curves showing contribution of each source to the total hazard. 
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Figure 2-9. Examples of 475 year and 2475 year Uniform Hazard Response Spectra (UHRS). 
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Figure 2-10. Three examples of PSHA deaggregation plots for magnitude and distance combinations 
at different return periods. These types of plots help to determine the relative contribution of various 
parameters to the total hazard.  
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2.3.4 Near Source and Directivity Effects 

Near-source effects are typically considered for sites located within approximately 20 km of a 

fault capable of generating moderate to large magnitude events (e.g., Mw>6.0).  Forward 

directivity occurs when a fault ruptures toward a site and often results in significant velocity 

pulses, which can affect structural performance (Alavi and Krawinkler, 2000).  If the fault rupture 

propagates away from a site, backward directivity can result in lower amplitude, but longer 

duration motions.  Ground motion amplification or de-amplification due to near-source effects 

can be incorporated probabilistically by varying the location of the hypocentre along a given fault 

and for instance applying the model of Somerville et al. (1997) as modified by Abrahamson 

(2000). 

2.4 CONCLUSIONS 

• Major infrastructure projects in marine environments are exposed to various 

geological and seismic hazards, and invariably can benefit from careful consideration 

of their unique geological conditions; 

• It is necessary to understand the geological and seismic hazards during all phases of a 

project as understanding the nature of a hazard can allow one to reduce the risk on a 

system; 

• There are five general types of geological or seismic hazards, including: (1) primary 

surface fault rupture, (2) strong ground shaking, (3) liquefaction related ground 

deformation, (4) seismically induced slope failure, and (5) tsunami. 

• Risk, as described above, is the product of three important parameters including: 

geological hazard, structural vulnerability, and consequence; 

• Probabilistic seismic hazard analyses are particularly useful because the results are 

presented in terms of an annual frequency of exceedance, or frequency of occurrence, 

which is one of the primary factors necessary to consider hazards in a risk-based 

framework; 

• Performing a PSHA requires two basic inputs that describe earthquake sources and 

the transmission of seismic energy through the earth’s crust; and, 

• Treatment of uncertainty is a critical part of carrying out a PSHA. 
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3 TRANSCURRENT REACTIVATION OF AUSTRALIA’S 
WESTERN PASSIVE MARGIN: AN EXAMPLE OF 

INTRAPLATE DEFORMATION FROM THE CENTRAL 
INDO-AUSTRALIAN PLATE 

The paper presented in this chapter describes a newly recognized fault system that extends along 

the northwestern margin of the Australian continental plate.  The area in which the faults are 

mapped extends across the Northern Carnarvon, Roebuck, and Browse basins on the North West 

Shelf.  The faults deform late Neogene to Quaternary deposits and therefore are considered active 

from a hazard perspective.  The faults identified during this study have been characterized for 

input to the probabilistic seismic hazard analysis Chapter 5. 

Hengesh, J.V., and B.B. Whitney (2016). Transcurrent reactivation of Australia’s western passive 

margin: an example of intraplate deformation from the central Indo-Australian plate, Tectonics 

35(5), 1066-1089, DOI: 10.1002/2015TC004103. 

3.1 ABSTRACT 
Australia’s northwestern passive margin is aligned with the terminations of the eastern Java trench 

and western Banda arc and differential motion across the plate boundary has reactivated the 

former rifted margin.  Plio-Pleistocene to Holocene age deformation occurs along a 1,400 km 

long offshore fault system that extends through Browse, Roebuck, and Carnarvon basins.  The 

system aligns with an onshore zone of Quaternary faults and folds that extend another 600 km to 

the western edge of the Yilgarn craton.  The fault system has higher rates of seismicity than the 

adjacent non-extended crustal terranes, has produced the largest historical earthquake in Australia 

(1941 ML 7.3 Meeberrie event), and is dominated by focal mechanism solutions consistent with 

dextral motion along northeast trending fault planes.  The faults cross-cut late Miocene 

unconformities that are eroded across middle Miocene inversion structures suggesting multiple 

phases of Neogene and younger fault reactivation.  Onset of deformation is consistent with the 

timing of the collision of the Scott Plateau part of the passive continental margin with the former 

Banda trench between 3.0 Ma and present.  The estimated horizontal slip rate across the zone is 

on the order of 2 mm yr-1, at the threshold of geodetically detectable motion, yet significant with 

respect to an intraplate tectonic setting.  The folding and faulting along this part of the continental 

margin provides an example of intraplate deformation resulting from kinematic transitions along 

a distant plate boundary, and demonstrates the presence of a youthful evolving intraplate fault 

system within the Indo-Australian plate. 
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3.2 INTRODUCTION 
Major lithospheric transitions along plate boundary systems are known to cause significant 

changes in structural geometry and style of deformation such as the initiation or termination of 

subduction zones, changes from subduction to collisional or transcurrent tectonic regimes, and 

the triggering of deformation in adjacent intraplate regions.  Examples where the transition from 

one type of crust to another affect the nature of tectonic processes along the Indo-Australian plate 

include: the southern termination of the Hikurangi trench and initiation of the Alpine fault system 

at the intersection with Chatham Rise in New Zealand [Wallace et al., 2004]; the eastern 

termination of the Makran subduction zone and initiation of the Chaman fault zone at the western 

margin of Indian continental crust [Jacob and Quittmeyer, 1979]; and the western termination of 

the Sunda arc subduction zone and transition to the Himalayan collision at the eastern margin of 

Indian continental crust [Deplus et al., 1998].  The eastern termination of the Sunda Arc 

subduction zone at the Indian Ocean-Australian continent transition is an additional example of 

the changes in plate boundary architecture that can occur at these major lithospheric transitions.  

These changes in plate dynamics cause not only intense local deformation, such as development 

of transcurrent fault systems, large scale nappe structures, and thrust fronts (e.g. outer Banda Arc) 

[Harris et al., 2009; Audley-Charles, 2011], but also far-field intraplate deformation [Delescluse 

and Chamot-Rooke, 2007].  Seismicity related to the far-field intraplate deformation in the Indian 

Ocean includes large magnitude earthquakes such as the 2012 Mw 8.7 Indian Ocean [Yue et al., 

2012] and the 1906 MS 7.8 Exmouth events [Geller and Kanamori, 1977].   

In this paper, we examine the pattern of intraplate deformation occurring along the western 

continental margin of Australia in relation to the transition from subduction to collision along the 

northern plate boundary zone.  First, the kinematic framework along the northern plate boundary 

zone is examined, and then we use exploration seismic data to document a system of faults that 

extends across the Browse, Roebuck, and northern Carnarvon basins on Australia’s North West 

Shelf (Figure 3-1).  In conclusion, we present a tectonic framework for intraplate deformation in 

the central Indo-Australian plate. 
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Figure 3-1. Regional location map showing major tectonic elements and seismicity in the central Indo-Australian plate.  Purple line north of Sumba and Timor 
illustrates northern margin of Australian continental crust.
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3.3 REGIONAL TECTONIC SETTING 
The Indo-Australian plate is migrating northward along an azimuth of 011° to 015° at a rate of 66 to 72 

mm yr-1 relative to a fixed Sunda Shelf reference frame [Genrich et al., 1996; Chamot-Rooke and Le 

Pichon, 1999; Tregoning, 2003; Bock et al., 2003; Nugroho et al., 2009] and is converging with the Sunda 

Arc subduction zone and the Banda Tectonic Collision Zone.  These are labelled Sunda trench and Timor 

trough on Figure 3-1, which in this region form the northern plate boundary.  The northwestern margin 

of the Australian continent is referred to as the North West Shelf.  This region is a passive tectonic margin 

[Bird et al., 2003] that underwent continental rifting in the Paleozoic and Mesozoic eras [Yeates et al., 

1978; AGSO North West Shelf Study Group, 1994].  The intersection of the Australian continental 

lithosphere with the northern plate boundary has profoundly changed the style of deformation both along 

the trend of the plate boundary zone and across the deformation front [Silver et al., 1983; McAffrey, 

1988; Audley-Charles, 2004, 2011; Harris et al., 2009; Fluery et al., 2009].  There is northward directed 

Benioff-style (Type B) subduction [Bally, 1983] of Indian oceanic crust west of ~120°E longitude at 

Scott Plateau [Hamilton, 1979; Shulgin et al., 2009] (Figure 3-2a).  However, east of this area the oceanic 

crust has been fully consumed and subduction along the middle Miocene age paleo-Banda trench has 

ceased (Figure 3-2b) [Silver et al., 1983; McCaffrey, 1988; Hall, 2011; Harris, 1991, 2006; Audley-

Charles, 2011].  The former subduction zone has become blocked by Australian continental lithosphere, 

and has evolved into an Ampferer (Type A) tectonic collision zone [Bally, 1983] where the former 

accretionary prism has emerged along large scale nappe structures to form Timor and Sumba islands 

[Audley-Charles, 1975, 1985; Keep et al., 2003; Duffy et al., 2013] and the Suva-Rota ridge [Roosmawati 

and Harris, 2009; Rigg and Hall, 2011].  Shortening of 15 + 8 mm yr-1 now occurs between Timor and 

the Australian plate [Bock et al., 2003; Nugroho et al., 2009].  As the paleo-Banda subduction zone 

became blocked and Timor and Sumba islands emerged, the northern margin of the Australian plate 

began to override the Banda Sea oceanic crust along the Flores-Wetar thrust [Silver et al., 1983; 

McCaffrey, 1988; Breen et al., 1989; Genrich et al., 1996; Snyder et al., 1996]. 

Focal mechanism solutions in the region indicate that styles of deformation vary along the length of the 

northern plate boundary zone, with depth across the boundary zone, as well as along the passive margin 

of western Australian (Figure 3-3a).  We have plotted centroid moment tensor (CMT) solutions 

[Dziewonski et al., 1981] from the CMT Project [Ekström et al., 2012], and data from Revets et al. 

[2009], by depth intervals to illustrate variations in patterns of deformation.  The area along the outer 

Banda Arc east of 123°E longitude between Timor and the Timor trough is characterized by shallow (0 

– 19.99 km) to intermediate depth (20 – 39.99 km) reverse and sinistral reverse-oblique deformation 

(Figure 3-3b).  This is consistent with the oblique shortening measured between Timor and Australia 

[Gengrich et al., 1996; Nugroho et al., 2009].  Mid- to deep-crustal seismicity (>20 km) occurs along the 

outer continental margin of the Australian plate, south of Timor trough (Figure 3-1), and available events 
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yield normal focal mechanism solutions (Figure 3-3b).  Geophysical data from the outer Australian 

continental shelf also show that the dominant style of crustal deformation involves normal faulting related 

to downward flexure of the continental lithosphere as it becomes involved with the Banda collision 

[Langi et al., 2011; Saqab and Bourget, 2015].  Deep focus events occur north of the inner Banda arc 

(Flores and Wetar islands) and are characterized by normal and normal-oblique slip related to 

deformation of the subducted slab (Figure 3-3b).   
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Figure 3-2. Comparison of hypocentral profiles across the Java subduction zone (a) and Timor collision zone (b).

(a) 

(b) 
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The style of deformation west of 120°E longitude changes compared to the Banda collision to the east 

(Figure 3-3c) and is typical of Benioff type subduction zones worldwide.  Shallow (0 – 19.99 km) to 

intermediate depth (20 – 39.99 km) events follow the Java trench and are characterized by normal and 

normal-oblique slip mechanisms related to bending of the Indian oceanic lithosphere as it approaches the 

trench.  North of the trench mid- to deep-crustal (40 to 99.99 km) thrust events occur along the main 

locked part of the plate boundary, while deep focus (>100 km) normal events occur north of the plate 

interface zone and northward of the island arc within the subducted Indian Ocean slab.   

Along the extended margin of western Australia between the northern plate boundary and ~20° south 

latitude focal mechanisms demonstrate dominantly shallow to intermediate depth (<40 km) dextral strike 

slip or dextral-oblique slip deformation on northeast trending fault planes (Figure 3-3a) [Revets et al., 

2009; Keep et al., 2012].  However, left-lateral, reverse, and normal events also have been recorded.  For 

example, the 23 April 1979 Mw 6.2 earthquake (Figure 3-3a) was interpreted as a left-lateral strike slip 

event that occurred within Fitzroy trough [Fredrich et al., 1988], a northwest trending failed rift system, 

rather than along the northeast  trending continental margin.   
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Figure 3-3. Focal mechanism solutions for the study region. Note that the focal mechanisms are classified based on depth intervals to illustrate the style of 
faulting within the different structural domains. Note sinistral reverse motion along Timor trough (b), typical subduction related pattern along Java trench 
(c), and dextral solutions along the western Australia extended margin (a) north of 20°S. Centroid moment tensor (CMT) solutions [Dziewonski et al., 1981] 
are from the CMT project [Ekström et al., 2012; http://www.globalcmt.org/CMTcite.html] for events of Mw>5.0 for the period 1976 onwards.
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The islands of Sumba, Savu, and Rote are aligned with the westernmost margin of the 

Australian continental plate (Figure 3-1 and Figure 3-3b) and are emerging and internally 

deforming as a result of the collision [Harris et al., 2009; Roosmawati and Harris, 2009; Shulgin 

et al., 2009; Rigg and Hall, 2011].  During the past 2 Ma, pelagic deposits from the offshore 

areas of Rote and Savu have been uplifted along large-scale thrusts at rates of ~1.5 and 2.3 mm 

yr-1, respectively [Roosmawati and Harris, 2009].  Sumba, Savu, and Rote also are moving in 

a 011°E to 015°E direction, but at 23 to 32 mm yr-1 (relative to a fixed Sunda Shelf reference 

frame), about one third to one half the velocity of the Australian plate; they are partially coupled 

to the leading edge of the Australian plate [Harris et al., 2009; Nugroho et al., 2009].  This 

implies that the remaining two thirds of Australian plate motion is accommodated by distributed 

deformation on other regional structures.  The collision also is causing regional down-warping 

of the northern ~500 km of the Australian plate [Langi et al. 2011], recognizable by the giant 

500 km wide continental shelf [Bourget et al., 2012], sinuous shoreline morphology (Figure 

3-1), drowned Last Interglacial reef deposits [Collins, 2002], and submerged sea level low stand 

coastal landforms and deposits [Hengesh et al., 2011].   

A system of faults follows the continental margin of western Australia.  The faults extend 1,400 

km southward, from the intersection of the extended continental margin with the northern plate 

boundary near Scott Plateau, to the Cape Range (Figure 3-4).  These structures display evidence 

of late Neogene to Quaternary deformation [Keep and Moss, 2000] including folding and 

faulting of the seafloor and shallow sub-bottom sediments.  This zone of deformation then 

continues onshore for an additional 600 km [Whitney and Hengesh, 2015a, b; Whitney et al., 

2015a].   

We have interpreted 2D and 3D seismic data from Browse, Roebuck, and Northern Carnarvon 

basins (Figure 3-1) to assess the characteristics of recent intraplate deformation along the rifted 

continental margin of western Australia, south of the northern plate boundary.  We use the 

Geoscience Australia Browse Basin High Resolution (BBHR) 2D survey data to provide basin-

wide coverage, and 3D data to illustrate more detailed characteristics of faulting within Browse 

basin.  The recent Geoscience Australia data release [Cortese et al., 2014] also was used to 

assess faulting within the Roebuck and northern Carnarvon basins.  We focused on assessing 

deformation above the late Miocene horizon, which is consistent with the Pliocene to Holocene 

interval in Browse basin [Simpson and Cooper, 2008], and the H50 horizon in the Roebuck and 

Carnarvon basins [Cortese et al., 2014]. This section was selected as its age corresponds to the 

timing of the onset of collision along the Sumba, Savu and Rote islands part of the northern 

plate boundary [Roosmawati and Harris, 2009] and eliminates potential confusion with earlier 

Neogene reactivation [Keep et al., 2007] and rift era structures [Cathro and Karner, 2006]. 
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We discuss three primary zones of faulting.  From north to south these include: the Browse 

Inner Basin fault zone, a dense zone of seafloor faults within northern Browse basin; the Outer 

Shelf fault zone, a transcurrent zone of faults along the outer continental shelf that extends from 

Scott Reef to Rowley Shoals; and the Inner Shelf fault zone, a zone of shorter less continuous 

transcurrent faults that extend along the inner continental shelf from northeastern Browse basin 

to the area offshore of Dampier peninsula (Figure 3-1).  Figure 3-4 shows the faults 

superimposed on the merged free-air and isostatic gravity anomaly map [Brett, 2015] for 

western Australia and the eastern Indian Ocean.  The gravity data illustrate the location and 

extent of the Paleozoic and Mesozoic age basins that compose the Westralia Superbasin of 

Yeates et al. [1978] along the former rifted margin.  The steep anomaly gradients along the 

southeast and northwest sides of the basins are inferred to coincide with the main structures 

controlling the basin margins (i.e. basin bounding faults).  The faults on the inner continental 

shelf follow the major gravity anomalies that coincide with the eastern margin of the rift basins.  

The Outer Shelf fault zone follows the axes of the basins (Figure 3-4) and aligns with the 

continental shelf break between Scott Reef and Rowley Shoals. 
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Figure 3-4. Merged free air and isostatic gravity anomalies and Quaternary active faults along the western margin of Australia. Note association of faults 
with areas of high gravity anomaly associated with former rift margin basins. 



Neotectonics, Seismic Hazards and Seafloor Stability on Australia’s North West Shelf  
The University of Western Australia 
 

3-12 

3.3.1 Browse Inner Basin Fault Zone 

A 50 km wide by 100 km long zone of N70°E to N80°E trending faults extends across northern 

Browse basin forming a cluster of horsts and grabens that deform Pliocene and Quaternary deposits, 

and the seafloor (Figures 3-1 and 3-4).  Figure 3-5 illustrates the pattern of faulting across a horizon 

near the base of the Pliocene section and Figure 3-6 illustrates deformation of the seafloor.  The 

individual faults are vertical to sub vertical and produce alternating normal and reverse displacement 

along strike.  The same zone of deformation was observed along 2D seismic line BBHR-11 (Figure 

3-7).   

At the location of BBHR-11 (Figure 3-1), the fault zone is approximately 32 km wide with two 

separate sub-parallel shear zones that are approximately 9 km apart.  These are referred to as the 

Inner Basin North and Inner Basin South shear zones.  There is an overall down-to-the-northwest 

sense of vertical deformation indicated by offset of the base Pliocene and Quaternary horizons 

(Figure 3-7). The green horizon marks the stratigraphic position of the base of the undifferentiated 

Pliocene to Holocene interval defined by Simpson and Cooper [2008].  The yellow horizon indicates 

the position of an unconformity in the upper part of the Pliocene to Holocene section [Simpson and 

Cooper, 2008], which is likely of Quaternary age.   

The base Pliocene horizon (Figure 3-7) is offset by faults that have produced 0.36 to 0.42 second two 

way travel time (TWT) (288 to 336 m assuming 1600 m/second shear wave velocity) cumulative 

down-to-the-northwest vertical displacement.  The faults extend upward through the section and have 

produced 0.26 second TWT (~208 m) cumulative down-to-the-west vertical displacement of an 

inferred Quaternary unconformity in the upper part of the Pliocene to Holocene section (Figure 3-8).  

Displacements of the unconformity across individual fault strands are approximately 0.03 to 0.05 

second TWT (24 to 40 m).  Although there is an overall down-to-the-northwest sense of 

displacement, the sedimentary sequences and unconformities between individual fault strands within 

the Inner Basin North and Inner Basin South shear zones are anticlinally folded. 

The Inner Basin fault zone extends across northern Browse basin from the northeastern part of the 

basin near the Browse-Bonaparte transition southwestward toward Scott Reef (Figure 3-4).  This 

zone of deformation intersects the northern end of the Outer Shelf fault zone southeast of Scott Reef.   

3.3.2 Outer Shelf Fault Zone 

The Outer Shelf fault zone initiates at the southern end of the Inner Basin fault zone in central Browse 

basin (Figure 4-1).  The N70E° to N80°E trending faults of the Inner Basin fault zone transition to 

the N35°E to N50°E trend of the Outer Shelf fault zone (Figure 3-4) that bounds the east side of an 
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anticline, referred to in petroleum exploration literature as the Lynher structure [Struckmeyer et 

al.,1998; Keep and Moss, 2000].  The Outer Shelf fault zone extends 375 km from an area 

approximately 110 km south of Scott Reef to an area south of Rowley Shoals (Figure 3-4).  The 

Rowley Shoals are a series of atolls, similar to Scott Reef, located on the outer continental shelf in 

Roebuck Basin.   

Between Scott Reef and Rowley Shoals the fault is variably expressed (from north to south) as a ~15 

km wide zone with multiple fault strands that have a normal, down-to-the-west sense of deformation 

(Figure 3-9a), a single near-vertical fault strand (Figure 3-9b), and a ~5 km wide negative flower 

structure (Figure 3-9c).  Approximately 110 km south of Scott Reef, seismic line BBHR-01 shows 

that the fault zone dips steeply to the west, extends to the shallow sub-bottom, and forms an east-

verging fold on the hanging-wall side of the fault (Figure 3-10). The seabed is tilted approximately 

0.5° to 1.0° to the east (against the 0.5° to 1.0° westward gradient of the continental shelf) with 0.03 

to 0.04 second TWT (24 to 31 m) uplift or warping of the seabed across the fold.  The uplift has 

produced an erosional unconformity directly beneath the seabed pulse that starts at the slope 

inflection (see inset on Figure 3-10).   

The Outer Shelf fault zone changes expression from transpressional to transtensional styles of 

deformation along strike.  Near the southern end of the fault zone, south of Rowley Shoals, the fault 

has locally produced 0.25 to 0.3 second TWT (200 to 240 m) down-to-the-west displacement of the 

base Pliocene horizon across a series of fault splays that form a negative flower structure and extends 

to the shallow sub-bottom just beneath the seafloor (Figure 3-9c).   
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Figure 3-5. Faulting of Pliocene horizon from North Browse 3D survey. 
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Figure 3-6. Faulting of seafloor horizon from North Browse 3D survey. 
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Figure 3-7. Faulting of the Pliocene (green line) and Quaternary (yellow line) unconformities and present-day seafloor north of Scott Reef in Browse Basin.  
Portion of seismic line BBHR-11. 
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Figure 3-8. Enlargement showing shallow faulting along BBHR-11.  Note uplift and erosion of Quaternary unconformity (yellow line) due to folding between 
fault splays.  Wedge of material adjacent to eastern splay may represent a multi-event colluvial wedge. 
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Figure 3-9. Examples of late Quaternary faulting along Outer Shelf fault zone near Rowley Shoals.  Styles of deformation include: (a) transpressional (line 
ls98-196_m); (b) dominantly transcurrent (line esp99-27); and (c), transtensional with negative flower structure (line jn.jn87_15).  Upper panels are 
uninterpreted, lower panels interpreted. 
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Figure 3-10. Example of transpressional faulting along Lynher trend, north of Rowley Shoals. 
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3.3.3 Inner Shelf Fault Zone 

The Inner Shelf fault zone extends along the eastern side of Browse and Carnarvon basins (Figure 

3-1 and 3-4).  The faults mapped on the eastern margin of Browse basin coincide with steep 

gradients in gravity anomalies and locally follow an eastward directed embayment (offshore of 

Cape Leopold) on the eastern basin margin (Figure 3-4).  Seismic line BBHR-04 crosses the 

eastern basin margin and images the fault zone, which includes two fault strands that extend from 

the base of the section at approximately 3.0 sec. TWT to the seafloor (Figure 3-11).  The western 

strand of the fault zone dips steeply to the east and produces a down-to-the-east displacement of 

the basement contact as well as an east-facing scarp on the seafloor.  This fault strand has three 

splays that converge at depth near the basement contact.  The green horizon marks the 

approximate position of a late Miocene unconformity, which is overlain by Pliocene to 

Quaternary deposits.  The stratigraphic section between the late Miocene horizon and the seafloor 

has been anticlinally folded across the western strand.  The fault has produced 0.01 to 0.02 sec. 

TWT (8 to 16 m) up-on-the-west seafloor displacement.  The fold across the late Miocene 

unconformity has an amplitude of 0.048 to 0.055 sec. TWT (38 to 44 m).  The eastern strand dips 

vertically and has a series of subsidiary west dipping fault splays that locally have tilted and 

folded the section between splays.  The eastern strand has produced approximately 0.02 to 0.04 

second TWT (16 to 32 m) down-to-the-east displacement of the late Miocene unconformity, and 

may extend to the shallow sub-bottom, beneath the seafloor. 

A series of shorter more discontinuous fault segments (compared to the Outer Shelf fault zone) 

continue southward from offshore Cape Leopold on the north to offshore Dampier on the south.  

In the offshore area between Cape Leopold and Broome the fault zone is observed on line Ln98-

198 extending from a minimum depth of approximately 1.8 second TWT within basement to the 

shallow subsurface and possibly to the seabed (Figure 3-12); related structures were observed on 

line ls98_197 extending to 5.0 second TWT.  The fault has produced 0.03 to 0.04 second TWT 

(24 to 32 m) of down-to-the-west displacement of the inferred latest Miocene to base Pliocene 

unconformity (Figure 3-12).  The shallow stratigraphy above the unconformity does not appear 

to correlate across the fault (implying horizontal motion across the fault plane).  The fault has 

produced 0.01 to 0.02 second TWT (7.7 to 15 m) down-to-the-west offset of the seabed. 

Another fault segment lies approximately 70 km northwest of Dampier peninsula along the trend 

of other Inner Shelf fault segments.  This structure coincides with the eastern basin margin (Figure 

3-4) and is 150 km long, 1.8 km wide, and trends in an N50°E direction.  This fault segment 

(observed on line s136_136_24) has produced 0.175 to 0.25 second TWT (140 to 200 m) of down-

to-the-west displacement of the base Pliocene horizon, and 0.03 to 0.05 second TWT (21 to 41 

m) of down-to-the-west displacement of an inferred Quaternary unconformity (Figure 3-13).  The 
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seabed is not deformed, but the water depth at the location of the fault is only ~96 m and so this 

part of the continental shelf would have been abraded through current and wave action during 

multiple Pleistocene sea level low stands.  The fault zones on the continental shelf continue 

southward as the Flinders-Scholl Island fault zone [Whitney et al., 2015b]. 
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Figure 3-11. Faulting of the late Miocene to Pliocene (green) unconformities and present-day seafloor along Inner Shelf fault zone. Portion of seismic line 
BBHR-04. 
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Figure 3-12.  Faulting of the late Miocene to Pliocene unconformity (green line) and present-day seafloor along Inner Shelf fault zone.  Portion of seismic line 
LS98-198.  Box on top panels shows position of bottom panels. 
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Figure 3-13. Faulting of the H50 Late Miocene (blue) and Quaternary deposits (yellow) along Inner Shelf fault zone, offshore Dampier. Portion of seismic line 
s136_136_17. 
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3.4 DISCUSSION 
3.4.1 Style and Rates of Shallow Faulting in the Western Australia Shear Zone 

Geophysical data collected along the North West Shelf image a 1,400 km long northeast trending 

system of late Neogene to Quaternary active faults that follow the former rifted continental 

margin of western Australia from Ashmore Reef southward to the Cape Range.  This fault system 

is referred to as the Western Australia Shear Zone [Whitney, 2015].  In the Browse and Roebuck 

basins, there are two subparallel zones of faults that trend along the inner (eastern) and the outer 

(western) parts of the continental shelf.  Focal mechanism solutions along the fault system 

indicate a dextral strike slip sense of motion (Figure 3-3).  Seismic data show the N35°E to N50°E 

trending structures of the Outer Shelf fault zone have both normal and reverse components of 

secondary deformation (Figures 3-9 and 3-10) that are kinematically related to restraining and 

releasing bends or step overs along fault strike.  Some faults within these zones are clearly 

associated with older basin bounding structures (Figure 3-4) and are inferred to be potential 

seismogenic sources.  Another set of faults deform the shallow section, but are rootless (Figure 

3-14).  The shallower faults are interpreted to be either bending moment faults responding to 

folding at depth or shallow accommodation structures (such as Riedel shears) that are responding 

to differential motion between adjacent fault blocks (Figure 3-14).  These shallow faults are not 

likely to be seismogenic sources, but rather secondary structures indicative of crustal strain 

associated with activity along nearby larger structures.  

The Browse Inner Basin fault zone defines the northern segment of the Western Australia Shear 

Zone.  The fault zone trends ~N70°E to N80°E obliquely across the basin (Figures 3-1 and 3-6) 

and extends between the Outer Shelf and Inner Shelf fault zones.  The style of vertical 

deformation within the zone is characterized by steeply dipping faults that bound alternating 

horsts and grabens (Figures 3-5 and 3-6).  We interpret the change in orientation and style of 

faulting to represent a major segmentation point along the Western Australia Shear Zone.  This 

segmentation point is approximately 110 km south of Scott Reef. 

The transtensional parts of the Outer Shelf fault zone have a down-to-the-west component of 

vertical displacement.  Rates of vertical deformation were measured from the approximate base 

of the Pliocene section, and where available the inferred Quaternary unconformity, shallow sub-

bottom reflectors, and the seabed.  In Browse basin, maximum rates of vertical down-to-the-west 

deformation range from 0.28 to 0.33 mm yr-1.  In computing these rates, we assume that the age 

of onset of deformation ranges from 1 to 3 Ma.  We infer, based on the position of some upward 

fault terminations within the lower Pliocene section, that deformation along the continental shelf 

had begun by the early to middle stages of the collision along the Sumba-Savu-Rote ridge 

[Roosmawati and Harris, 2009; Rigg and Hall, 2011]. 
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Geomorphic and stratigraphic observations also provide constraints on subsidence rates in 

Browse basin.  Scott Reef is an atoll located on the continental shelf break that has formed through 

long term crustal subsidence.  Collins [2002] completed a drilling, sampling, and dating program 

at Scott Reef, which identified marine isotope stage (MIS) 5e corals (~125 ka) at -30 m elevation.  

The age and elevation of these corals yield a subsidence rate of -0.28 mm yr-1.  Marine 

geomorphological investigations also identified submergent low stand shoreline features 

[Hengesh et al., 2011], which correlate to marine isotope stages 8, 6, and 2 (Figure 3-15).  We 

calculated subsidence rates for northern Browse basin using a sea level fluctuation curve [Lajoie 

et al., 1991], which yields approximate rates of 0.2 to 0.29 mm yr-1 (Figure 3-15).  These 

subsidence rates are in good agreement with the vertical tectonic slip rates on the western side of 

the Outer Shelf fault zone, supporting the interpretation that subsidence at Scott Reef is at least 

partly related to tectonic processes occurring along this fault zone.  An additional component of 

vertical deformation may be caused by regional down-warping of the Australian plate as a result 

of the accretion of the Sumba to Timor section of the Banda arc onto the northern Australian 

continental shelf [Audley-Charles, 2004, 2011; Duffy et al., 2013].  
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Figure 3-14. Seafloor faulting on 2D line BBHR-12 across northern Browse basin illustrating both deep seated (possibly seismogenic) and rootless (aseismic) faults.
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In the outer part of the Roebuck basin, near Rowley Shoals, the style of deformation also involves 

dextral transcurrent motion with a down-to-the-west component of vertical displacement.  

Vertical deformation rates based on offset of the lower Pliocene horizon range from 0.07 to 0.24 

mm yr-1.   

The Inner Shelf fault zone in eastern Browse basin is a basement related dextral transtensional 

structure with both down-to-the-east and down-to-the-west senses of vertical deformation 

(Figures 3-11 and 3-13).  At BBHR-04 the fault has produced 8 to 16 m down-to-the-east offset 

of the seafloor and 38 to 44 m folding of the late Miocene horizon.  We estimate late Quaternary 

slip rates for the fault zone assuming a 250-ka age of the seafloor.  The age of the seafloor reflector 

is inferred based on the presence of MIS stage 8 low stand shorelines and drowned lagoons 

(Figure 3-15) in Browse basin [Hengesh et al., 2011]; although the seafloor in this area has not 

been directly dated, the sea level fluctuation curve for the drowned shoreline morphology 

provides an approximation of the general age of the seafloor and shallow sub-bottom sediments 

in this area.  The estimated late Quaternary vertical slip rates range from 0.06 to 0.1 mm yr-1. 
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Figure 3-15. (a) Seafloor rendering showing drowned estuary system and dune fields as well as Stage 2, Stage 6, and Stage 8 strandlines.  (b) Sea level prediction 
curves and (c) estimated subsidence rates for submergent estuarine features and strand lines in northern Browse basin [Hengesh et al., 2011]. Depth and age of 
MIS 5e from Scott Reef [Collins, 2002] provide baseline subsidence curve.  Solid black curve and dashed uncertainty bands from Waelbroeck et al., [2002] and 
grey curves from Rohling et al., [2009]. 

(a) 

(b) 

(c) 
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We did not identify any suitable piercing points with which to assess horizontal slip rates across the fault 

zones.  However, a general indication of horizontal slip rates can be estimated by assuming a range of 

vertical to horizontal slip ratios.  Horizontal to vertical slip ratios commonly range from 1:1 to 10:1 [Wells 

and Coppersmith, 1994].  Therefore, the estimated minimum and maximum horizontal slip rate values 

across the Outer Shelf fault zone range from 0.28 to 3.3 mm yr-1.  The estimated minimum and maximum 

horizontal slip rate values across the Inner Shelf fault zone range from 0.06 to 1.0 mm yr-1.  The combined 

deformation rate in Browse basin therefore ranges from 0.34 to 4.3 mm yr-1.  This range is likely a 

minimum as we have no data for deformation along faults on Scott Plateau.   

The down-to-the-west style of faulting produces progressive down-warping of the continental shelf 

outboard of the fault zones.  This down-warping of the shelf explains the presence of both Scott Reef and 

Rowley Shoals atolls, and the anomalously deep continental shelf break that has been observed along parts 

of the North West Shelf.  Submergent strandlines and paleo-estuarine deposits are observed to a depth of 

approximately 180 m below sea level, but the shelf break can extend to depths greater than 500 m.  This is 

deeper than expected in stable continental regions. 

3.4.2 Neotectonic Framework for Australia’s North West Shelf 

Three principle tectonic elements define the neotectonic framework of northwestern Australia and 

influence the internal stability of the central Indo-Australian plate (Figure 3-16).  These elements include 

the Java trench part of the Sunda Arc, Flores-Wetar thrust and Timor collision zone, and the Western 

Australia Shear Zone.  These three tectonic elements intersect near the Ashmore Reef-Savu basin region 

and may define an evolving triple junction. 
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Figure 3-16. Illustration of the three arms of the evolving triple junction; seismicity from ISC-GEM catalogue [Storchak et al., 2013]. Faults in Savu basin from 
Rigg and Hall [2011], and Harris et al., [2009]. Faults in Savu basin from Rigg and Hall [2011], and Harris et al., [2009]. Purple line is edge of Australian continental 
basement and forearc [from Rigg and Hall, 2011]; AR=Ashmore Reef; SR=Scott Reef; RS=Rowley Shoals; TCZ=Timor Collision Zone; ST=Savu thrust; SB=Savu 
Basin; TT=Timor thrust; WT=Wetar thrust; WASZ=Western Australia Shear Zone. Open arrows indicate relative direction of motion; solid arrows direction of 
vergence.  Inset lower right shows larger scale image of faults in Browse basin. 
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The western arm of the triple junction is defined by the Java trench subduction zone where 

Jurassic age Indian oceanic crust [Robb et al., 2005] is subducting at a rate of 66 to 72 mm yr-1.  

The Java subduction zone is characterized by efficient subduction [Pacheco and Sykes, 1992] of 

oceanic crust producing a north dipping Benioff zone that extends to more than 640 km depth 

(Figure 3-2).  The Java subduction zone now terminates at a longitude of approximately 120°E.  

Type B subduction along the Sunda Arc, and former Banda trench, began about 12 Ma [Hall, 

2011] and triggered an earlier phase of reactivation along faults on the North West Shelf. 

The eastern arm of the triple junction is defined by the south dipping Flores-Wetar thrust and 

north dipping Timor tectonic collision zone (Figure 3-16).  Together these accommodate south 

directed subduction of the Banda Sea plate beneath the northern continental margin, as well as 

south directed back-thrusting and obduction of the former Banda subduction zone accretionary 

prism onto the continental margin [Audley-Charles, 2011; Spakman and Hall, 2010].  This arm 

of the plate boundary extends 1,200 km eastward along the outer Banda Arc from the termination 

of the Java trench.  The Ashmore Reef to Timor segment of the outer Banda Arc now is 

undergoing sinistral-oblique deformation related to the highly oblique sense of motion between 

Australia and Timor.  Nugroho et al. [2009] measured 15 +/- 8 mm yr-1 of oblique convergence 

between Timor and Darwin, which is accommodated by thrust and sinistral strike slip faulting 

(Figure 3-3).  This high rate of deformation is accommodated by numerous structures distributed 

across the Australian continental shelf, Timor trough, and on the island of Timor [Duffy et al., 

2013].   

The southern arm of the triple junction, the Western Australia Shear Zone, extends southward 

from Ashmore Reef to the Murchison region of western Australia (Figure 3-16) [Hengesh and 

Whitney, 2014; Whitney and Hengesh, 2015a, b; Whitney et al., 2015a,b].  This active fault 

system (e.g. Inner Shelf and Outer Shelf fault zones) follows the former rifted margin and affects 

late Neogene and Quaternary deposits, deforms the continental shelf, and locally offsets the 

seafloor (Figures 3-5 through 3-14).  The Outer Shelf fault zone includes fault segments that 

extend 800 km southward from Ashmore Reef to Rowley Shoals.  This fault zone then may 

connect to the Flinders-Scholl Island fault zone extending another 600 km to the Cape Range 

[Whitney and Hengesh, 2015a, b], and then another 600 km to the Mt Narryer fault zone [Whitney 

et al., 2015a, b].  The 1941 ML7.3 Meeberrie earthquake occurred within the southern onshore 

part of the Western Australia Shear Zone.  The 1906 MS 7.8 Exmouth event occurred in the 

oceanic basin offshore of the reactivated structures on the former extended margin. 

The most significant phase in development of the current tectonic setting was the entry of 

Australian continental crust into the former Banda subduction zone.  Termination of subduction 
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and development of the arc-continent collision began along the eastern part of the Banda arc and 

migrated westward along the northern plate boundary at a rate of approximately 100 km Ma-1 

[Harris, 1991).  Subduction near Timor ceased about 4 Ma after all oceanic crust was consumed 

[Audley-Charles, 2011].  Harris et al. [2009] and Roosmawati and Harris [2009] have 

demonstrated that the collision of the westernmost Australian continental margin with the former 

Banda trench initiated near Sumba (3-2 Ma), then migrated southeastward to Savu (1.8-0.5 Ma), 

and then Rote (1.0 Ma to present).  Following completion of Type B subduction, the former 

subduction zone has undergone trench roll-back [Spakman and Hall, 2010], which is causing 

southward thrusting of Sumba, Savu, Rote, and Timor over the northern margin of the Australian 

continental lithosphere [Harris et al., 2009; Rigg and Hall, 2011].  The ongoing collision on Savu 

has formed both north and south verging thrusts, has caused uplift of pelagic chalk from depths 

of >2,500 m to the surface in less than 1.0 Ma, and has caused emergence of the accretionary 

prism [Harris et al., 2009].  This pattern of deformation demonstrates the high rates of strain at 

the leading edge of the collision.  This collision is reducing the efficiency of northward plate 

motion at the northwestern corner of Australia compared to the efficient subduction of the Indian 

Ocean slab along java trench, to the west.  

The initiation of subduction about 12 Ma coincided with the initial stage of middle Neogene fault 

reactivation and basin inversion along Australia’s western passive margin [AGSO, 1994, Keep et 

al., 1998; Cathro and Karner, 2006].  The middle Miocene inversion structures are eroded and 

overlain by late Neogene erosional unconformities (Figure 3-11) indicating a hiatus in 

deformation along the passive margin between middle Miocene and Pliocene time.  The onset of 

continent-arc collision in the past 3.0 Ma at Scott Plateau [Roosmawati and Harris, 2009; Harris 

et al., 2009] occurred once all oceanic crust was consumed along the northern continental margin 

[Hall, 2011; Audley-Charles, 2011].  The timing of the collision directly on the rifted margin 

coincides with the current period of Quaternary activity along Australia’s western passive margin.  

This differential motion is caused by the transition from northward directed subduction of the 

Indian oceanic crust west of Scott Plateau (120°E), to southward directed subduction along the 

Flores-Wetar thrust and southward roll-back of the former Banda subduction zone at Timor and 

Rote.  We infer that the change in style of collision along the northern plate boundary has created 

a dextral shear couple across the former passive margin of northwestern Australia and established 

a triple junction at the apex of three kinematically distinct tectonic elements.  The eastern and 

western arms of this triple junction are active plate boundary elements while the southern arm is 

an evolving intraplate fault system (Figure 3-16).  The transfer of strain from the plate boundary 

into the plate interior provides a mechanism for deformation within the stable continental region 

of western Australia, and may help explain the large number of neotectonic structures [Clark, 
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2010] and elevated rates of seismicity compared to other parts of the plate [Leonard, 2008; 

Leonard and Clark, 2011]. 

3.4.3 Fragmentation of the Indo-Australian Plate 

Termination of the Java subduction zone and Sunda Arc at the continental margin of western 

Australia is causing internal deformation of the Indo-Australian plate.  Although geodetic 

monitoring of deformation on the Australian continent shows minimal contraction rates (best 

estimate range of 0.5 to 1.0 mm yr-1) across the entire continent [Tregoning, 2003; Leonard, 

2008], all monitoring station locations in western Australia are located inboard (e.g. at Karratha) 

of the reactivated faults that lie along the offshore extended margin (inset Figure 3-1, and Figure 

3-16).  Therefore, the geodetic network is not suitably designed to detect the ongoing geological 

deformation along the Western Australia Shear Zone.  The triggered deformation within the 

western Australia part of the Indo-Australian plate is attributable to changes in the structural 

orientation, style of deformation, and plate motion vectors along the northern plate boundary.  

This is analogous to the intraplate deformation occurring in the Wharton basin in the central 

Indian Ocean, south of the transition from the Himalayan collision to the Sagaing fault and 

Andaman subduction zone [Delescluse and Chamot-Rooke, 2007].  The intraplate deformation 

resulting from this plate boundary transition has caused nine earthquakes that range in magnitude 

from Mw 7.2 to 8.7, including the 11 April 2012 event, one of the largest shallow crustal strike 

slip earthquakes ever recorded [Pollitz et al., 2012; Yue et al., 2012].   

The intraplate deformation along the western Australia continental margin has produced a 

Quaternary active strike slip fault system; this system of intraplate faults may eventually evolve 

into a new plate boundary that decouples Indian Ocean crust from the Australian continent.  Large 

earthquakes related to this zone of intraplate deformation include the 1943 ML 7.3 Meeberrie and 

1906 MS 7.8 Exmouth events and faults within this zone are capable of producing future large 

magnitude earthquakes.  The observed geological deformation and seismic activity in the 

northwest Australian part of the Indo-Australia plate demonstrates that this part of the plate should 

not be described as a perfectly rigid block as done in several global plate motion models. 

3.5 CONCLUSIONS 
We have analysed geological, geophysical, and seismological data from a 350,000 km2 area along 

the northern part of Australia’s North West Shelf.  These data demonstrate the presence of a 

system of predominantly transcurrent faults that extend along the margin of western Australia.  

The characteristics of this fault system are summarized below: 

a) The faults coincide with northeast trending gravity anomalies that define major basin 

structures along the former extended margin of the Australian plate; 
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b) The fault system in Browse and Roebuck basins contains two primary fault zones, one 

along the eastern margin of the basins, and one which follows the approximate axis of 

the basins; 

c) Focal mechanism solutions derived from earthquakes in the area between ~20°S and the 

northern boundary of the Indo-Australian plate are consistent with right-lateral strike slip 

deformation on northeast trending fault planes; 

d) Faults within northern Browse basin have a dominant N70°E to N80°E fault trend, but 

change to a N35°E to N50°E trend south of Scott Reef, representing a fundamental 

change in structural orientation and style; 

e) The fault zones in northern Browse basin and southern Roebuck basin demonstrate a 

dominant down-to-the-west transcurrent sense of deformation, but may locally have a 

down-to-the-east component; 

f) In Browse basin, maximum rates of vertical down-to-the-west deformation range from 

0.28 to 0.33 mm yr-1, consistent with geomorphic indicators of coastal subsidence; 

g) A range of approximated horizontal slip rates across the Western Australia Shear Zone 

range from 0.34 to 4.3 mm yr-1, with a best estimate value around 2.0 mm yr-1. 

h) Stratigraphic indicators suggest that the current period of fault reactivation coincides with 

the time when Australian continental crust blocked the westernmost part of the Banda arc 

subduction between 1 and 3 Ma; 

i) Alignment of the former extended continental margin of western Australia with the 

transition from Java trench subduction to arc-continent collision is inferred to have 

triggered a new phase of fault reactivation and intraplate deformation within the Indo-

Australian plate; 

j) The geographic extent and characteristics of faulting indicate that the plate is not a 

perfectly rigid block as assumed in many plate motion models; 

k) The regional kinematic indicators are consistent with a triple junction geometry 

composed of the Java trench, Flores-Wetar thrust and Timor tectonic collision zone, and 

the intraplate Western Australia Shear Zone; and, 

l) Individual fault segments within the Western Australia Shear zone are up to 250 km in 

length and therefore are capable of generating earthquakes in the 7<M<8 range. 
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