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4 CHARACTERIZATION OF SEISMIC SOURCES 
WITHIN NORTHWESTERN AUSTRALIA’S NEWLY 

REACTIVATED TRANSCURRENT MARGIN 
This chapter presents information on the characteristics of Quaternary active faults along the 

northwestern Australian extended continental margin (Chapter 3).  The source characterization 

presented below provides an assessment of the magnitude and recurrence intervals for major 

earthquakes on a selection of faults on the NWS.  These faults are included in the probabilistic 

seismic hazard analysis (Chapter 5). 

Hengesh, J.V., and Whitney, B.B. (2015). Characterization of seismic sources within 

northwestern Australia’s newly reactivated transcurrent margin, Proceedings of the Tenth Pacific 

Conference on Earthquake Engineering, Building an Earthquake-Resilient Pacific, 6-8 

November, 2015, Sydney, Australia. 

4.1 ABSTRACT   
A new phase of tectonic reactivation is occurring along Australia’s North West Shelf (NWS) due 

to reorganization of the northern plate boundary in the past 3.0 Ma.  A 1,400-km long fault system 

deforms Pliocene to Recent deposits across the Browse, Roebuck, and Carnarvon basins, and 

aligns with a system of onshore Quaternary faults and folds that extend another 600 km to the 

Murchison region.  The fault system has relatively higher rates of seismic activity than adjacent 

non-extended terranes, has produced the largest historical earthquake in Australia, (1941 ML7.1 

Meeberrie event), and multiple Mw 6+ events.  The very large 1906 MS 7.8 offshore event also 

may be related to this tectonic reorganization.  Seismicity is dominated by focal mechanisms 

consistent with dextral motion along northeast trending fault planes.  The median estimate of 

horizontal slip rate across the zone is on the order of 3 mm yr-1, barely in the range of geodetically 

detectable strain, but the geological record clearly shows the presence of a major fault system 

capable of producing earthquake in the range of ~Mw 7.5 to 8.0.  Future seismic hazard 

assessments for facilities on the NWS and along the coastline of western Australia should 

incorporate fault sources that model the activity of these seismogenic sources. 

4.2 INTRODUCTION 
The Indo-Australian plate is migrating northward along an azimuth of 011° to 015° at a rate of 

56 to 72 mm/yr relative to a fixed Sunda Shelf reference frame (Minster & Jordan, 1978; 

Tregoning, 2003; Bock et al., 2003; Nugroho et al., 2009) and is converging with marginal seas 

and continental fragments of southeast Asia along the Sunda Arc subduction zone and the Banda 

Tectonic Collision Zone (Figure 4-1).  The North West Shelf (NWS) part of Australia’s western 
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passive margin trends in a north-northeast direction until it is truncated by the northern plate 

boundary.  The transition from Indian oceanic crust to Australian continental lithosphere 

profoundly changes the style of deformation along the northern plate boundary (Silver et al., 

1983; McCaffrey, 1988; Audley-Charles, 2004, 2011; Harris et al., 2009; Fluery et al., 2009).  

There is northward directed subduction of Indian oceanic crust west of the Scott Plateau near 

120°E longitude (Shulgin et al., 2009).  However, east of this location the oceanic crust has been 

fully consumed and subduction along the Banda trench has ceased (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 a tectonic collision 

zone (TCZ) 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).  There is 

now south directed thrusting of Timor relative to Australia across the Timor trough at a rate of 15 

+/-8 mm/yr (Nugroho et al., 2009). 

The termination of the Java subduction zone coincides with the former western rifted margin 

(extended crust) of Australia (Hengesh & Whitney, 2014).  Changes in plate motion vectors 

across the transition zone from subduction to arc-continent collision have developed a right lateral 

shear couple that is reactivating faults along the extended margin (Whitney & Hengesh, 2015a).  

The reactivated western margin of Australia is referred to as the Western Australia Shear Zone 

(WASZ), which comprises an offshore system of dextral transcurrent faults that extend 1,400 km 

from Ashmore Reef to the Cape Range, and then extends onshore another 600 km to the south-

southeast (Figure 4-1) (Whitney & Hengesh, 2015b,c, Whitney et al., 2015a,b).  This is a 

regionally significant, but low activity fault zone that has not been detected by regional geodetic 

analyses.  This may be due to the fact that the geodetic analysis of the Australian continent relies 

on stations that are mostly located on the non-extended part of the crust (inset Figure 4-1) inboard 

of the extended margin that formed during Mesozoic continental rifting.  Therefore, the analyses 

of Tregoning (2003) and Leonard (2008) confirm the stability of the non-extended part of the 

continental lithosphere, but due to station locations cannot account for deformation occurring 

along the WASZ where rift-era structures are now being reactivated (Hengesh and Whitney, 

2014).  This zone of tectonic deformation occurs between the stable continental interior and 

oceanic basins and provides an example of intraplate deformation within the Indo-Australian 

plate. 

Interpreted 2D and 3D seismic data document specific faults within the WASZ that extend across 

the Browse, Roebuck, and Carnarvon basins on Australia’s NWS (Figure 4-1).  We characterise 
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several faults within the system to illustrate how these sources might influence future seismic 

hazard assessments.  
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Figure 4-1. Regional map showing principal geological provinces and structural trends.  Red faults form the offshore part of the WASZ.  For legibility, not all 
structures within the WASZ are shown.  FSI=Flinders-Shoal Island fault zone.  Inset shows geodetic station location used by Tregoning (2003) and Leonard (2008). 
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4.3 ACTIVE TECTONIC STRUCTURES WITHIN THE WESTERN AUSTRALIA 
SHEAR ZONE 

The Geoscience Australia Browse Basin High Resolution (BBHR) 2D survey was used to provide broad 

coverage of Browse basin.  Data from the North Browse 3D survey were used to illustrate more detailed 

characteristics of faulting from the base Pliocene and seafloor within Browse basin and the 2014 

Geoscience Australia data release (Cortese et al., 2014) was used for the Roebuck basin and Rowley 

Shoals areas.  We focus on the post-Pliocene period as it corresponds to the timing of the onset of 

collision between 3.0 Ma and 200 ka 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) of rift era structures (Cathro and Karner, 2006).  We discuss two 

examples of faulting: one fault system that extends 800 km along the outer continental shelf from 

Ashmore Reef to Rowley Shoals (Inner Basin North, Inner Basin South, and Outer shelf fault zones); 

and a second group of fault segments that is along the inner continental shelf offshore of Cape Leopold 

and Dampier (Inner Shelf South and Dampier fault zones) (Figure 4-1). 

4.3.1 Outer Shelf Fault Zone 

The Outer Shelf fault zone initiates in northern Browse Basin as a 50-km wide by 100-km long zone of 

N70°-80°E trending transtensional faults, which form a zone of horsts and grabens that deform the 

seafloor.  These faults then connect to a 550 km long zone of N35°-50°E trending transpressive faults 

that extend from Scott Reef to Rowley Shoals, and which also deform the shallow subbottom sediments 

and the seafloor (Figure 4-1).  Seismic line BBHR-11 documents an approximately 32 km wide 

deformation zone that consists of two separate sub-parallel shear zones referred to as the Inner Basin 

North and Inner Basin South shear zones.  The Inner Basin North shear zone is 6.3 km wide and the 

Inner Basin South shear zone is 8.3 km wide.  These two shear zones are separated by a relatively 

undeformed block that is 9 km wide.  There is an overall down-to-the-northwest sense of vertical 

deformation (Figure 4-2). 

The Outer Shelf fault zone is characterized by antiformally folded basement, as well as folded Mesozoic 

and Tertiary sections.  The fault zone deforms the Pliocene and Quaternary stratigraphic interval and 

locally deforms the seafloor reflector (Figure 4-2).  As shown on this figure, 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 a late Quaternary to Holocene 

erosional unconformity near the top of the section (Simpson and Cooper, 2008).   

The antiforms are overlain by the base Pliocene erosional unconformity, which is cross cut by faults 

that have produced 0.36 to 0.42 sec two-way travel time (TWT) (288 to 336 m assuming 1600 m/sec 

shear wave velocity) of cumulative down-to-the-west vertical displacement of the unconformity.  The 
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faults extend upward through the section and have produced 0.26 sec TWT (~208 m) of cumulative 

down-to-the-west vertical displacement of the late Quaternary to Holocene erosional unconformity 

(Figure 4-2).  Displacements of the late Quaternary to Holocene erosional unconformity on individual 

fault strands are approximately 0.03 to 0.05 sec TWT (24 to 40 m). 

4.3.2 Inner Shelf Fault Zone 

A series of fault segments (Inner Shelf North and Inner Shelf South fault zones) continue southward 

along the southeastern margin of Browse Basin (Figure 4-1).  An additional fault segment (informally 

referred to as the Dampier fault) lies approximately 70 km offshore of Dampier peninsula within the 

Northern Carnarvon basin.  The Dampier fault zone is 150 km long, 1.8 km wide, and trends in a N50°E 

direction.  This fault segment (observed on line s136_136_24_mig_time, 6155.22) has produced 0.125 

to 0.15 sec TWT (100 to 120 m) of down-to-the-west displacement of the base Pliocene horizon, and 

0.03 to 0.05 sec TWT (24 to 40 m) of down-to-the-west displacement of an inferred Quaternary 

unconformity (Figure 4-3).  The seabed is not deformed, but the water depth is only ~137 m and so this 

part of the continental shelf would have been abraded through current and wave action during multiple 

sea level low-stands.  The fault zones on the continental shelf continue southward as the Flinders-Shoal 

Island fault system (Whitney et al., 2015b). 
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Figure 4-2. 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. 

Inner Basin North Inner Basin South NW SE 
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Figure 4-3. Shallow sub-bottom deformation along Dampier fault segment of the Inner Shelf fault zone. Blue horizon is near base Pliocene. Arrow marks likely 
position of Quaternary section. Red horizon is Cretaceous Turonian horizon. 
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4.4 DISCUSSION - IMPLICATIONS FOR HAZARD ASSESSMENT 
The Quaternary active faults identified within the WASZ on the North West Shelf constitute significant 

seismic sources that should be considered in future seismic hazard assessments.  A preliminary source 

characterization is completed below to provide an indication of the magnitude and recurrence intervals 

for major earthquakes on these faults.  The dominant style of deformation for faults within this zone 

involves dextral transcurrent motion related to the collision on the northern plate boundary zone 

(Whitney and Hengesh, 2015a) with a progressive down-to-the-west component of vertical 

displacement.   

Fault length and fault area can be used to estimate maximum earthquake magnitude (Mmax) values for 

fault sources.  Individual fault segments within the WASZ range from approximately 70 to 250 km in 

length and fault widths are estimated to be on the order of 15 km.  The fault width is inferred based on 

hypocentral depth estimates and regional seismic data.  Mmax values were estimated using five different 

empirical relationships between fault length and magnitude, and rupture area and magnitude, to compute 

Mmax distributions for each fault (Table 4-1; Wells and Coppersmith, 1994; Hanks and Bakun, 2002; 

2008; Ellsworth, 2003; Wesnousky, 2008).  Where the options exist, the magnitudes were computed 

using relationships for “all fault types” and strike slip faults because oblique strike slip faulting is the 

most common style of deformation on the North West Shelf, and these relations have the highest 

correlation coefficients (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.  This approach captures the epistemic uncertainty in the fault rupture 

characteristics and published empirical regressions.  The resulting Mmax values are summarized in Table 

4-2, below. 

Based on the suite of Mmax values we estimate a distribution of mean maximum displacement values for 

use in recurrence calculations.  Fault displacements were estimated using the Wells and Coppersmith 

(1994) empirical relationship between moment magnitude (Mw) and mean maximum displacement 

(MD) for strike slip faults (Table 4-1).  The distribution of displacement values for strike slip faults is 

summarized in Table 4-2. 



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

4-10 
  

Table 4-1. List of empirical regressions used in analyses. 

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)  

Notes: Mw=Moment Magnitude; SRL= Surface Rupture Length (km); L = Length (km); and A = Area 

(km2) 
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Table 4-2. Preliminary fault characterization for selected faults in the WASZ. 

Fault  

Estimated 
Rupture 

Length (km) 
Magnitude Distribution 

(Mw) 
W&C MD fx Mw ALL 

Displacement (m) 
Slip Rate Models  

(mm/yr) 
Recurrence (yrs)  

(MD fx Mw/slip rate) 

 Min Max Min Ave Max Min Mid Max Min Mid Max Min Mid Max 
Outer 
Shelf 
(Scott 
Reef) 

85 170 7.05 7.38 7.66 1.70 3.73 7.21 0.28 2.0 3.0 566 1,865 18,021 

Inner 
Shelf 83 98 7.11 7.29 7.45 1.95 2.99 4.36 0.04 0.65 2.2 886 4,601 110,019 

Outer 
Shelf- 

(Rowley 
Shoals) 

75 140 7.06 7.35 7.60 1.75 3.44 6.30 0.002 0.27 1.07 1,637 12,574 2,700,634 

Note: W&C MD fx Mw SS Displacement = Wells and Coppersmith mean maximum displacement as a function of moment magnitude for “all fault types”. 

 

Table 4-3. Summary of horizontal slip rate estimates in mm/yr for selected faults in the WASZ. 

 Min (mm/yr) Mid (mm/yr) Max (mm/yr) 

Outer Shelf (Scott Reef) 0.28 2.00 3.00 

Inner Shelf 0.04 0.65 2.20 

Outer Shelf (Rowley Shoals Fault 0.002 0.27 1.07 
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To compute recurrence intervals, we use observed vertical displacements and convert these to a range 

of estimated horizontal slip rates (Table 4-3).  Rates of vertical deformation were measured from the 

base Pliocene unconformity, and where available the Quaternary to Holocene unconformity, shallow 

sub-bottom reflectors, and the seabed.  In computing these rates, we assume that the age of onset of 

deformation ranges from 1 to 3 Ma, consistent with the timing of collision along the Sumba-Savu-Rote 

ridge (Roosmawati and Harris, 2009; Rigg and Hall, 2011) directly north of the rifted margin.  As the 

fault segments terminate into folds the slip rates will vary along strike. 

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 across the fault zone.  Common horizontal to vertical slip ratios range 

from 1:1 to 10:1 (K. Coppersmith pers. comm.).  Therefore, the estimated minimum and maximum 

horizontal slip rate values across the entire Western Australia Shear Zone (in Browse basin) ranges from 

0.7 to 6.5 mm yr-1.  This range is likely a minimum as we have no data for deformation along faults on 

the Scott Plateau further offshore to the northwest.   

Based on the maximum displacement values and range of horizontal slip rate values we compute 

preliminary estimates of earthquake recurrence for the faults (Table 4-2).  The equation to compute 

recurrence is: 

Recurrence time (Tr) = displacement, D (mm) / slip rate (mm/yr)  

The median estimates of recurrence for Mmax events are approximately 2,000, 5,000 and 12,000 years, 

indicating that these faults could produce one to six large magnitude events during Holocene time.  This 

level of activity is consistent with the seismologically based recurrence interval of approximately several 

hundred to ~1,000 years for events of Mw 7.0 to 7.5 along the entire NWS (Figure 4-4). 
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Figure 4-4. Magnitude-frequency plot for seismicity along the entire northwestern Australia extended 
margin. 

4.5 CONCLUSIONS 
The Mesozoic extended margin of western Australia is being reactivated as a transcurrent fault system 

due to the transition from subduction to continent-arc collision on the northern plate boundary.  The 

fault system extends 1,400 km along the North West Shelf from Ashmore Reef to the Cape Range.  It 

then extends an additional 600 km through a system of folds and faults in the southern Carnarvon basin 

to the western edge of the Yilgarn craton (Whitney & Hengesh, 2015a).  This fault system is referred to 

as the Western Australia Shear Zone (WASZ) (Whitney, 2015). 

Preliminary seismic source characterizations have been completed for the Outer Shelf fault zone 

between Scott Reef and Rowley Shoals, and the Inner Shelf fault zone offshore of Dampier to provide 

examples of the magnitude, slip rate, and recurrence characteristics of faults in the WASZ.  Our analyses 

indicate that individual fault segments may produce Mmax earthquakes that range in magnitude from Mw 

7.1 to 7.6 with average recurrence intervals of roughly 2,000 to 12,000 years. These values are generally 

consistent with seismologically based magnitude frequency relationships that suggest recurrence 

intervals of a few hundred to about 1,000 years for Mw 7.0 to 7.5 events on the western extended margin.  

These structures pose significant seismic hazards and should be considered in future seismic hazard 

analyses for critical facilities on the NWS. 
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5 PROBABILISTIC SEISMIC HAZARD ANALYSIS FOR 
THE NORTH WEST SHELF OF AUSTRALIA AND THE 

ADJACENT SUNDA-BANDA ARC REGIONS 
This chapter presents the data, methodology, and results of two alternative probabilistic hazard 

analyses for the North west Shelf (NWS) and surrounding Sunda and Banda arcs.  One PSHA 

computes peak ground acceleration (PGA) with no faults and only areal zones on the NWS.  The 

second computes the hazard including the new faults (Chapters 3 and 5) identified on the NWS.  

The PGA values for each PSHA are compared using contour maps, transects showing PGA, and 

magnitude-distance deaggregation plots for a range of return periods. 

Hengesh, J.V., C.B. Crouse and H.K. Thio (2018).  Probabilistic seismic hazard analysis for the 

North West Shelf region of Western Australia and the adjacent Sunda-Banda arc regions. 

Submitted to the Bulletin of the Seismological Society of America. 

5.1 ABSTRACT 

Probabilistic seismic hazard analyses (PSHA) were completed for the North West Shelf (NWS) 

region of offshore northwestern Australia, as well as the eastern Sunda Arc, and the western-

Banda Arc.  The PSHA source model describes the magnitude, style of faulting and recurrence 

parameter values for the Australian stable continental region, extended margin, active crustal 

interplate regions, shallow crustal faults, deep crustal volumes, subduction zone plate interface 

zones, and intraplate volume sources.  The seismic source model parameter values were defined 

based on analysis of regional geology, terrain and gravity data, plate motion vectors, historical 

seismicity, offshore seismic reflection data, as well as onshore paleoseismological and tectonic 

geomorphological studies.  For the NWS region, we examine the effect of using two alternative 

source modelling approaches: one that uses only areal source zones on the NWS, and one that 

incorporates previously unrecognized active shallow crustal faults.  Peak Ground Acceleration 

(PGA) values were calculated using five different suites of ground motion prediction relations for 

active continental region (ACR), stable continental region (SCR), combined ACR/SCR, 

subduction zone plate interface, and subduction zone intraplate sources.  To treat the epistemic 

uncertainty in source characteristics, weighted distributions of moment magnitude and recurrence 

values were assigned to each source.  On the NWS, the 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, 

for the model with only areal source zones and soft rock conditions.  Inclusion of fault sources 

on the NWS results in changes to the spatial pattern and amplitude of ground shaking within about 

50 km of a fault.  In the near field, the fault model yields PGA values 1.2, 1.6 and 2.0 times the 

areal source model values at the 1,000, 5,000, and 10,000 return periods, respectively. 
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5.2 INTRODUCTION 

The offshore extended margin of northwestern Australia (Figure 5-1) is being deformed as a result 

of major changes in structural style along the northern Australian plate boundary.  The NWS 

region is exposed to seismic activity from a variety of seismic sources including the Australian 

Stable Continental Region (SCR), reactivated faults along the extended SCR margin, subduction 

plate interface and intraplate sources, as well as the Banda arc-continent collision zone.  The NWS 

provides a unique example with which to examine the effects of fault reactivation on ground 

motion hazards in a reactivated SCR setting.  The NWS also is a vast hydrocarbon and therefore 

these seismic sources pose a hazard to infrastructure development in the region. 

Three previous national scale seismic hazard maps have been prepared for Australia.  Gaul et al. 

(1990) developed the first “probabilistic earthquake risk maps” for Australia using the 

probabilistic approach developed by Cornell (1968).  The Gaul et al. (1990) model was an 

important contribution, but has inherent limitations due to the seismic 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).  

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).  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; 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 map; however, it does not provide ground motion estimates for offshore 

regions, including the NWS. 

Although the previous hazard models demonstrate that most of Australia is characterized by low 

seismic hazards, the available geological, geodetic, and seismological data for the region all 

indicate that there are seismic sources that can contribute significantly to the hazard in 

northwestern Australia, and specifically on the NWS.  This probabilistic seismic hazard analysis 

(PSHA) was carried out to assess the hazard along Australia’s NWS and provides an example of 

ground motion hazard mapping along the reactivated margin of an SCR.  To thoroughly assess 

the hazard to the NWS, our seismic source model extends across a much larger region including 

the Java subduction zone, Banda collision zone, and elements of continental Australia.  The inputs 
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to the PSHA also incorporate both aleatory and epistemic uncertainties in the ground motion 

prediction and seismic source models.  

PSHAs completed for SCR settings often rely on seismic source models that use only areal source 

zones to model the region of interest.  This approach is used because faults in SCR settings 

typically have not been sufficiently characterized to be included in the source model.  However, 

fault investigations on Australia’s NWS now provide sufficient information with which to 

incorporate newly recognized individual shallow crustal faults in the seismic source model.  To 

compare the influence that these faults have on the resulting ground motion hazards, two 

alternative PSHAs using two alternative seismic source models were conducted: one model uses 

only areal seismic source zones on the NWS (Model A); and one model incorporates the active 

faults and reduces the maximum earthquake magnitudes within areal source zones on the NWS 

(Model B).  For consistency, both models incorporate the same seismic source zones and model 

parameter values in the region surrounding the NWS.  The two alternative sets of PSHA results 

illustrate the significant differences in ground-motion hazards that can occur due to the inclusion 

of active fault sources along the extended SCR margin. 
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Figure 5-1. Regional setting showing main tectonic features and key locations discussed in text. Plate velocities from Nugroho et al., 2009. 
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5.3 REGIONAL TECTONIC SETTING 

The offshore margin of northwestern Australian is referred to as the NWS (Figure 5-1).  The NWS 

is defined as a passive tectonic margin (Bird, 2003) that previously underwent continental rifting 

during the Paleozoic and Mesozoic eras (Yeates et al., 1978; AGSO North West Shelf Study 

Group, 1994).  These older rift related faults presently are being reactivated due to processes 

occurring on the northern plate boundary (Hengesh and Whitney, 2016). 

The Australian plate consists of two main parts, the Indian oceanic crust and the Australian 

continental lithosphere.  The entire plate is migrating in an 11° to 15° north direction and is 

colliding with the Sunda Shelf and Banda Sea at rates of 66 to 75 mm yr-1 along the Sunda and 

Banda arcs, respectively (Figure 5-1) (Genrich et al., 1996; Bock et al., 2003; Nugroho et al., 

2009).  Along the Indian Ocean part of the northern plate boundary most of this differential plate 

motion is accommodated by northward directed subduction along the Java subduction zone.  

Along the segment of the northern Australian plate boundary that is bounded by continental crust 

most of the relative plate motion is accommodated by northward directed thrusting across the 

Flores and Wetar thrusts.  However, geodetic surveys also document 7 to 23 mm yr-1 of south 

directed contraction between Timor and the Australian plate (Figure 5-2) (Bock et al., 2003; 

Nugroho et al., 2009).   

The intersection of the Australian continental crust with the Sunda and Banda arcs resulted in 

changes in the style of deformation along the plate boundary (Silver et al., 1983; McAffrey, 1988; 

Audley-Charles, 2004, 2011; Harris et al., 2009; Fluery et al., 2009).  There is northward directed 

subduction of Indian oceanic crust west of ~120°E longitude and arc-continent collision east of 

~120°E, where the subduction of Indian oceanic crust along the Banda trench has terminated 

(Hamilton, 1979; Shulgin et al., 2009).  The paleo-Banda trench, where this subduction occurred, 

has become blocked by Australian continental lithosphere (Silver et al., 1983; McCaffrey, 1988; 

Hall, 2011; Harris, 1991, 2006; Audley-Charles, 2011) and has evolved into an Ampferer (Type 

A) arc-continent collision zone (Bally, 1983).  As Australian lithosphere blocked the paleo-Banda 

subduction zone, the northern plate margin began thrusting over the Banda Sea oceanic crust 

along the Flores-Wetar thrust system (Silver et al., 1983; McCaffrey, 1988; Breen et al., 1989; 

Genrich et al., 1996; Snyder et al., 1996; Saqab et al., 2017).  Along this collision zone the 

Australian foredeep also was deformed and has produced large scale nappe structures expressed 

as Timor Island, Sumba Island (Audley-Charles, 1975, 1985; Keep et al., 2003; Duffy et al., 

2013), and the Suva-Rote ridge (Roosmawati and Harris, 2009; Rigg and Hall, 2011).   

In addition to the deformation occurring along the northern plate boundary a system of reactivated 

faults extends 1,400 km along the extended continental margin of western Australia (Figure 5-1).  
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The fault system, referred to as the Western Australia Shear Zone, has been mapped from near 

Scott Reef to the Cape Range (Hengesh and Whitney, 2016).  These faults all deform both 

Neogene deposits (Keep and Moss, 2000), as well as Quaternary seafloor and shallow sub-bottom 

sediments (Hengesh and Whitney, 2016; Whitney et al., 2016).  This zone of deformation then 

continues onshore for an additional 600 km from the Cape Range to the Mt. Narryer fault zone 

(Whitney and Hengesh, 2015a, b; Whitney et al., 2015).   

The main structural elements of the northern plate boundary are included in both PSHA source 

models.  The faults within the Western Australia Shear Zone are incorporated in one of the 

alternative source models.   
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Figure 5-2. Tectonic elements, seismicity, and plate velocities in the North West Shelf and northern plate boundary region (from Hengesh and Whitney, 2016).  
Seismicity from ISC-GEM catalogue (Storchak et al., 2013). Faults in Savu basin from Rigg and Hall (2011) and Harris et al., (2009).  Dashed line is edge of 
Australian continental basement and forearc (from Rigg and Hall, 2011). Large arrow indicates velocity of Australia relative to Eurasia (aust/eura) (DeMets, 
1994); smaller solid arrows indicate velocity of the Sunda-Banda arc relative to Australia (Nugroho et al., 2009). 
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5.4 PROBABILISTIC SEISMIC HAZARD ANALYSIS APPROACH 

The two alternative PSHAs followed the computational approach that was developed by Cornell 

(1968) and which was further refined by McGuire (2004).  The seismic source and ground motion 

models that were input to the PSHAs are described in the following subsections. 

5.4.1 Seismic Source Model 

The PSHA model region extends from 100.6°E (western Java) to 137.2°E (Aru Island) and from 

4.7°S (Java and Banda seas) to 30°S (central coast of western Australia), an area of 9,653,186 

km2 (Figure 5-3).  Although our focus is on the NWS, the surrounding eastern Sunda Arc and 

western Banda Arc regions were included to account for the contribution to the hazard from plate 

boundary sources. 

The ground motion hazard for this region was analysed using two alternative source models: 

Model A uses only areal source zones on the NWS; Model B incorporates fault sources on the 

NWS.  The seismic source models both incorporate magnitude, style of faulting, and recurrence 

parameter values for seven types of seismotectonic domains including: the Australian SCR, 

reactivated passive margin (extended SCR), active continental or crustal interplate regions 

(ACR), shallow crustal faults, deep crustal volumes, subduction zone plate interface zones and 

intraplate volume sources.  The seismic source model parameter values were defined based on 

assessments of: regional geology, terrain and gravity data, geodetic plate motions, and historical 

seismicity (Clark, 2011; Hengesh and Whitney, 2016); offshore seismic data (Hengesh and 

Whitney, 2016; Whitney et al., 2016); as well as onshore paleoseismological and tectonic 

geomorphological studies (Whitney and Hengesh, 2015a, b; Whitney et al., 2015). 

5.4.1.1 Seismic Sources 

Both Models A and B have twenty-one shallow crustal areal source zones, six areal zones 

surrounding subduction plate interface sources, and six deep intraplate sources (Figure 5-3, Table 

5-1, and Table A1).  The initial zone geometries were based on examination of regional geology, 

tectonics, and seismicity.  In large parts of the region, the geological structure was either buried 

or submerged, and so the zone boundaries were compared to regional gravity anomalies (Brett, 

2015) and boundaries were adjusted to follow related anomalies, where appropriate.   

Zone 305 models the inner shelf part of the NWS and is the zone that hosts the fault sources in 

Model B.  This zone extends from the eastern basin boundaries and inboard margin of the 

extended crust to the base of the continental slope on the west.  The northern boundary of the 

zone is defined by a major basin boundary (Browse/Bonaparte transition) near Ashmore Reef 

(Figures 5-1 and 5-3) and the southern boundary is defined by another major basin boundary 

(Southern Carnarvon/Perth basin transition) near approximately 30°S latitude.  The Mesozoic 
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basin bounding faults in this zone display evidence of Neogene to Quaternary fault reactivation 

(Hengesh and Whitney, 2016). 

The models both include sources that model characteristic earthquakes along the Java trench 

segment of the Sunda subduction zone and Banda collision zone.  The models include six 

subduction plate interface sources (Zones 101 to 106) as well as the Flores and Wetar thrusts 

(Figure 5-3).  The location and geometry of the subduction plate interface sources are defined 

based on geophysical data, bathymetry, and instrumental seismicity (Figures 5-4 and 5-5) and are 

treated as dipping faults within areal source zones.  The location and geometry of other major 

crustal faults, such as the Flores and Wetar thrusts, are compiled from published sources and 

instrumental seismicity (e.g. McCaffrey, 1988; Roosmawati and Harris, 2009; Rigg and Hall, 

2011) and also are treated as dipping faults within areal source zones. 

Model B incorporates newly recognized active faults on the extended margin of western 

Australia.  There are 18 shallow crustal fault sources that are embedded in the Zone 305 areal 

source (Figure 5-3 and Tables A2 and A3).  These faults are modelled with both single segment 

and multi-segment source geometries.  The fault locations and characteristics are compiled from 

original mapping (Hengesh and Whitney, 2016; Whitney et al., 2016; Whitney and Hengesh, 

2015a, b; Whitney et al., 2015). 

Subduction intraplate zones and deep crustal zones of seismicity were modelled as volume 

sources.  The Java subduction zone intraplate source (Zone 201) encompasses the seismicity 

between depths of 45 to 200 km along the length and width of a source zone (Figure 5-3 and 

dashed box on Figure 5-4).  Zone 201 then was divided into sub-volumes at depth intervals of 55, 

50, and 50 km.  The upper depth interval “a” begins at the base of the shallow crustal and plate 

interface zones (45 km depth) and extends to a maximum depth of 100 km (Figure 5-4).  Sub-

volumes “b” and “c” extend from 100 to 150 km, and 150 to 200 km depths, respectively.  The 

seismicity beneath the shallow crustal zones along the Timor to Aru section of the Banda collision 

zone was modelled with volume sources that extend from 45 to 200 km depth (Figures 5-3 and 

5-5).  The deep seismicity was not divided into sub-zones (as with the Java segment) because no 

clear Benioff Zone exists at intermediate depths between 45 and 200 km.  Although intraplate 

seismicity in the model region extends to depths of greater than 650 km, currently available 

ground motion prediction equations only include data to depths of approximately 200 km; 

therefore, it is not possible to reliably model ground motions generated for events greater than 

200 km depth.  Furthermore, seafloor ground motions at these great depths are expected to be 

small with little contribution to the hazard.  
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Table 5-1. Classification and definition of source zones. 

Crustal Source Zones 

Outer Arc Rise: front of the accretionary 
deformation zone along Java segment of Java 

trench 
1, 2, 3 

Northern margin of Indian Ocean plate being 
warped down into Java trench 4 

Continental margin under flexure due to 
collision with Banda Arc 301 

Northern margin of Australian continental 
shelf being warped down into the Timor 

trough 
302 

Oceanic basins 303 
Transitional continental crust, between 

continental slope and abyssal plain 304 

Extended continental crust; reactivated 24, 305 
Cratons and stable continental interiors 13, 306 

Failed intracontinental rifts and margins of 
cratons 307 

Shallow crustal zone above intraplate 
subduction source (depth<45km) 

29, 30, 31, 33, 
34 

Forearc at Scott Plateau collision front 32 
Back Arc 35, 36 

Subduction Zone Interplate 
Sources 

Java trench subduction plate interface 101, 102, 103,  
Banda collision zone 104, 105, 106 

Subduction Zone Intraplate 
and Deep Crustal Volume 
Sources 

Subduction Intraplate zones (depth 45 to 200 
km) 201, 202, 203,  

Deep crustal volumes beneath Banda 
collision zone (depth 45 to 200 km) 204, 205, 206 
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Figure 5-3. Seismic source zonation for model region. Numbers 1 to 36 and 301 to 306 represent shallow crustal zones; 101 to 106 are plate interface zones; and 
201 to 206 represent intraplate zones. Eighteen fault sources are included in the model. 
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Figure 5-4. Section across Java subduction zone illustrating earthquake hypocentre locations from composite catalogue, position of subducted slab, and source 
zone geometry. Northeast dipping line represents top of subducting slab. Arrow on upper axis shows position of trench. Section location shown on Figure 5-3. 
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Figure 5-5. Section across southern Banda collision zone illustrating earthquake hypocentre locations, position of arc-continent interface, and source zone 
geometry. Southeast dipping line in Zone 33 represents top of Banda Sea oceanic slab. Northeast dipping line in Zone 105 shows approximate position of Australian 
lithosphere. Arrow on upper axis shows position of Timor trough. Section location shown on Figure 5-3. 
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5.4.1.2 Seismicity Catalogue 

The seismicity catalogue was compiled from 14 independent agencies and includes all historical 

and recorded events up to the end of 2015 (see data and resources section).  The final catalogue 

was prepared by removing duplicates, converting reported magnitudes to a common moment 

magnitude (Mw) scale, and declustering to include only independent events.  To convert reported 

magnitudes to Mw all events of M>5.9 in the plate boundary region of the Sunda and Banda arcs 

were independently compared to published catalogues of moment magnitude (Dziewonski et al., 

1981; Engdahl et al., 1998; Ekström et al., 2012; Storchak et al., 2013).  In the Australian 

continental region, all events with magnitudes of M>4.3 were independently validated against the 

Geoscience Australia catalogue.  If local magnitude (ML) was listed, it was assumed equal to Mw 

for the values of ML listed.  The remaining events were converted to Mw using the following 

empirical regressions: 

  Magnitude Conversion Relationships  # of pts 

  Mw = 1.0855mb - 0.3526   1335   (eqn. 1) 

  Mw = 0.6903MS + 2.0268   596  (eqn. 2) 

Dependent earthquakes were removed from the catalogue using the Gardner and Knopoff (1974) 

algorithm that analyses similarities in time, location, and magnitude to identify successive events 

as aftershocks. 

5.4.1.3 Completeness Intervals 

Earthquake magnitude frequency distributions were computed from the historical seismicity for 

all areal and volume source zones.  The recurrence rates were dependent on the time periods 

during which the record of earthquakes in various magnitude intervals was considered to be 

complete.  These completeness intervals were established by constructing a matrix table listing 

the annual number of shallow earthquakes of various magnitudes occurring in 10-year periods 

from 1870 through 1960 (for Australia), 1648 to 1960 (for the Sunda and Banda arcs), and in one-

year periods from 1961 through 2015.  The completeness intervals (Table 5-2 and Table A4) were 

determined based on the relative distribution of events in the matrix table taking into 

consideration the dates of installation of seismographic stations such as the first seismographs 

(~1900), and the World Wide Seismic network (1963-1964).  Previously published assessments 

of completeness intervals in Australia (Leonard, 2008) also were considered.  If a large magnitude 

damaging historical earthquake was recorded during colonialization of Indonesia or Australia, we 

assigned the date that the event occurred as the beginning of the period of completeness for the 

magnitude interval (i.e. Mw>7) within the zone. 



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

5-15 
 

Table 5-2. Completeness intervals for selected seismic source zones.  Source parameter values for 
these selected zones are listed in Table 5-3.  See Table A4 for complete list of completeness intervals. 

Zone 

# 
Names/Setting M>8 M>7 M>6.5 6.0<M<6.5 M>5 M>4 

31 

Shallow crustal zone above 

intraplate subduction 

source  

1648 1648 
1920 

(6.5-6.9) 

1920 

(5.8-6.5) 

1962 

(5.0-5.7) 
1995 

104 Banda collision 1815 1815 1920 1920 1964 1974 

201 Sunda intraplate 1885 1885 1920 1920 1963 1963 

206 Aru deep volume 1815 1815 1920 1920 1963 1995 

305 
Extended continental crust; 

reactivated 
1885 1885 1885 1920 1961 1966 

306 
Stable non-extended 

cratons 
1873 1873 1873 1873 1961 1968 

5.4.1.4 Recurrence Calculations 

Three different types of earthquake magnitude frequency distributions (MFD) were used to model 

the frequency of earthquake occurrence associated with the areal zones, subduction zones, deep 

crustal volume sources, and faults in the seismic source model.  The earthquake activity rates for 

areal and deep crustal volume source zones were modelled by fitting truncated exponential curves 

to the historical seismicity data (Gutenberg and Richter, 1956).  The recurrence relationships are 

given by the formula: 

    Log10 [N(>M)] = a – bM   (eqn. 3) 

where: N is the number of events having magnitude greater than M, and a and b are constants 

(Table 5-3 and Table A1). 

Figure 5-6 presents the lower bound, best estimate, and upper bound recurrence curves for Zone 

305 that encompasses the NWS.  The three recurrence curves represent the uncertainties and 

alternative interpretations of earthquake activity from the historical seismicity data.  The same 

recurrence models were used for all areal source zones (except Zone 305) in the two alternative 

source models.  In Zone 305, Model A (no faults) uses only a truncated exponential MFD, while 

Model B (with faults) uses a combination of the truncated exponential MFD for the areal source 

and a maximum displacement MFD to model earthquake recurrence on the fault sources (Figures 

5-7 and 5-8).  As described below, the Mmax distributions for Zone 305 in Model B were changed 

to account for the presence of fault sources.  

The MFDs for fault sources were developed by dividing empirically derived displacements for 

maximum magnitude earthquakes by fault slip rates (Hengesh and Whitney, 2016) to estimate 
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recurrence rates of large magnitude events (Tables A2 and A3).  The approach is illustrated 

schematically on the logic tree (Figure 5-8).  This maximum displacement approach is analogous 

to the maximum moment MFD of Wesnousky (1986).  The activity rates for each individual fault 

are plotted along with the cumulative recurrence plot for Zone 305 (NWS) on Figure 5-6.  To 

compare the rates of fault activity and background seismicity in Zone 305, the cumulative fault 

activity rates were plotted for the average Mmax value of all fault sources in Zone 305 (Mw7.23) 

as well as the activity rate for Mw7.25 earthquakes derived from the historical seismicity.  The 

rates of activity for faults within the entire zone are comparable to the inferred rate based on the 

seismicity (Figure 5-6).  Magnitude and recurrence values for an example fault are presented in 

Table 5-4.  The estimated magnitude and activity rate distributions for all faults are included in 

the Tables A2 and A3. 

Truncated exponential MFDs also were used to model the subduction zone intraplate sources.  An 

MFD was first developed for the entire volume of an intraplate zone (surface area x depth interval 

from 45 to 200 km).  The seismicity rate (N>Mw5.0) for the entire zone then was partitioned 

across three depth intervals a, b, and c (45 to 100 km, 100 to 150 km, and 150 to 200 km) that 

encompass the Benioff zone (Figure 5-4).  The seismicity rate was partitioned based on the 

relative volumes of the three depth intervals (e.g. crustal volumes defined by the length of the 

source zone, the width of the zone of intraplate seismicity, and the depth interval).  Each sub-

volume was treated as an independent source in the hazard calculation. 

Three different types of MFDs were used to model earthquake recurrence along the subduction 

interplate zones.  A truncated exponential distribution was used to model the occurrence of 

earthquakes up to Mw7.4 in the areal zone surrounding a plate interface source (Figures 5-3 and 

5-4).  A truncated exponential MFD model also was used to model the occurrence of earthquakes 

between Mw7.5 and the lower bound maximum magnitude (Mmax) value on the plate interface 

(dipping fault source).  This recurrence model uses the same b-value as the areal source, but with 

the rate parameter adjusted to N>Mw7.5, i.e. cumulative number of earthquakes greater than 

Mw7.5.  Great earthquakes on the plate interface were modelled using the maximum moment 

MFD (Wesnousky, 1986).  To estimate the recurrence of these great earthquakes an effective slip 

rate was computed that applies a coupling coefficient to the plate normal component of plate 

motion.  A moment rate (Mo) then was computed for slip across the rupture area of the entire plate 

interface segment.  The accumulated moment for events between Mw7.5 and the lower bound 

Mmax value was subtracted from the total Mo to compute the effective moment rate.  The 

recurrence rate then was estimated by dividing the seismic moment of each alternative Mmax value 

by the effective moment rate.
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Table 5-3. Seismic source characteristics for selected source zones.  See Appendix A for complete list of source characteristics. 

Seismotectonic 
Province Zone 

Max 
Historical 

Event 
Style of 
faulting Weights 

Seismogenic 
Thickness (km) Weights 

Mmax 
(Mw) Weights b-value a-value 

Nc>Mw 
5.0 Weights 

Cratons and stable 
continental 
interiors 

306 
 

Mw 6.58, 
1988 

 

Reverse 
Strike slip 

0.5 
0.5 

20 1.0 
6.8 
7.0 
7.2 

0.2 
0.6 
0.2 

1.2159 
1.3349 
1.5209 

5.8697 
6.4644 
7.3948 

0.6168 
0.6168 
0.6168 

0.2 
0.6 
0.2 

Extended 
continental crust; 
reactivated SCR 

305 
 

M 6.5, 1885; 
Mw 6.3, 

1929 

Normal 
Strike slip 
Reverse 

0.11 
0.67 
0.22 

30 1.0 
6.7 
6.8 
6.9 

0.11 
0.67 
0.22 

0.9405 
1.0659 
1.1970 

4.2855 
4.8872 
5.5168 

0.3828 
0.3613 
0.3401 

0.2 
0.6 
0.2 

Active crustal 
interplate region 
(ACR) 

31 
Mw 7.74, 

1992 
 

Reverse 
Strike slip 

0.67 
0.33 45 1.0 7.75 1.0 

0.6503 
0.8073 
0.9917 

3.0316 
3.8321 
4.7729 

0.6027 
0.6249 
0.6520 

0.2 
0.6 
0.2 

Deep crustal 
volumes 

206 
Mw 7.2, 

1909 
 

Reverse 
Strike slip 

Normal 

0.6 
0.2 
0.2 

45 to 200 km 
depth interval 

1.0 
7.75 
8.0 
8.25 

0.2 
0.6 
0.2 

0.8716 
1.0835 
1.2591 

4.4337 
5.4936 
6.3715 

1.1911 
1.1911 
1.1911 

0.2 
0.6 
0.2 

Areal zone around 
subduction plate 
interface 

104 
Mw 7.29; 

1938 
 

Reverse 
Strike slip 

0.8 
0.2 

100 1.0 
 

7.4 
 

1.0 
0.9774 
1.1036 
1.2236 

5.1094 
5.7531 
6.3648 

1.6691 
1.7183 
1.7664 

0.2 
0.6 
0.2 

Subduction 
Intraplate 201 

Mw 7.54, 
2007 

 
Normal 1.0 

45 to 200 km 
depth interval 1.0 

7.75 
8.0 
8.25 

0.2 
0.6 
0.2 

0.9606 
1.1334 
1.2880 

5.3666 
6.2306 
7.0040 

3.6627 
3.6627 
3.6627 

0.11 
0.67 
0.22 
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 Table 5-4. Example seismic source parameter values for fault sources. See Tables A2 and A3 for 
complete lists of fault characteristics. 

Seismic Source  Segmentation Mmax (Mw) Weight 
Activity Rate 

(yr-1) 
  6.8 0.20 0.00032 

Dampier North 1.00 7.1 0.60 0.00020 
  7.4 0.20 0.00014 

 

 
Figure 5-6. Lower level, best estimate, and upper level recurrence curves for Zone 305, Inner Extended 
Margin of the North West Shelf, and activity rates for fault sources. Note: Three alternative magnitude 
values are plotted for each fault source. Upper large diamond represents the cumulative fault activity rate 
on the extended margin and lower large diamond represents the activity rate for earthquakes greater than 
Mw7.25. 
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Figure 5-7. Logic tree structure for areal source Zone 305. 

 

 
Figure 5-8. Logic tree structure for fault sources in Zone 305. 
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5.4.1.5 Magnitude Selection 

With the exception of Zone 305 (NWS), the Mmax distributions assigned to areal source zones in the two 

alternative seismic source models (Model A – no fault sources; Model B – with fault sources) were 

identical (see Tables A1).  These distributions were selected by considering the largest historical 

earthquake in a zone, assessing the largest potential magnitude that could be produced by known faults 

in a particular zone, and comparing Mmax values to other similar tectonic regions (Clark et al., 2014; 

Schulte and Mooney, 2005).  For Zone 305, two alternative Mmax distributions were used to account for 

the introduction of fault sources in the model (Figure 5-7).  For Model A (no faults) a broad distribution 

of Mw 7.2, 7.4, 7.6, 7.8, 8.0 was used to capture the possibility of large magnitude earthquakes on 

reactivated faults on the extended margin.  These Mmax values were weighted 0.2, 0.4, 0.2, 0.15, and 

0.05 to reflect the preference for magnitudes at the lower end of the distribution, but explicitly accounts 

for the possibility of low probability large magnitude events.  For Model B (with fault sources), the large 

magnitude events were associated with distinct faults;  therefore, the Mmax values for Zone 305 (the areal 

source hosting the faults) were reduced to Mw 6.7, 6.8, and 6.9 weighted 0.11, 0.67, and 0.22 (Figure 

5-7).  

The maximum magnitude and maximum displacement values for fault sources were estimated using 

multiple empirical regressions that relate surface rupture length (SRL) and rupture area (RA) to moment 

magnitude, SRL to mean maximum displacement, and Mw to mean maximum displacement (Wells and 

Coppersmith, 1994; Hanks and Bakun, 2008; Ellsworth, 2003; Wesnousky, 2008).  Because the faults 

have an oblique-slip style of deformation, the Wells and Coppersmith (1994) regressions for “all fault 

types” were used to compute both magnitudes and displacements.  The minimum, average, and 

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

results derived from the four different regressions (see Tables A2 and A3).  Figure 5-8 presents a logic 

tree structure showing the characterization of fault sources for input to the PSHA. 

Three different distributions of Mmax values were used to characterize the occurrence of three different 

types of earthquakes for each subduction zone plate interface segment.  A Mmax value of Mw 7.4 was 

used to model the background seismicity associated with the areal source surrounding the plate interface 

(Table 5-3 and Tables A1).  A second distribution of moderately large to very large earthquakes was 

used to model the occurrence of intracycle events on the plate interface (Table 5-5).  This distribution 

ranges from Mw 7.5 to the lower bound magnitude value of the subduction interface segments (Mw 8.1 

to 8.5).  The final magnitude distribution models the occurrence of great earthquakes on the subduction 

zone plate interface segments.  The Mmax values for great interplate earthquakes range from Mw 8.2 to 

9.0 (Table 5-5). 
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Table 5-5. Magnitude and recurrence characteristics for earthquakes on subduction plate interface 
sources. 

 

Intermediate Magnitude 
(Intra-cycle) Plate Interface Earthquakes 

Maximum Magnitude (Great) Plate Interface 
Earthquakes 

Magnitude 
 (Mw) 

b-
value 

Recurrence 
Rate 

(Nc >Mw7.5 
Weight Magnitude 

 (Mw) Weight 
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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The distributions of great subduction zone interplate earthquakes were defined separately for each 

interplate segment (Tables 5-3 and 5-5).  The magnitudes were estimated based on a range of 

rupture lengths and rupture widths for different rupture scenarios, and then using a suite of 

empirical regressions that relate rupture length (Dorbath et al., 1990; Strasser, 2010) and rupture 

area (Wyss, 1979; Geomatrix, 1993; Strasser, 2010) to moment magnitude.  The lower bound 

Mmax value in the distribution is based on the smallest considered rupture scenario in a particular 

zone, and is equal to or greater than the maximum historical event magnitude, such as the 1903 

Mw8.1 west Java event.  Because the possible rupture dimensions of great earthquakes on the 

plate interface zones are unknown, the Mmax distribution is defined by 0.1 magnitude unit intervals 

between the lower bound and upper bound values.  For example, the Sumba Basin segment of the 

plate interface has a Mmax distribution of Mw 8.3, 8.4, 8.5, 8.6, and 8.7 with each alternative 

magnitude value weighted 0.2.  Maximum earthquake magnitude values for selected seismic 

sources are summarized in Tables 3 through 5.  Complete lists of seismic source parameters are 

included in the Appendix A. 

5.4.2  Ground Motion Prediction Equations (GMPEs) 

Peak ground acceleration values were calculated using five different suites of GMPEs.  The suites 

of GMPEs are applicable to active continental region (ACR), stable continental region (SCR), 

subduction zone plate interface, and subduction zone intraplate sources (Table 5-6).  A suite of 

eight equally weighted GMPEs (four ACR and four SCR) were selected to model ground motions 

for zones along the extended northwestern margin of the Australian craton (the NWS).  This 

includes Zone 305 where the two alternative source models are used. 

Table 5-6. Ground motion prediction equations used in PSHA; within each group equations were 
equally weighted. 

Tectonic Setting Associated GMPE  

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) 
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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) 

 

5.4.3  Treatment of Uncertainty  

The PSHA incorporated uncertainties in seismic source parameters (e.g. earthquake magnitude, 

fault type, and activity rates), and computed ground motion amplitudes.  These uncertainties occur 

due to both inherent randomness in the natural process (aleatory variability) and uncertainty in 

our understanding of the process (epistemic uncertainty).  Aleatory uncertainty was formally 

accounted for in the hazard integral through the lognormal probability density function (PDF) for 

the predicted ground-motion parameter.  The aleatory uncertainty in estimation of Mmax 

distributions was informally accounted for through use of multiple empirical regressions.  

Epistemic uncertainty was incorporated through implementation of a logic tree approach (Figures 

5-7 and 5-8), which incorporated weighted alternative interpretations of parameter values, such 

as Mmax and slip rate.  Selected GMPEs used in a ground motion model for a given seismotectonic 

domain also were assigned weights to reflect the preferences of each GMPE. 

The parameters for which weighted alternative interpretations were considered in the model 

included: 

• Surface rupture length and width for fault sources; 

• Seismogenic thickness of the areal source zones; 

• Style of faulting; 

• Mmax for areal and fault sources; 

• Slip rate; 

• Earthquake recurrence parameters (i.e., “a” and “b” values); and, 

• GMPEs.  
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5.5 RESULTS  

PGA values for soft rock conditions (VS30 = 760 m/s) were computed for the two alternative 

source models on a 0.2° x 0.2° grid (15,616 node points) across the model area (Figure 5-3).  The 

ground motion results were gridded and smoothed to produce regional ground motion contour 

maps.  The results for PGA at 1,000, 5,000, and 10,000 year return periods are shown on Figure 

5-9 through Figure 5-11, respectively.  The upper map on each figure shows the PSHA results for 

Model A (only areal source zones on the NWS) and the lower map shows the PSHA results for 

Model B (area and fault sources on the NWS).   

Additionally, the PSHA results were deaggregated by magnitude and distance to show the relative 

contributions to the hazards at three sites along the NWS (Figure 5-3).  From north to south the 

locations include sites near Scott Reef, Rowley Shoals, and on the continental slope west of 

Barrow Island.  The deaggregation plots (Figures 5-12, 5-13 and 5-14) illustrate that in all cases 

the majority of the hazard is driven by moderate to large magnitude earthquakes (5.0<Mw<7.0) at 

distances less than 50 km.  For Site A (14.0S, 121.8E) near Scott Reef there also is a significant 

contribution to the hazard from fault sources at each of the three return periods (e.g. 1,000, 5,000, 

and 10,000 year).  This can be seen by the contributions in the Mw7.5 to 8.0 and 75 to 100 km 

distance bins (Figure 5-12).  The contributions to the hazard from fault sources are smaller at Site 

B near Rowley Shoals (17.6S, 118.8E) and Site C near the Exmouth Plateau continental slope 

west of Barrow Island (20.2S, 115.2E) due to decreasing activity of the fault sources and 

differences in source to site distances (Figures 5-13 and 5-14).  A common pattern on all plots is 

the greater contribution to the hazard at large magnitudes (Mw>7) and short distances (e.g. <25 to 

50 km) from Model A; the contribution to the hazard in these magnitude-distance bins is very 

minor to nil for Model B.  The difference is due to the reduction in Mmax values for areal sources 

in the model that includes faults compared to the model with only areal source zones.  No 

contribution to the PGA hazard from plate interface sources at a distance of 350 km is observed 

at Site A. 

The patterns and amplitudes of PGA also are illustrated on three transects (Figure 5-3) that cross 

the NWS (Figures 5-15 through 5-17).  These figures compare PGA values at return periods of 

1,000, 5,000, and 10,000 years for the two alternative seismic source models.  As expected, the 

PGA values shown on the three transects illustrate increasing hazard with increasing return 

period.  For the model with only areal source zones on the NWS: the 1,000-year return period 

PGA values are approximately 0.1 to 0.14g; the 5,000-year return period PGA values are 0.28 to 

0.35g; and, the 10,000-year return period PGA values are 0.38 to 0.45g.  The results show a 

generally uniform hazard with variations primarily near zone boundaries.  For the model with 

areal source zones and fault sources the pattern and amplitudes of PGA values vary significantly 
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from the areal source zone model.  The spikes in amplitude on the plots illustrate the influence 

from faults on the hazard profile.  At the 1,000-year return period there is a minor (<10%) increase 

in hazard near the fault sources.  For the 5,000-year return period the PGA values near fault 

sources increase up to about 1.6 times the values from Model A, and at 10,000 years there is an 

increase up to a factor of two.  The effect on PGA values from fault sources extends outward 

approximately 50 km on either side of the fault source. 
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Figure 5-9. Peak horizontal ground acceleration maps for 1,000-year recurrence.  Top map: Model 
A, North West Shelf source model includes areal source zones only.  Bottom map: Model B, North 
West Shelf source model includes fault sources. 
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Figure 5-10. Peak horizontal ground acceleration maps for 5,000-year recurrence.  Top map: Model 
A, North West Shelf source model includes areal source zones only.  Bottom map: Model B, North 
West Shelf source model includes fault sources. 
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Figure 5-11. Peak horizontal ground acceleration maps for 10,000-year recurrence.  Top map: Model 
A, North West Shelf source model includes areal source zones only.  Bottom map: Model B, North 
West Shelf source model includes fault sources. 
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Figure 5-12. Deaggregation plots for Models A and B at Site A -14.0, 121.8 for 1,000-year, 5,000 year 
and 10,000-year return periods. 
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Figure 5-13. Deaggregation plots for Models A and B at Site B -17.6, 118.8 for 1,000-year, 5,000-year 
and 10,000-year return periods. 
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Figure 5-14. Deaggregation plots for Models A and B at Site C -20.2, 115.2 for 1,000-year, 5,000-year 
and 10,000-year return periods. 
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Figure 5-15. Comparison of ground motions from Models A and B across Transect A.  Transect 
location shown on inset map. 
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Figure 5-16. Comparison of ground motions from Models A and B across Transect B.  Transect 
location shown on inset map. 
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Figure 5-17. Comparison of ground motions from Models A and B across Transect C.  Transect 
location shown on inset map. 

5.6 CONCLUSIONS 

The PSHA results show that for much of the NWS the hazard is controlled by moderate to large 

magnitude earthquakes (5.0<Mw<7.0) at moderate source to site distances (50 km); see 

deaggregation plots on Figures 5-12 through 5-14.  However, inclusion of fault sources has a 

significant influence both on the spatial pattern and amplitude of strong ground shaking.  The 

1,000, 5,000, and 10,000 year contour maps (Figures 5-9, 5-10, and 5-11) illustrate higher PGA 

values within about 50 km of fault sources.  The PGA values from the seismic source model with 

faults are up to a factor of two higher at the 10,000-year return period compared to the areal source 

zone model.  Figure 5-15 through Figure 5-17 show transects of accelerations across the extended 

margin for the two alternative source models and three different return periods.  These show how 

the PGA values increase significantly in the vicinity of the faults with a significant (10%) 
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contribution to the hazard, even at the 1,000-year return period.  The addition of active faults to 

the source model along the western margin of the Australian SCR (Model B) locally makes a 

large difference to the hazard (up to 2x) compared to Model A.  Thus, Model B more accurately 

reflects the areas of high hazard near faults and reduced hazard away from faults.  This refinement 

to the distribution of hazard occurs because the large magnitude earthquakes are attributed to the 

fault sources rather than being uniformly distributed across the areal sources.  Also, because the 

Mmax values are reduced for the areal source zones that host fault sources the hazard can be lower 

for the parts of the areal source zones that are located away from the faults (e.g. Figure 5-16). 

The results of these PSHAs highlight the importance of moving away from seismic source models 

that solely rely on large areal source zones and carrying out fit for purpose investigations to 

support the modelling of distinct fault sources, even in low seismicity areas. 

5.7 DATA AND RESOURCES 

The PSHA computations were implemented using the computational code HAZ developed by Dr. 

Norm Abrahamson.  This code has been validated by Thomas et al. (2010). 

The initial earthquake catalogue was compiled by Dr. Lowell Whiteside for instrumental period 

up to 31 December, 2015.  Reporting agencies included: Geoscience Australia, Canberra, 

Australia (AUS); Alfred-Wegener Institute of Seismology (AWI); Beijing, China (BJI); Bangkok, 

Thailand (BKK); Djakarta, Java, Indonesia (DJA); Menlo Park, California (GCM); 

GeoForschungsZentrum, Potsdam, Germany (GFZ); United States Geological Survey, Denver, 

Colorado (GS); United States Geological Survey, Denver, Colorado (GS0); International 

Seismological Centre, Newbury, UK (ISC); Kuala Lumpur, Malaysia (KLM); Moscow, USSR 

(MOS); Preliminary Determination of Epicentres from NEIS/CGS (NEI); University of 

California, Menlo Park (UCM).   

The seismicity from ISC-GEM catalogue (Storchak et al., 2013) was downloaded June 2015. 
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Appendix A 

This appendix provides details of seismic source characteristics for all source zones in the model 

area: 

• Table A1 summarizes the characteristics for areal source zones. 
• Table A2 provides fault characteristics and details of the recurrence calculations.  
• Table A3 lists the magnitude distributions and associated recurrence rates of fault sources. 
• Table A4 presents completeness intervals for areal seismic source zones and volume 

sources.
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Table A1.  Source characteristics for areal source zones. 

Zone # Setting Max 
historical 

event 

Style of 
faulting 

Weight 
(wt) 

Orientation wt Seismogenic 
Thickness 

(km) 

wt Maximum 
Magnitude 

(Mw) 

wt b-value a-
value 

N>Mw5.
0 

wt N>Mw
7.5 

   Reverse 0.67 N70W 0.5   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 

Mw7.72,  
2006 Strike slip 0.33 N45E 0.5 75 1.0 7.8 0.6 1.1457 6.0590 2.140 0.67 

Not 
applic. 
(NA) 

     N70W 0.5   7.9 0.2 1.3613 7.0988 2.483 0.22  

                

   Reverse 0.67 N70W 0.5   7.7 0.2 0.9979 5.3919 2.525 0.2  

2 
Front of the accretionary 
deformation zone along 
Java trench 

Mw7.76, 1994 Strike slip 0.33 N45E 0.5 100 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 N80W 0.5     0.7999 4.3468 2.225 0.2  

3 
Front of the accretionary 
deformation zone along 
Java trench 

Mw8.3, 1976 Strike slip 0.33 N30E 0.5 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 N70W 0.5   7.3 0.2 0.9741 5.1528 1.915 0.2  

4 
Northern margin of Indian 
Ocean plate being warped 
down into Java trench 

Mw6.96, 1979 Strike slip 0.5 N35E 0.5 50 1.0 7.5 0.6 1.2872 6.7180 1.9147 0.6 

Not 
applic-
able 
(NA) 

         7.7 0.2 1.6090 8.3270 1.9147 0.2  

                

   Reverse 0.6 N70W 0.5   6.8 0.2 0.7146 2.0454 0.0297 0.2  

13 Craton/stable continental 
interiors Mw6.3, 1941 Strike slip 0.4 N10W 0.25 20 1.0 7 0.6 0.9316 2.9481 0.0195 0.6 NA 

     N50E 0.25   7.2 0.2 1.0609 3.3614 0.0114 0.2  
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   Reverse 0.6 N70W 0.5   6.8 0.2 0.5503 1.4847 0.0541 0.2  

24 Extended continental 
crust; reactivated Mw6.2, 1997 Strike slip 0.4 N10W 0.25 20 1.0 7.0 0.6 0.6517 1.9207 0.0459 0.6 NA 

     N50E 0.25   7.2 0.2 0.7862 2.4988 0.0370 0.2  

   Normal 0.67 N70W 0.5   7.5 0.2 0.9011 4.0998 0.67 0.2  

29 
Shallow crustal zone 
above intraplate 
subduction source (Z<45) 

Mw7.54, 2007 Strike slip 0.33 N50E 0.5 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 N70W 0.5   7.5 0.2 0.8895 4.7577 2.0436 0.2  

30 

Lombak-Eastern Java 
back-arc - shallow crustal 
zone above intraplate 
subduction source (Z<45) 

Mw7.5, 1836; 
7.0, 1857; 7.0, 
1815 

Strike slip 0.33 N50E 0.5 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 N85E 1.0 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 N30W 0.5   7.7 0.2 1.0011 4.5393 0.3418 0.2  

32 Savu Basin - forearc 
(Z<100) 6.2, 1926 Strike slip 0.33 N65E 0.5 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  

   Reverse 0.67 N70E 0.5     0.7579 3.5876 0.6280 0.2  

33 Wetar thrust - back arc 
thrust system Mw7.49, 2004 Strike slip 0.33 N50E 0.5 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 

Mw8.5, 1938; 
7.46, 1927 Strike slip 0.33 N60E 1.0 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  
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35 Java Sea back arc Mw7.5, 1820 Strike slip 0.33 N80W 1.0 45 1.0 7.5 1.0 0.9488 4.4914 0.5592 0.6 NA 

           1.0886 5.1907 0.5592 0.2  

   Normal 0.5 N90 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 N70E 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 N50E 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 N70E 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 N70W 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 N35E 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 N70W 0.5     0.5557 2.0705 0.1960 0.20  

303 Oceanic basins Mw7.4, 1906 Strike slip 0.25 N10W 0.25 30 1.0 7.4 1.0 0.8350 3.4672 0.1960 0.60 NA 
   Normal 0.25 N50E 0.25     1.0258 4.4214 0.1960 0.20  

                

   Normal 0.25 N50E 0.5   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 N70E 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  

         7.2 0.2      

                

   Normal 0.11 N80E 0.25   7.4 0.4 0.9405 4.2855 0.3828 0.2  
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305 
(Model 
A – no 
faults) 

Extended continental 
crust; reactivated 

M6.5, 1885; 
Mw6.3, 1929 

Strike 
slkip 0.67 N50E 0.5 30 1.0 7.6 0.2 1.0659 4.8872 0.3613 0.6 NA 

   Reverse 0.22 N35E 0.25   7.8 0.15 1.1970 5.5168 0.3401 0.2  

         8.0 0.05      

   Normal 0.11 N80E 0.25   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 N50E 0.5 30 1.0 6.8 0.67 1.0659 4.8872 0.3613 0.6 NA 

   Reverse 0.22 N35E 0.25   6.9 0.22 1.1970 5.5168 0.3401 0.2  

                

   Reverse 0.5 N70W 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 N10W 0.25 20 1.0 7 0.6 1.3349 6.4644 0.6168 0.6 NA 

     N50E 0.25   7.2 0.2 1.5209 7.3948 0.6168 0.2  

   Reverse 0.5 N70W 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 N10W 0.25 20 1.0 7.1 0.6 0.8338 3.3783 0.1619 0.6 NA 

     N50E 0.25   7.3 0.2 0.9775 3.9528 0.1163 0.2  
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Table A2. Fault source characteristics and recurrence calculations.  See Figure 5-3 for fault locations. 

Fault 
Sense 
of Slip 

Estimated 
Rupture 

Length (km) 
Rupture 

Width (km) 

Estimated 
Rupture 

Area (km2) 
Magnitude 

Distribution (Mw) 
Ave of Mean MD 

for SRL&Mw (m) 
Slip Rate Models 

(mm/yr) 

Weig
hted 

Mean 
Slip 
Rate 
(mm/
yr) 

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

Mw) (yr-1) 

  Min Max Min Max Min Max Min Mid Max Min Mid Max Min Mid Max  Min Mid Max 
Outer 
Shelf RL-SS 220 254 16 22 

352
0 

558
8 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 

weight        0.22 0.67 0.11    0.22 0.67 0.11     
Inner 
Shelf 
South RL-SS 165 219 16 22 

264
0 

481
8 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 

weight        0.22 0.67 0.11    0.22 0.67 0.11     
Inner 
Shelf 
North RL-SS 70 124 16 22 

112
0 

272
8 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 

weight        0.22 0.67 0.11    0.22 0.67 0.11     
Inner 
Basin 
South SS 62 122 16 22 992 

268
4 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 

weight        0.22 0.67 0.11    0.22 0.67 0.11     
Inner 
Basin 
North SS 62 159 16 22 992 

349
8 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 

weight        0.22 0.67 0.11    0.22 0.67 0.11     
Dampier 
North RL-SS 60 91 10 17 600 

154
7 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 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Dampier 
Central RL-SS 47 70 9 15 423 

105
0 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 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Dampier 
South RL-SS 63 70 9 15 567 

105
0 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 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Dampier 
S+C RL-SS 110 140 9 15 990 

210
0 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     
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 
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weight        0.20 0.60 0.20    0.20 0.60 0.20     
Flinders-
Sholl 
Island 
Central RL SS 50 75 9 15 450 

112
5 6.7 7.0 7.3 1.3 2.0 2.9 0.012 0.129 0.40 0.160 0.00012 0.000080 0.000055 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Flinders-
Sholl 
Island 
South RL SS 80 150 10 17 800 

255
0 6.9 7.3 7.6 2.3 4.1 6.6 0.005 0.067 0.26 0.093 0.000041 0.000023 0.000014 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Rowley 
Shoals RL SS 75 140 10 17 750 

238
0 6.9 7.3 7.6 2.1 3.8 6.1 0.002 0.273 1.07 0.378 0.000180 0.000100 0.000062 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Flores 
Thrust Rev 130 130 48 60 

624
0 

780
0 7.4 7.8 8.2 4.8 7.9 17.4 25.0 30.0 35.0 30.0 0.006196 0.003786 0.001720 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Wetar 
Thrust Rev 200 240 48 60 

960
0 

144
00 7.6 8.0 8.6 7.6 14.3 39.6 40.0 45.0 50.0 45.0 0.005894 0.003156 0.001137 

weight        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 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Roderick 
River 

RL 
SS/Rev 65 75 10 17 650 

127
5 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 

weight        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 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Cape 
Range 

RL 
SS/Rev 65 145 10 17 650 

246
5 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 

weight        0.20 0.60 0.20    0.20 0.60 0.20     



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

5-49 
 

Table A3. Magnitude and recurrence characteristics of fault sources used in PSHA. 

Seismic Source Number Fault Name Segmentation Mmax (Mw) Weight 
Activity Rate 

(yr-1) 
   7.5 0.22 0.000177 

1 Outer Shelf 1.0 7.8 0.67 0.000136 
   8.1 0.11 0.000093 
      
   7.4 0.22 0.000234 

2 Inner Shelf South 1.0 7.7 0.67 0.000166 
   8.0 0.11 0.000108 
      
   7.1 0.22 0.000605 

3 Inner Shelf North 1.0 7.3 0.67 0.000366 
   7.6 0.11 0.000223 
      
   7.0 0.22 0.000719 

4 Inner Basin South 1.0 7.3 0.67 0.000408 
   7.6 0.11 0.000237 
      
   7.0 0.22 0.000719 

5 Inner Basin North 1.0 7.4 0.67 0.000340 
   7.8 0.11 0.000169 
      
   6.8 0.20 0.000325 

6 Dampier North 1.0 7.1 0.60 0.000204 
   7.4 0.20 0.000137 
      
   6.6 0.20 0.000432 

7 Dampier Central 0.4 7.0 0.60 0.000281 
   7.2 0.20 0.000195 
      
   6.7 0.20 0.000318 

8 Dampier South 0.4 7.0 0.60 0.000241 
   7.2 0.20 0.000195 
      
   7.0 0.20 0.000218 

9 Dampier South and Central 0.2 7.3 0.60 0.000160 
   7.6 0.20 0.000120 
      
   6.5 0.20 0.000218 

10 Flinders-Sholl Island North 1.0 6.7 0.60 0.000160 
   6.9 0.20 0.000120 
      
   6.7 0.20 0.000123 

11 Flinders-Sholl Island Central 1.0 7.0 0.60 0.000080 
   7.3 0.20 0.000055 
      
   6.9 0.20 0.000041 

12 Flinders-Sholl Island South 1.0 7.3 0.60 0.000023 
   7.6 0.20 0.000014 
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   6.9 0.20 0.000180 
13 Rowley Shoals 1.0 7.3 0.60 0.000100 
   7.6 0.20 0.000062 
      
   7.4 0.20 0.006196 

14 Flores Thrust 1.0 7.8 0.60 0.003786 
   8.2 0.20 0.001720 
      
      
   7.6 0.20 0.005894 

15 Wetar Thrust 1.0 8.0 0.60 0.003156 
   8.6 0.20 0.001137 
      
   6.4 0.20 0.000016 

16 Sanford River 1.0 6.7 0.60 0.000011 
   7.0 0.20 0.000007 
      
   6.8 0.20 0.000028 

17 Roderick River 1.0 7.1 0.60 0.000021 
   7.3 0.20 0.000016 
      
   6.5 0.20 0.000015 

18 Narryer West 1.0 6.8 0.60 0.000011 
   7.0 0.20 0.000008 
      
   6.8 0.20 0.000033 

19 Cape Range 1.0 7.3 0.60 0.000016 
   7.6 0.20 0.000009 
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 Table A4. Completeness intervals for seismic source zones. 

Zone 
# 

Names/Setting M>8 M>7 M>6.5 6.0<M<6.5 M>5 M>4 

1 Outer Arc Rise 1820 1820 1920 1920 1964 1966 
2 Outer Arc Rise 1820 1820 1920 1920 1970 1977 
3 Outer Arc Rise 1820 1820 1920 1920 1970 1977 
4 Indian Ocean Flexure 1820 1820 1920 1920 1963 1981 
13 Stable Non-Extended 

Cratons 
1873 1873 1873 1873 1961 1968 

24 Extended continental 
crust; reactivated 

1873 1873 1873 1920 1963 1967 

29 Shallow crustal zone 
above intraplate 
subduction source 

1873 1873 1873 1920 1963 1969 

30 Shallow crustal zone 
above intraplate 
subduction source 

1815 1815 1920 1920 1963 
(4.5-5.9) 

1979 
(4.0-4.4) 

31 Shallow crustal zone 
above intraplate 
subduction source 

1648 1648 1920 
(6.5-6.9) 

1920 
(5.8-6.5) 

1962 
(5.0-5.7) 

1995 

32 Forearc at Scott Plateau 
collision front 

1648 1648 1928 1928 1964 1981 

33 Shallow crustal zone 
above intraplate 
subduction source 

1891 1891 1891 1920 1964 1978 

34 Shallow crustal zone 
above intraplate 
subduction source 

1763 1763 1930 1930 1963 1995 

35 Shallow crustal zone 
above intraplate 
subduction source 

1820 1820 1930 1930 1964 1983 

36 Shallow crustal zone 
above intraplate 
subduction source 

1820 1820 1920 1920 1964 1979 

101 Sunda Interplate 1815 1815 1920 1920 1963 1979 
102 Sunda Interplate 1815 1815 1920 1920 1964 1974 
103 Sunda Interplate 1815 1815 1920 1920 1962 1964 
104 Banda Collision 1815 1815 1920 1920 1964 1974 
105 Banda Collision 1891 1891 1891 1920 1964 1995 
106 Banda Collision 1815 1815 1920 1920 1963 1963 
201 Sunda Intraplate 1885 1885 1920 1920 1963 1963 
202 Sunda Intraplate 1648 1648 1928 1928 1963 `1975 
203 Sunda Intraplate 1815 1815 1920 1920 1963 1963 
204 Banda Intraplate 1763 1763 1920 1920 1964 1983 
205 Timor Deep volume 1891 1891 1891 1920 1964 1995 
206 Aru Deep volume 1815 1815 1920 1920 1963 1995 
301 Inner Shelf Flexure 1885 1885 1885 1920 1965 1970 
302 Outer Shelf Flexure 1885 1885 1885 1920 1964 1964 
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303 Oceanic Basins 1906 1906 1920 1920 1965 1980 
304 Outer Extended Margin 1885 1885 1885 1920 1967 1979 
305  Extended continental 

crust; reactivated 
1885 1885 1885 1920 1961 1966 

306  Stable Non-Extended 
Cratons 

1873 1873 1873 1873 1961 1968 

307  Rifts and Margins 1873 1873 1873 1920 1963 1967 
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6 LANDSLIDE GEOMORPHOLOGY ALONG THE 
EXMOUTH PLATEAU CONTINENTAL MARGIN, 

NORTH WEST SHELF, AUSTRALIA 
This chapter describes landslide geomorphology and landslide processes along a section of the 

Exmouth Plateau continental margin west of Barrow Island.  Multiple 3D seismic surveys were 

used to prepare seabed renderings and to map landslide related features in six different survey 

areas.  The mapping of these landslide features and examination of potential slope processes and 

failure models demonstrate that the seabed on this part of the continental margin is a dynamically 

evolving environment.  Landslides are actively shaping the morphology of the continental slope 

and landslide deposits constitute much of the sedimentary section at the base of the slope.  The 

ground motion levels described in Chapter 5 are of sufficient levels to be a triggering mechanism 

for these slope failures.   

Hengesh, J.V., J.K. Dirstein and A.J. Stanley (2013).  Landslide geomorphology along the 

Exmouth Plateau continental margin, North West Shelf, Australia, Australian Geomechanics 

Journal, vol. 48, no. 4, pg 71-92. 

6.1 ABSTRACT 
3D exploration seismic data were interpreted to investigate the locations and characteristics of 

submarine slope failures along the continental slope in the offshore Carnarvon Basin on 

Australia’s North West Shelf.  Seisnetics™, a patented genetic algorithm was used to process the 

3D seismic data to extract virtually all peak and trough surfaces in an unbiased and automated 

manner.  The extracted surfaces were combined in a 3D visual database to develop a seafloor 

digital terrain model that extends from the continental slope to the Exmouth Plateau.  The 3D data 

were used to map the subsurface extent and geometry of landslide failure planes, as well as to 

estimate the thickness and volumes of slide deposits.  This paper describes the geomorphic 

characteristics of six of the survey areas. 

Geomorphic mapping shows the presence of slope failures ranging from small (<3 km across) to 

moderate (<10 km across) scale debris flows, rotational block failures, translational slides, and 

topple failures, as well as large scale (>20 km across) mass transport complexes (MTC).  The 

features are associated with debris flow chutes, turbidity flow channels, and debris fields.  

Analysis of failure planes show prominent grooves or striations related to the mobilization of 

slide material down both the continental slope and Exmouth Plateau and into the Kangaroo 

Syncline.  
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Submarine slope failures can occur at the continental shelf break in approximately 200 to 300 m 

of water and run out to the Exmouth Plateau surface in approximately 1,100 to 1,400 m water 

depths.  The largest individual slides in the survey areas have widths of >30 km and minimum 

run-out lengths of 75 km, though associated turbidity flow deposits likely extend much further.  

The subsurface expression of the large MTCs illustrates a history of sediment accumulation along 

the mid-slope followed by repeated slope failure and debris run-out.  

Sediment accumulation and slope failure processes are actively occurring along the continental 

slope and submarine landslides thus are a major driver of hazard to subsea infrastructure 

development.  Smaller slides seem to occur more frequently than large slides and thus may pose 

a greater hazard to subsea infrastructure than large infrequent MTCs. 

6.2 INTRODUCTION 
As global energy demand continues to grow, numerous potential field developments are being 

identified in deep water along Australia’s North West Shelf.  A significant number of potential 

developments have been identified at depths of 500 to 1200 metres (m) or more, and several 

hundred kilometres from shore.  Developments at these water depths necessarily mean that 

infrastructure elements are located below the continental slope, export systems might involve 

crossing the slope, and as such, system components potentially could be negatively affected by 

geohazards originating along the slope.  

The primary driver of geohazard risk at these water depths will be slope failures and associated 

mass transport deposits.  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) involving thousands of 

cubic kilometres of material, but 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 system integrity.  

The prior publicly available bathymetric data lacked sufficient resolution to identify these 

features.  In this paper, new 3D exploration seismic data is utilized to map and characterize 

submarine slope failures.  The results describe examples of several types of submarine slope 

failures and processes recognized along part of the continental slope adjacent to the Exmouth 

Plateau on Australia’s North West Shelf. 

6.2.1 Geological Setting 

The Exmouth Plateau encompasses part of the offshore Carnarvon Basin (Figure 6-1).  This area 

is located on the northwestern margin of the Australian continent approximately 800 to 1000 km 

south of the tectonically active boundary between the Australian and Eurasian tectonic plates.  
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Sediments within the Carnarvon Basin (onshore and offshore) range in age from Silurian to 

Holocene and comprise 12 primary sedimentary sequences that reflect major depositional 

episodes (Hocking, 1990).  Figure 6-2 shows two regional scale geological sections that illustrate 

the stratigraphic and structural relationships across Exmouth Plateau (modified from AGSO 

North West Shelf Study Group, 1994).  The sedimentary sequences are each bound by erosional 

unconformities.  There are three Palaeozoic sequences that formed during the Silurian, Devonian 

to early Carboniferous, and Late Carboniferous to Permian (Hocking, 1990).  These deposits 

accumulated in a series of intra-continental rift basins that form the southern part of the late 

Palaeozoic-early Mesozoic Westralian Superbasin of Yeates et al. (1987). 

Triassic to earliest Cretaceous sequences of the northern Carnarvon Basin (Figure 6-2) reflect 

development of the rift system related to fragmentation of Gondwanaland and separation of 

greater India from the western margin of the Australian craton.  The sedimentary sequences 

formed in a variety of settings including a pre-rift trough during Triassic time, a rift valley in 

Jurassic time, and post-breakup troughs and trailing margin shelves during Cretaceous time 

(Hocking, 1990; Exon and Buffler, 1992; Exon et al., 1992; Baillie et al., 1994).  The Late 

Cretaceous, Palaeocene to Early Eocene, Eocene, Oligocene to middle Miocene, and late Miocene 

to Holocene sequences are dominated by carbonate sediments that formed through progradation 

of the continental shelf (Hocking, 1990; Burchette and Wright, 1992) and carbonate-dominated 

hemipelagic sedimentation (von Rad and Haq, 1992; Boyd et al., 1992).  

Many continental slopes define the transition from continental crust to oceanic crust.  However, 

the Carnarvon Basin deposits that form the Exmouth Plateau represent a fragment of continental 

material that was stranded during the rifting process.  It is bound by rift-related normal faults at 

the craton margin (AGSO North West Shelf Study Group, 1994) and is bound by abyssal planes 

on the north, west, and south.  As such the continental slope on the Exmouth Plateau represents 

the transition from the continental shelf (proper) to a stranded continental fragment that stalled 

during the rifting process.  Geological evidence of syn-rifting subaerial lava flows at the ocean-

continent boundary (Figure 6-1), fluvial-subaerial depositional environments for pre-rift 

sedimentary sequences, as well as subsidence modelling (Kaiko and Tait, 2001) indicate that 1 to 

4 km of subsidence has occurred (from east to west) across the Exmouth continental margin 

between late Jurassic and Pleistocene time.  This subsidence is a combination of post-rift tectonic 

subsidence, thermal sagging, and sediment loading and is the driving mechanism that has led to 

the depressed elevation (i.e., deeper water depths) of the continental fragment that forms the 

Exmouth Plateau part of the Carnarvon Basin.   
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Figure 6-1. Regional tectonic and physiographic setting of the Exmouth Plateau.  Grey polygons represent survey locations.  Dark gray lines represent locations of 
sections shown on Figure 6-2.  Coloured circles represent earthquake epicentres. 
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Figure 6-2.  Regional geological sections showing major stratigraphic and structural relations across the Exmouth Plateau.  Modified from AGSO North West Shelf 
Study Group (1994).  Section locations shown on Figure 6-1. 
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Former rift related extensional structures have undergone both transform and contractional reactivation 

leading to structural inversion of basin sequences both onshore and offshore.  Reported relief across these 

structures varies from 300 m to 900 m (Hengesh et al., 2011a; Densley et al., 2000).  This structural 

reactivation is widely attributed to the Neogene to Recent reorganization of the northern Australian plate 

boundary, but some structures may be as old as Cretaceous (Figure 6-3) (Boyd et al., 1992; Keep and 

Moss, 2000; Kaiko and Taite, 2001; Cathro and Karner, 2006; Keep et al., 2007).  Some of these inversion 

structures underlie the continental slope and are targets for exploration activity.  These inversion 

structures also are sources of gas and fluid venting as well as potential earthquake sources.  Thus, slopes 

above inversion structures are susceptible to failure from several different triggering mechanisms 

(Hengesh et al., 2011b). 

6.2.2 Physiography of the Exmouth Continental Slope 

The location and general physiography of the Exmouth Plateau is shown on Figures 6-1 and 6-4.  The 

primary physiographic features in the Exmouth Plateau area include: (a) the continental shelf; (b) upper, 

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

shelf is generally defined as extending from the nearshore environment to the shelf break at 

approximately 200 m water depth.  The continental slope is characterised by submarine canyon systems, 

smooth sedimentary fans, and abrupt landslide scars.  The elevation change across the slope is typically 

400 to 600 m.  Average slopes along the canyon systems are on the order of 3° to 7° (following 

interfluves), while the average slopes across the landside complexes are much higher with common 30° 

to 70° slopes.  

The continental slope extends from the shelf break to the Kangaroo Syncline at about 1,400 m water 

depth, where the lower slope adjoins the Exmouth Plateau.  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 at approximately (~5000 m 

depth).  
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Figure 6-3.  Example of late to post-Neogene inversion structure underlying the continental slope.  Modified from Kaiko and Tait, 2001. 



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

6-8 
 

 
Figure 6-4.  (A) Digital terrain model showing oblique view to northeast across Exmouth Plateau.  Model shows major physiographic features and survey locations 
(gold polygons).  Bathymetric data from Geoscience Australia.  Vertical exaggeration 20 times.  To better illustrate the morphology along the continental margin the 
contour intervals are gradational to 2000 m depth, then 1000 m thereafter.  (B)  Topographic profile showing continental shelf, slope, Kangaroo syncline and 
Scarborough Arch, which are discussed in text. 

(A) 

(B) 
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Two important factors must be kept in mind when assessing the marine geomorphology and 

physiography in this region: (1) sedimentation rates in the pelagic environment are exceedingly low (von 

Rad and Haq, 1992) and thus even pronounced features in the landscape can have significant antiquity; 

and (2), hemipelagic sedimentation mantles former seafloor features and thus the present seafloor 

geomorphology may in fact be mimicking a relict buried seabed.  Relict seabed morphology can retain 

expression even under tens of metres of sediment. 

6.3 LANDSLIDE PROCESSES ALONG EXMOUTH CONTINENTAL SLOPE 
The locations of submarine landslides along the North West Shelf are largely controlled by the relict 

seafloor topography that formed following Late Triassic to Early Cretaceous continental rifting.  The 

main relict topographic features where landslides occur include the continental slope and submarine 

canyons, the outer margins of the Exmouth Plateau, and along both the east and west facing limbs of 

Scarborough Arch (Figure 6-4). 

Late Miocene to Recent collision of the Banda Arc and Australian continental plate and tectonic re-

organization of Australia’s northern plate boundary (Audley-Charles, 1986a, 1986b, 2004; Keep and 

Haig, 2010) has resulted in the reactivation of some faults along the former rifted margin of Western 

Australia (Whitney and Hengesh, 2013).  The reverse 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 former relict sea-floor.  Structures such as the Scarborough Arch and Kangaroo syncline (Figure 

6-4) have increased seafloor slope gradients and reduced the stability of shallow, unconsolidated 

sediments. 

Submarine landslides along the North West Shelf generally occur in Quaternary hemipelagic 

foraminiferal nanno-fossil ooze.  These deposits have very high porosity, water content, void ratios, and 

low strength profiles (Figure 6-5) (von Rad and Haq, 1992).  Typical shear strength gradients in these 

shallow Quaternary age calcareous sediments are on the order of ~1 kilo Pascal (kPa) per metre.  These 

low shear strengths result in low residual stability of slopes and, given a triggering opportunity, a high 

slope hazard potential.  The weak calcareous deposits overlie more competent Eocene and older 

sediments.  Across parts of the Exmouth Plateau, the competent substrate includes polygonally faulted 

nanno-fossil chalk (von Rad and Haq, 1992).  Figure 6-6 shows examples of the polygonally faulted 

substrate and a stacked series of large mass transport complexes (MTC) in the Willem survey area. 

In other locations, such as the Bonaventure survey (Dirstein et al., 2013), submarine landslides appear to 

be ancient features that are draped by 10’s to 100’s of metres of pelagic sediment.  The large amount of 

sedimentary drape can indicate significant antiquity to these former landslide features.  Because the 

sedimentation rates across the deep-water parts of the Exmouth Plateau can be as low as 0.02 mm/yr (von 

Rad and Haq, 1992), the overlying sedimentary drape can be several million years old in these areas. 
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Figure 6-5. Sediment data from Ocean Drilling Project borings (ODP 761, 762, and 763) (von Rad and Haq, 1992). 
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Figure 6-6.  (A) 3D perspective view to south across western end of Willem 3D seismic survey (location shown on Figure 6-4).  The figure displays the combined Two-
Way-Time and Amplitude attributes of GeoPopulation™ 130 from a subvolume of the Willem 3D survey in Seisnetics.  The coloured horizon is a polygonally faulted 
chalk near the base of the nanno fossil ooze mobile section.  (B) Arrows on inset image illustrate position of stacked submarine mass transport complexes (MTC) 
above the polygonally faulted chalk.  
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Sea-floor digital terrain models (DTM) were developed from open-file 3D exploration seismic data using 

Seisnetics™ (Dirstein and Fallon, 2011), a patented genetic algorithm that extracts virtually all trough 

and peak surfaces from 3D seismic data in an unbiased and automated manner.  The extracted surfaces 

were combined in the 3D visual database and then the x,y,z coordinate data were imported to Fledermaus 

to develop the seafloor DTMs.  The exploration 3D seismic data typically have bin spacing of 12.5 to 25 

m thus provide good resolution of seafloor features.  The DTM’s were used as a basis to map geomorphic 

features and assess processes occurring along the Exmouth Plateau continental slope.  2D profiles and 

3D horizon maps also were used to assess the subsurface stratigraphy, seismic geomorphology, and 

characteristics of submarine landsides.  Examples are shown for the Gorgon/Acme, Willem, Chandon, 

Glencoe, and Salsa surveys (Figures 6-7 to 6-19). 

6.3.1 Gorgon/Acme Survey Areas 

The Gorgon survey covers an approximately 75-by-17 km area along the Exmouth continental slope 

(Figures 6-4 and 6-7).  This has been combined with the smaller Acme survey, which provides partial 

coverage of the lower slope beneath the Gorgon survey area.  The continental slope in the Gorgon area 

extends from approximately 200 to 700 m water depth and includes four distinct morphologies including  

(from north to south): (a) the 35 km-long 250 m-high Slide 1 landslide headscarp; (b) the 20 km-long 

Slide 2 area of incipient slope failure lying above both submarine canyons and the Slide 1 headscarp; (c) 

a system of submarine canyons and debris flow chutes (referred to as Southern Canyons); and (d) a 

relatively smooth, sedimentary apron (fan) with little evidence of canyon formation or mass wasting.  

Concentrated fluid and gas expulsion features (pock marks) are common in the northern and central parts 

of the survey area and appear spatially associated with the Slide 1 and Slide 2 landslide failures; the 

expulsion features are less common is the Southern Canyons area, and are uncommon in the areas where 

there is a smooth sedimentary apron. 
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Figure 6-7.  Perspective views of seafloor along Gorgon 3D survey area.  (A) Shows four prominent morphological features along the Gorgon escarpment: (a) Slide 
#1 headscarp; (b) Slide #2 complex; (c) Submarine canyon system; and (d) Sedimentary apron or fan complex.  Note also the extensive fields of pock marks in Slide 
#2 area.  Inset image (B) shows the presence of sediment waves at the top of the submarine canyon complex and debris flow chutes.  Inset (C) shows pock marks in 
Slide #2 complex.  Some pock marks are up to 300 m across.  Inset (D) shows perspective view of Gorgon Scarp including significant wells (thin white lines) and Slide 
1, Slide 2, and Southern Canyons (from Seisnetics 3D viewer). 
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The submarine canyon system in the southern part of the survey area has average slope gradients of about 

2° to 5°: 4° to 8° in the upper canyons; 2° to 4° in the middle part of the canyons; and 1° to 3° along the 

lower canyon and fan complexes.  The individual canyons are approximately 5 to 8 km long and generally 

0.8 to 1.6 km wide, though one canyon is 4.5 km wide (Figure 6-7(B)).  Sedimentary fans are present at 

the base of the canyons and sediment waves have built up at the heads of the canyons.  Relatively small 

(a few kilometres across) debris flows or translational failures are present at the base of the canyons and 

on the sedimentary fan, indicating instability of these slopes under static conditions.  Sediment waves 

have formed near the top of the slope along the shelf break and provide sediment sources for down slope 

transport through the canyon systems and down the continental slope. 

The landslide failure (labelled Slide 1 on Figure 6-7(A)) that occurred in the northern part of the Gorgon 

survey area extends from the upper slope in about 350 m of water to the lower continental slope in 

approximately 700 m of water.  The slope gradient across the hearscarp is 30 to 70° and locally may be 

vertical (Figure 6-8).  The slide is a minimum of 35 km wide and has a minimum run out length of 75 

km, from the head scarp to the base of the lower slope in the Kangaroo syncline (Table 6-1).  The basal 

failure surface coincides with a stratigraphic horizon that can be followed in the 3D seismic volume 

beneath the scarp and into the un-failed portions of the upper continental slope suggesting stratigraphic 

control on the location of the basal failure plain and slide geometry (Figures 6-8 and 6-9).  The slide 

thickness was about 300 m.  Note also the near vertical fault that projects from approximately 5.2 seconds 

two-way time (TWT) in the underlying inversion structure to the base of the landslide failure (Figure 

6-9).  This is a deep-seated structure and if seismically active could be the source of earthquakes that 

may have triggered the Slide 1 and Slide 2 failures.  A secondary kink band located several hundred 

metres west of the main fault extends to the near sub-bottom, which implies recent structural deformation 

along the fault zone.  The stratigraphy along the fault shows subtle drag folding.  This folding increases 

the dip along the eastern block of the fault (along the continental slope), creating a dip slope condition 

that reduces stability along the slope. 

Extensive pock marks and expulsion features are recognized on sea-floor terrane models (Figure 6-7D 

and Figure 6-8).  These features occur both within the slide mass, within drape over the former slide 

plane, and locally outside of landslide related features (Figure 6-8).  Offset shallow stratigraphy and the 

thin layer of drape suggest that the slide is of late Quaternary age.  Localised debris fields lie beneath the 

landslide headscarp and may be related to small scale debris avalanche or topple failures from the over-

steepened scarp (Figure 6-8). 

The submarine landslides observed within the Gorgon survey area are similar in scale to the large scale 

MTC deposits observed in the subsurface of the Willem survey area (Figure 6-6).  The slide geometry 

and MTC thicknesses suggest landslide volumes >50 km3, but most likely between 50 and 100 km3.  
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Topple failures, debris avalanches, and debris flows sourced from the headscarp represent secondary 

retrogressive slope failures along the primary slide feature (Figure 6-8).  These secondary failures can be 

several kilometres across with run-outs of 5 to 15 km.  Erosion of the seabed also is occurring at the base 

of submarine canyons; these failures tend to be thin translational failures. 
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Figure 6-8.  (A) Perspective view to east across Gorgon Slide #1 scarp.  Green line shows location of Section B.  Note the pock marks, debris fields from topple 
failures, and erosional channels near debris flow chutes.  (B) Bathymetric profile across the scarp in the Gorgon survey area showing landslide headscarp, debris 
fan, and rafted landslide block. 
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Figure 6-9.  Cross-line profiles of Gorgon 3D seismic survey showing GeopopulationsTM associated with every 
mappable horizon.  The pink horizon or the green-blue couplet shown by arrows on inset diagram illustrate 
position of possible stratigraphic units that controlled the basal failure plane of the Gorgon Slide #1 failure.  
Note also the control of the headscarp position by the underlying fault.  Depth shown in milliseconds. 

6.3.2 Willem Survey 

The Willem survey covers an area approximately 75 km long by 35 km wide along the Exmouth 

continental slope (Figure 6-4) 50 km northeast of the Gorgon survey.  In this area the continental slope 

extends from approximately 250 to 1000 m depth (Figure 6-10).  The survey area only captures a part of 

the upper continental slope, but includes a large part of the lower slope (Figure 6-10).  The upper part of 
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the continental slope has an average slope gradient of 7°, while the lower slope has an average gradient 

of 1°. 

The seabed rendering illustrates the presence of large debris fields below the escarpment extending 

approximately 55 km from the slope to the eastern edge of Kangaroo syncline (Figure 6-10).  The debris 

field includes large (20 to 60 m above seabed) landslide blocks located up to 13 km from the continental 

slope, and smaller debris blocks that extend to the Kangaroo syncline.  These debris field deposits have 

been draped by hemipelagic sedimentation and sediment transported down slope, and have been eroded 

and incised by other younger debris flow deposits.  Some of these younger debris flow deposits are 

observed extending over 35 km across the underlying debris fields on the lower slope (Figures 6-10 and 

6-11).  These underlying, older debris field deposits are associated with the nested large-scale MTC 

deposits observed at depth in the seismic volume (Figure 6-6).  

In the Willem survey area, the continental slope is over-steepened at its base.  A partially buried scarp 

with slopes between 20 and 66° is present at the base of the continental slope (Figure 6-11).  This is 

inferred to be a paleo-landslide headscarp.  The headscarp is now partially buried by debris fans (Figure 

6-11) shed from the slope.  The debris fans dominantly form at the base of submarine canyons and 

coalesce into a complex of individual fans along the base of the paleo-landslide headscarp.  These fans 

have failed in two ways: (a) global failures of the entire fan complex leading to Mass Transport 

Complexes (Figure 6-6) and slide volumes of tens of cubic kilometres, and (b) local failures of individual 

fans at the base of canyons that have produced either rotational/debris flow events or translational slides 

that run down the lower continental slope.  Several examples are shown on Figure 6-11.  The 

southernmost example (Willem LS3) is about 1.7 to 3 km wide and produced a scar approximately 7 km 

long.  This failure is approximately 20 to 30 m deep and occurred on a failure plane with a slope of 0.37 

to 0.95° (Table 6-1).  The debris field from this event extends approximately 5 km beyond the slide scar. 

A retrogressive failure has expanded the landslide upslope into the debris fan complex (which has steeper 

seabed slopes of 5 to 15°).  The headscarp of the retrogressive failure is 60 to 80 m high.  The slope on 

the headscarp is up to 72°. 

The large scale MTC deposits observed at depth (Figure 6-6) are on the order of 80 to 100 m thick.  The 

basal failure planes beneath these deposits show linear striations that illustrate direction of transport of 

the landslide mass.  The striations shown on the horizon surface in Figure 6-12 comprise three 

populations: those coming from the continental shelf to the east; those coming from the Scarborough 

Arch to the west; and those moving down slope through the Kangaroo Syncline.  The curvilinear 

striations indicate some slides initially moved straight down slope, but then turned northward into the 

Kangaroo syncline and likely continued down the axis of the syncline trough toward the Argo abyssal 

plain.  A summary of slide parameters from the survey areas is included in Table 6-1.
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Figure 6-10.  (A) Seabed rendering of the Willem survey area showing Kangaroo Syncline, continental slope in distance, MTC debris field along lower slope, and 
other debris flow deposits overlying MTC debris field.  (B) Topographic profile showing landslide headscarp and debris fan.  Green line on map view shows profile 
location. 
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Figure 6-11.  (A) Seabed rendering showing paleo-landslide headscarp at base of Willem continental slope.  Green line on map view shows profile location.  Note also 
sedimentary fan development, and debris flow failure of fan complexes.  (B) Topographic profile showing landslide headscarp and debris fan.  Profile line is 14 km 
long and average slope gradient is 1.3°   

(A) 

(B) 

A 

A’ 

A A’ 



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

6-22 
 

 
Figure 6-12.  Striations on basal failure plane of MTC deposit, Willem survey.  White arrows illustrate examples of striation directions. 
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Table 6-1.  Summary of landslide parameters. 

Slide 

Fairway 
Length 

(LS 
scar) 
(m) 

Runout 
Length 
(Debris 
Field) 

(m) 

Width 
(min) 
(m) 

Width 
(max) 
(m) 

Thick-
ness 
(m) 

Height 
Drop 

Failure 
zone 
(m) 

Total 
Drop of 
Failure 

and 
Runout 

(m) 
~Area 
(km2) 

~Vol. 
(km3) 

Ave Dip 
Failure 
Plane 
angle 

(degrees)/ 
distance 

(m) 

Ave Stable 
Slope 
angle 

(degrees)/ 
distance 

(m) 

Headscarp 
Ave Slope 

angle 
(degrees)/ 
distance 

(m) 
Failure 

Mechanism 

Velocity of 
down slope 

failure 
(qualitative) 

Gorgon LS 1 8000 75000 35000 65000 300 500 800 540.0 162.00 2.0/7000 3.5/5000 21/270 
Rotational/ 
debris flow 

Rapid 

Willem LS 1 16000 >40000 16000 22000 40 200 550 432.0 17.28 0.71/17000 0.9/1600 45/25 Translational Moderate 

Willem LS 2 7500 >40000 950 1400 55 110 550 12.38 0.68 0.8/7000 1.5/500 10/200 
Rotational/ 
debris flow 

Rapid 

Willem LS 3 6000 5000 1700 3000 25 60 150 19.20 0.48 
0.95/1110; 
0.37/3500 

0.67/5200 10.7/200 Translational Rapid 

Willem LS 4 2600 2600 1200 1200 8 35 65 4.68 0.04 0.5/2000 0.72/1800 2.3/166 Translational Rapid 

Chandon LS 1 11000 ? 15000 17000 50 120 ?? 258.5 12.93 0.28/780 
1.38/2780; 
0.31/7460 

10.8/450 Rotational Slow 

Glencoe LS 1 60000 ? 30000 70000 25 80 80 3900 97.50 0.03/30000 0.16/10000 2.2/400 Translational Slow 

Salsa LS 1 15000 ? 12000 16000 60 600 ? 300 18.00 
0.83/4940; 
2.3/6000 

1.3 to 2.4 5.5/520 Translational Slow 
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6.3.3 Chandon Survey Area 

The Chandon survey covers an area of approximately 17-by-25 km on the eastern limb of 

Scarborough Arch (Figure 6-4).  The Chandon slide occurs on an east facing slope between the 

Scarborough Arch and Kangaroo Syncline and extends from a depth of approximately -1180 m 

to at least -1300 m (Figure 6-13), and likely extends to a depth 1550 m in Kangaroo syncline.  

The Chandon slide is transporting sediment from Scarborough Arch eastward into the Kangaroo 

syncline.  The slide has a width of 15-20 km and a visible length of 11 km, but a likely total length 

of >30 km.  The average slope gradient within the slide mass is less than 0.28°, however, steeper 

slopes of 1.4° and possibly up to several degrees are present down slope (out of the survey area 

(Figure 6-4).  The slide has a rotational failure mechanism and the mass is composed of rotational 

slide blocks (Figure 6-13) that are mobilized above the extremely low angle failure plane.  At the 

point of initial detachment from the headscarp, the rotational blocks are up to 40 m high and 1.5 

km across and 6 km long.  The low angle of the failure plane and internal coherence are evidence 

that this is a “slow” failure.  A distinctive feature of the slide morphology is the lateral “mote” 

that follows the base of the head scarp (Figure 6-13).  Large gas/fluid expulsion features are 

present above the headscarp on the south side of the landslide complex.  These gas/fluid vents are 

650 to 2000 m across and form a field of pockmarks that is at least 8 km across.  The association 

of the gas expulsion features with the landslide suggests gas/fluid expulsion may have been the 

triggering mechanism for this event.  The process of gas/fluid expulsion may localize future slope 

failures in this area.  
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Figure 6-13. (A)  Seafloor rendering of the Chandon slide, northeastern Scarborough Arch.  Regional relations suggest the slide should connect to a larger slide 
down slope (out of survey area) and extend approximately 35 km to the trough axis.  The slide mass shown is 17 km wide and 10 km long.  (B) Topographic profile 
across slide mass showing inferred geometry of slide plane and nested failures at crown of slide. 
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6.3.4 Glencoe Survey Area 

The Glencoe survey encompasses an area of approximately 60-by-65 km in the central trough of the 

Kangaroo syncline and part of the eastern limb of Scarborough Arch, about 20 km southwest of the 

Chandon survey area (Figure 6-4).  The axis of the Kangaroo syncline in the survey area is characterized 

by very gentle slopes.  The seabed along the syncline axis slopes from south to north between 0.08° and 

1.5°.  The western part of the survey area is characterized by a greater than 65 km-long topographically 

sharp 10 to 20 m high curvilinear scarp with a down to the east sense of displacement (Figure 6-14).  The 

slope leading from the axis of the Kangaroo syncline up to the scarp is characterized by a rhythmic ripple 

type structure (Figures 6-14 and 6-15).  The ripples have amplitudes of up to 2 m, but the amplitude is 

highest near the scarp and diminishes down slope toward the axis of the Kangaroo syncline.  The ripples 

(Figure 6-15A and B) are formed by drape that overlies or mantles blocks of displaced sediment (Figure 

6-15C) that lies above a low angle failure plane.  The blocks of displaced sediment appear to be rafted 

along the low angle detachment and the edges of the failure are defined by distinct lateral margins seen in 

the seismic horizon (Figure 6-15A).  The white ovals on Figure 6-15C also show areas of gas migration 

associated with the displaced blocks.  The average gradient of the slope, over the 20 km distance leading 

up to the scarp, is 0.032°; this also approximates the dip of the failure plane (Table 6-1).  The coherent 

displaced blocks that characterize the Glencoe slide are likely a form of mega-flow failure.  The presence 

of gas suggests this might be a triggering mechanism; however, pock marks are not common on the surface.  

Therefore, another mechanism, such as earthquake loading, may have triggered this failure.  The low angle 

of the failure plane and internal coherence are evidence that this is a “slow” failure. 

Slope gradients across the southeastern corner of the survey area, on the extreme lowermost part of the 

continental rise, are generally less than 0.2°.  However, debris or earth flow lobes are observed in this part 

of the survey area in water depths of 1120 to 1220 m (Figures 6-14 and 6-16).  These form the leading edge 

of a landslide complex and lower continental slope deposits that originated 75 km to the east along the 

slope (Figure 6-4)  The sediment lobes shown on Figure 6-16 are each about 10 to 12 km wide and the 

easternmost lobe shows crevasse fields, internal shears, and prominent lateral shear margins (Figure 6-17).  

Secondary flows are present on the edges of the lobes.  The lobes are interpreted to be the front of a landslide 

complex that has moved down the lower continental slope and into the Kangaroo Syncline.  The lobes are 

likely moving slowly, perhaps analogous to a glacier. 
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Figure 6-14.  (A) Seafloor rendering of the Glencoe survey area, eastern flank of Scarborough Arch.  Arcuate scarp is the headscarp of a >65 km long landslide 
complex.  (B) Topographic profile across headscarp and slide mass.  Note that the ripple like pattern is related to sedimentary drape overlying displaced soil blocks 
beneath the surface. 
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Figure 6-15.  Seismic horizon from Glencoe Survey showing internal deformation of slide complex.  (A) shows displaced landslide blocks and internal shear bands.  
(B) shows close up of landslide blocks; and (C) shows further close up of blocks and associated gas chimneys.  Images are “fitness” plots where green colours 
suggest coherent wave properties, while blue and purple colours suggest some alteration of the soil properties.  The alteration may be related to gas or fluid 
expulsion. 
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Figure 6-16.  (A) Ten-kilometre-wide debris flow lobes within the Glencoe survey area in the centre of Kangaroo Syncline, 75 km from the continental slope.  (B) 
Bathymetric profile across debris lobe in the Kangaroo Syncline. 
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Figure 6-17.  Close up views of debris flow lobes shown in Figure 6-16.  Close up view illustrates the presence of crevasse fields, internal shears, and lateral shear 
margins.
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6.3.5 Salsa Survey Area 

The location and general physiography of the Salsa Survey area is shown on Figures 6-1 and 6-4.  The area 

is located on a ridge spur between two major canyons on the middle part of the continental slope; these are 

the Cape Range and Cloates submarine canyons.  The continental slope typically extends from the shelf 

break to the abyssal plain, but in the Cuvier region of Western Australia the continental slope includes three 

distinct steps:  (a) between 200 and 1000 m depths the slope dips seaward 2° to 3° (locally 5°); (b) at 

approximately 1000 m the slope encounters an 80 km-wide plateau surface that dips ~1° toward the west 

and continues to a depth of approximately 2000 m; and (c) between 2000 m and 4000 m the slope dip 

increases again to 3° to 4° and the slope descends to the Cuvier abyssal plain.  The plateau between 1000 

and 2000 m depth represents the southern offshore continuation of the Northern Carnarvon Basin and is 

analogous to the Exmouth Plateau.  

The Salsa survey lies in approximately 1,250 to 1,875 m water depth (Figure 6-18).  The axis of the ridge 

spur plunges approximately 0.4° to the west, and the dips on the north and south facing slopes of the ridge 

spur vary from 1° to 2.5°.  The survey partially captures two large landslide complexes, which occur on 

the north and south slopes of the ridge spur (Figure 6-19).  The landslide on the north slope (Salsa LS 1) is 

a minimum of 15 km long and 12 km wide (Table 6-1).  The headscarp of the landslide is approximately 

60 m high and the overall elevation drop, from the top of the slide to the bottom is about 600 m.  The 

average slope gradient of the slide mass varies from 0.83° on the upper flat part of the slide complex to 

2.3° on the lower steepened part of the complex (Table 6-1).  The gradient of the nearby unfailed slope 

varies from 1.3 to 2.4°.  However, the base of the slope near the canyon is up to 15°.  The slide mass is 

complex and composed of numerous nested slope failures.  The main features include failures at the slope 

break near the base of the slide, a main slide mass, and a series of retrogressive slope failures near the upper 

part of the slide (Figure 6-19). 

The top of the Salsa LS1 slide complex is characterized by a longitudinal mote (Figure 6-19), much like 

the Chandon slide and Glencoe slides.  This is a channel like feature that connects a series of pock marks, 

or expulsion vents.  The pock marks are 500 to 1000 m across and can be up to 50 m deep.  The pock 

marks, or vents, coincide quite closely with the position of the landslide headscarp and may indicate an 

association between fluid expulsion and landslide triggering. 

The Salsa slide is a large complex failure with multiple retrogressive failures along the top and sides of the 

slide.  It is less coherent than either the Chandon or Glencoe slides and therefore in inferred to have been a 

somewhat more rapid failure.  However, a section of drape (landslide deposits from the upper slope) over 

the slide deposits suggests that at least the upper part the slide is not currently active, however, the lower 

part of the slide complex on the steep slope near the canyon may still be active.
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Figure 6-18.  (A) Overview of landslide complex from the Salsa survey area.  (B) bathymetric profile A-A’ showing general seabed morphology and gentle slope 

across upper part of slide complex and steeper slopes in the toe area. 
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Figure 6-19.  Close up of Salsa landslide complex showing association with gas/fluid expulsion features and retrogressive failures.  Grid lines are 2 km.
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6.4 DISCUSSION 
Seafloor digital terrain models (DTMs) were produced from six 3D seismic volumes located along the 

Exmouth Plateau continental slope, along the eastern limb of Scarborough Arch, and along the Cape and 

Cloates Canyons (Figures 6-1 and 6-4).  The DTMs were produced to assess seafloor geomorphology and 

types of processes occurring across this approximately 240 km-long segment of the continental margin.  

Deep water projects such as Gorgon, Pluto, Scarborough, and Jansz-Io are all progressing along this part 

of the North West Shelf, and therefore improving our understanding of seabed processes will help to reduce 

the risk to these and future projects in the area. 

The Gorgon/Acme and Willem surveys are located along the continental slope and the Willem survey 

extends across the lower slope to the Kangaroo Syncline (Figure 6-4).  The large-scale morphology of this 

part of the continental slope is characterized both by undisturbed sedimentary fans, submarine canyon 

systems, and submarine landslide complexes (Figure 6-7).   

A range of geomorphic features on the seabed indicate that surficial geomorphic processes play an 

important role in the evolution of the continental slope and landslides are probably the dominant 

mechanism by which sediment is transported down the slope.  The types of landslides observed along these 

parts of the continental slope include: small translational failures and slumps (<3 km across); moderate 

scale debris flows, debris avalanches, and topple failures (<10 km across); and large-scale mass transport 

complexes (>20 km across).  The small failures and slumps have the greatest likelihood of occurrence on 

steeper slopes with unstable sediment accumulations, such as the sedimentary fans at the base of canyons, 

sediment waves near the tops of the canyons, or along sedimentary aprons such as the one that blankets the 

slope in the southern part of the Gorgon and Willem survey areas (Figures 6-7 and  6-10).  The moderate 

scale failures appear most likely to occur along the sedimentary fan complex that has accumulated at the 

base of submarine canyons, or at the base of paleo-headscarps from past mass failure events (i.e. the Gorgon 

and Willem scarps).  The debris fields from topple failures beneath the Gorgon scarp (Figure 6-8), and the 

recent slide scars and deposits shown on Figure 6-10 provide examples of these types of moderate scale 

failures.  We infer that these types of failures are primarily driven by gravitational instability related to 

over-steepened scarps, or areas with rapid sediment accumulation (fans).  Evidence of pock marks in the 

canyons and on the sedimentary fans indicate that fluid over-pressures also might play a role in triggering 

the moderate scale failures. 

Large scale mass transport events such as those that formed the Gorgon Slide 1 failure (Figures 6-7 and 

6-8), or the buried series of MTCs from the Willem survey area (Figure 6-6), involve deep seated 

translational failures that may be up to 200 or 300 m thick, 20 to >30 km wide, and 50 to 75 km long.  The 

volumes for these events therefore can be on the order of a hundred cubic kilometres, or more.  We 

speculate that deep seated failures of these magnitudes likely require a triggering mechanism such as an 
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earthquake and/or gas expulsion event.  The association of reactivated faults (Figures 6-3 and 6-9), 

inversion structures, gas reservoirs and seafloor expulsion features (pock marks on Figure 6-7D) suggests 

there may be a tectonic control on seafloor stability (Hengesh et al., 2011b).  Large scale mass transport 

events may occur near areas where fault reactivation has inverted former basin structures along the rifted 

margin.  The structural inversions can locally increase slope gradient (driving force), provide a source for 

gas/fluid release (venting) that reduces soil effective stress, and can generate localized earthquake strong 

ground shaking that increases lateral loads and reduces effective stresses through pore pressure changes.  

Due to the unusually weak calcareous soils on the North West Shelf any of these factors may be sufficient 

to trigger a large-scale mass wasting event. 

The Chandon, Glencoe and Salsa slope failures have a different character to the debris flows and mass 

transport complexes along the continental slope.  The Chandon slide appears to be both a rotational failure 

near the headscarp and a translational failure within the slide mass.  The translational part of the slide 

mobilizes the rotated soil blocks within the slide mass and transports them down slope (Figure 6-13).  The 

failure is interpreted to be a slow-moving translation of large soil blocks on a very low angle failure plane.  

The slide appears to be the upper retrogressive failure of a larger landslide complex that exists down slope.  

The very low angle slopes in these areas likely prevent the failures from gaining significant speed or energy.  

The failures appear to be slow and thus the soil mass can stay relatively intact compared to failures on 

steeper slopes. 

Submarine landslides from both the continental slope and Scarborough arch are creating metastable 

deposits that are moving down slope and into the Kangaroo Syncline, or down the Cape Range and Cloates 

Canyons.  Striations on failure planes from buried MTCs indicate movement into the syncline from both 

directions and the continued northward down slope movement within the syncline axis (Figure 6-10).  

Figures 6-16 and 6-17 show examples of soil lobes on the seafloor that have mobilized from the continental 

slope more than 75 km away.  Although the driving process for these soil lobes is probably slow-moving 

soil creep, the soil lobes will pose unusual geotechnical conditions and could impose strains on subsea 

infrastructure systems, especially in the areas where crevasses have formed or along the lateral margins.  

Although the Kangaroo Syncline appears flat on many bathymetric maps, a careful understanding of the 

seafloor conditions and route options is important to minimize risks. 

Together, all of these landslide types form elements of a slope process model.  Within a slope process 

model the types and frequency of landslide occurrence modes tends to follow a “power law” (ten Brink et 

al., 2006), meaning that like many natural processes there is a relationship between the magnitude of an 

event and its frequency of occurrence.  Specifically, there are many more small slope failures than large 

ones.  Though the large failures are the most impressive, even smaller failures can jeopardize pressure 

integrity of a field development or export system.  As such, it is very important that the data acquisition 
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programmes carried out in support of site investigations and engineering design be fit-for-purpose.  

Although regional 3D exploration seismic data are suitable for general screening purposes, these data are 

not suitable for detailed mapping and characterization of the seabed to support detailed design and 

engineering.  The 3D exploration data are useful for identifying the types of failures from infrequent 

moderate to large events, such as the landslide complexes along the Gorgon scarp and Scarborough Arch 

(Figure 6-4), but these data are not suitable for identifying small failures (e.g. tens of metres) that still could 

impose unacceptable loads on seabed developments.  It is recommended that additional high-resolution 

swath bathymetry datasets be collected using Autonomous Underwater Vehicles (AUV) for future slope 

process risk assessments in this area and other deep water, far shore areas of the North West Shelf. 

6.5 CONCLUSIONS 
Our analysis of Open File exploration seismic data has identified several types of slope failures along the 

continental slope and submarine canyons on Exmouth Plateau.  The landslides range in size from less than 

a kilometre to greater than 30 kilometres across and show a range of failure mechanisms from small debris 

flows and topple failures to large scale Mass Transport Complexes (MTC).  Some of the observed 

characteristics of these slides are summarized below: 

• Slide lengths vary from 2.6 to 60 km in length; 

• Slide widths vary from <1 km to 70 km in width; 

• Slide thicknesses varies from 8 to 300 m; 

• Slide volumes range from 40 m3 to over 100 km3; and, 

• All slides occur on slopes less than 2°, and most slides occur on slopes less than 1°. 

The characteristics of the landslide deposits suggest different velocities of failure events.  For example, the 

relatively intact soil blocks observed in the Chandon and Glencoe slides are used to infer that these events 

were relatively slow failures, while the large dispersed debris fields observed at the Gorgon LS 1 and 

Willem LS 2, 3, and 4 sites are used to infer that these were relatively rapid failures.  The velocity of 

landslide failure is an important consideration for performance analysis of subsea infrastructure that may 

lie in the path of these events. 

Although a quantitative analysis of slope failures and triggering mechanisms has not yet been carried out, 

the geomorphic observations provide indications of the types of mechanisms that might be controlling slope 

processes along the Exmouth slope.   Small to moderate failures such as debris flows in canyons and on 

fans, and translational failures on the lower slope may be occurring under sediment loading and 

gravitational instabilities; in other words, these are likely to be static slope failures.  However, the large 

MTC’s such as observed at Gorgon and in the Willem subsurface appear to be related to observed factors 

including increased stratigraphic dips above inversion structures, fluid and gas expulsion, and near surface 
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faulting.  We recognize a frequent association of fluid expulsion features and slope failures (e.g. Gorgon 

Slide #2) and so this may be a common triggering mechanism.  Seismic loading also is a likely triggering 

mechanism and the association of slides with potential seismic sources will be a topic of ongoing research. 
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7 DISCUSSION OF KEY FINDINGS AND SUMMARY OF 
CONCLUSIONS 

This chapter summarizes information that is presented in prior chapters regarding active tectonic 

processes, seismic hazards and seafloor stability on Australia’s NWS.  Key outcomes of this 

research show that: (a) there are active faults extending along the northwestern continental margin 

of Australia; (b) these faults are significant seismic hazards; and (c), there are differences in 

seismic source modelling approaches that can produce significantly different ground motion 

results.  The ground motions estimated from the PSHA also are of sufficient amplitude to be a 

triggering mechanism for various types of mass movements and other seafloor instabilities on 

susceptible slopes.  These may occur at a variety of scales with frequencies of 10-3 to 10-4 per 

year. 

7.1 BACKGROUND 
The geological, seismotectonic and geomorphological characteristics of the NWS and adjoining 

eastern Sunda and western Banda arcs (Figure 7-1) were investigated to examine the nature of 

tectonic processes and geological and seismological hazards that occur in this region.  The NWS 

previously has been considered “geologically stable” and was defined by Johnston et al. (1994) 

as part of the Australian Stable Continental Region (SCR).  Bird (2003) also defined the 

continental margin of northwestern Australia as a passive margin implying a lack of current 

tectonic activity.  However, the results of this study and other recent research investigations 

(Whitney, 2015) demonstrate that the margin is tectonically active.   

Prior to either the current research project or that of Whitney (2015) there were considerable 

indicators of seismotectonic activity in northwestern Australia that led to the conceptualization of 

this study, and contributed to the overall database that was used to evaluate the tectonic processes 

in the region.  Key indicators of seismotectonic activity included:  

• Occurrence of the 1906 MS 7.8 earthquake in offshore northwestern Australia (Geller and 

Kanamori, 1977);  

• Quaternary age surface fault ruptures in onshore western Australia (Williams, 1979; 

Clark, 2010; Leonard and Clark, 2011; Clark et al., 2014);  

• Quaternary age surface fault ruptures in offshore northwestern Australia (Struckmeyer et 

al., 1998; Simpson and Cooper, 2008);  

• Neogene deformation of reactivated Mesozoic rift-related structures (Kaiko and Taite, 

2001; Keep et al., 2007); 
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• Occurrence of multiple large magnitude historical earthquakes that occurred in 

northwestern Australia including the 1885 ML 6.6 Mt. Narryer, 1929 ML 6.6 Broome, 

1941 Mw 6.3 Meeberrie, 1968 Mw 6.5 Meckering, 1970 ML 6.7, 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); 

• Submergent coral reef and shoreline sequences that underwent late Quaternary tectonic 

subsidence at Scott Reef and Rowley Shoals (Collins, 2002; Collins and Testa, 2010); 

and,  

• Emergent coral reef and shoreline features that experienced tectonic uplift in the Cape 

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

Although these events and geomorphic features had been recognized by individual researchers 

the information had not been integrated into a cohesive seismotectonic model and there had been 

no comprehensive assessment of seismic and geological hazards for the NWS region.   

Whitney (2015) completed tectonic geomorphological investigations to characterize onshore 

tectonic deformation between Mt. Narryer (Murchison region) and the Cape Range (Whitney and 

Hengesh, 2015a, b; Whitney et al., 2015), and offshore along the continental margin between the 

Cape Range and Barrow Island (Whitney et al., 2016).  This research identified Quaternary active 

folds and faults that were considered to be active seismic sources.  Whitney et al. (2014) and 

Whitney (2015) hypothesized that these faults continued to the north as a system, eventually 

intersecting the northern plate boundary.  The investigations presented in Chapter 3 confirmed 

the presence of additional faults that extend a distance of 1,100 km along the continental margin 

(north of the Whitney, 2015 project area) from the approximate latitude of Dampier to Ashmore 

Reef on the north (Figure 7-2).  These faults were mapped using 2D and 3D geophysical data and 

seafloor geomorphology, and were shown to follow gravity anomalies associated with the 

offshore Mesozoic basins (Figure 7-3 and Chapter 3).  The fault zones follow the extended 

continental crust between the oceanic and continental parts of the Australian Plate and intersect 

the northern plate margin at the eastern termination of the Sunda arc and the western termination 

of the Banda arc-continent collision.  The faults are interpreted to be accommodating strain due 

to differential motion between these two different elements of the northern plate boundary 

(Chapter 3). 

Large-scale plate boundary dynamics, such as changes in crustal architecture and rates and styles 

of deformation, directly influence the 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 
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triggering of secondary geohazards; and increased occurrence of geohazard risk events to exposed 

infrastructure.  The faults identified along the continental margin are seismogenic structures that 

pose a hazard on the NWS.   
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Figure 7-1. Regional tectonic setting of northwestern Australia and surrounding Sunda and Banda arc regions.  Faults in red along the North West Shelf 
represent the primary active faults considered in this study. 
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Figure 7-2.  Illustration of the three arms of the evolving triple junction; seismicity from ISC-GEM catalogue (Storchak et al., 2013).  The Java trench segment of 
the plate boundary is shown in red and the Timor trough arc-continent collision zone is shown in yellow.  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.  
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Figure 7-3. Merged free air and isostatic gravity anomalies (Geoscience Australia) 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. 
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7.2 COMPARISON OF PSHA RESULTS FROM ALTERNATIVE SEISMIC SOURCE 
MODELS 

Probabilistic seismic hazard analyses (PSHA) were carried out to quantify the hazard posed by these newly 

recognized faults (Chapter 5); fault sources are shown on Figure 7-4.  In order to assess the hazard, we 

compared PSHA results for two separate seismic source models.  A baseline seismic source model (Model 

A) was developed for the NWS and surrounding continental, oceanic, and northern Sunda-Banda arc plate 

boundary regions (Figure 7-4).  This model uses only an areal source zone to characterize the NWS.  An 

alternative seismic source model (Model B) also was developed for the extended margin.  With the 

exception of the areal source zone that encompasses the NWS (Zone 305), and the southeastern extended 

margin (Zone 24), the seismic source characteristics for all sources surrounding the NWS (in the 

alternative Model B) were identical to the baseline Model A.  For Zone 305, two important modifications 

to the seismic source zone were made.  These modifications included: (i) addition of the Flinders-Shoal 

Island, and Cape Range faults from Whitney (2015), as well as the new faults from this study (Chapter 3); 

and (ii) reduction of Mmax values for Zone 305 to account for the large magnitude earthquakes occurring 

on the fault sources.  The two alternative source characterizations for Zone 305 are illustrated in logic tree 

format on Figure 7-5.  The magnitude and recurrence characteristics for all fault sources are summarized 

in Table 7-1.  The cumulative rate of recurrence of all NWS fault sources are consistent with the 

extrapolated rate of large magnitude earthquakes for Zone 305 (Figure 7-6), which suggests that the fault 

slip rates and recurrence intervals applied to the faults in the model are consistent with the rate of large 

earthquakes from the historical seismicity. Explicitly incorporating faults in the seismic source model 

produces ground motion values at 1,000 to 10,000-year return periods that are 20% to 100% greater than 

using areal sources only (Chapter 5). 
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Figure 7-4.  Seismic source zonation for model region.  Numbers 1 to 36 and 301 to 306 represent shallow crustal zones; 101 to 106 are plate interface zones; and 
201 to 206 represent intraplate zones.  Fault sources included in the model are shown.  Seismicity is from the ISC-GEM Project (Storchak et al., 2013).  See Chapter 
5 and Appendix A for seismic source characteristics. 
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Figure 7-5. Logic tree structure for areal source Zone 305.
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Figure 7-6. Lower level, best estimate, and upper level recurrence curves for Zone 305, Inner Extended 
Margin of the North West Shelf, and activity rates for fault sources.  Note: Three alternative magnitude values 
are plotted for each fault source.  Upper large light red diamond represents the cumulative fault activity rate 
on the extended margin and lower dark red diamond represents the activity rate for earthquakes greater than 
Mw7.25. 

In order to quantify the contribution to the hazard posed by the fault sources the results from Model A (the 

baseline seismic source model) were compared to the results from Model B (alternative seismic source 

model) (Figure 7-7 through 7-9).  The comparison illustrates that using a seismic source model that 

includes fault sources can increase the hazard (near fault sources) compared to the model that uses only 

areal source zones.  
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Figure 7-7. Peak horizontal ground acceleration maps for 1,000-year recurrence. Top map: Model A, North 
West Shelf source model includes areal source zones only.  Bottom map: Model B, North West Shelf source 
model includes fault sources. 
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Figure 7-8. Peak horizontal ground acceleration maps for 5,000-year recurrence. Top map: Model A, North 
West Shelf source model includes areal source zones only.  Bottom map: Model B, North West Shelf source 
model includes fault sources. 
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Figure 7-9. Peak horizontal ground acceleration maps for 10,000-year recurrence. Top map: Model A, North 
West Shelf source model includes areal source zones only.  Bottom map: Model B, North West Shelf source 
model includes fault sources. 
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A notable (20%) increase in the hazard occurs even at relatively short return periods (1,000 year) in Model 

B compared to Model A; this increase occurs despite the faults having low slip rates (Table 7-1).  The 

5,000-year PGA values for Model B are 60% higher than the Model A results, and the 10,000-year results 

for Model B are 100% higher than for Model A.  Inclusion of fault sources on the NWS (Model B) 

produces changes to the spatial pattern and amplitudes of ground shaking within about 40 km (each side 

of the fault) compared to Model A.  The peak differences occur in the near-field areas around the fault 

sources (Figures 7-10 through 7-12).   

Reducing the Mmax value of the areal source also can have an effect on the PSHA results.  Figure 7-10 

through Figure 7-12 show comparisons of the PGA results for Models A and B along three different 

transects (A, B, and C) that cross the NWS continental margin.  Along Transect B, the Model B PGA 

values are higher at distances of 0 to 40 km from the fault source, while at distances of 40 to 200 km from 

the fault source the Model B PGA results are up to about 5% lower than Model A.  In the Transect B area 

adding faults to the areal zone resulted in a reduction of PGA at distances greater than 40 km.  This 

reduction is related to the reduction in the Mmax value for the areal source, but also to the relative rates of 

seismic activity on the fault sources relative to the areal source.  Figure 7-11 shows that for Transect A, 

near Scott Reef, the Model B results are higher across the entire zone.  For Transect C, the PGA values 

locally are lower for Model B, but the differences are minor (Figure 7-12). 

These results illustrate the importance of properly recognizing and characterizing active faults on the NWS 

and other similar types of extended continental margins.  The standard approach for modelling seismic 

sources in this region, and many other regions that lack fault-specific information, has been to use areal 

source zones with the assumption that by assigning large Mmax values the hazard from faults was 

“captured” in the PSHA.  This approach was considered to provide conservative results because the high 

Mmax values were attributed to an entire areal source zone.  The direct comparison of PSHA results from 

the two models (A and B), however, illustrates that the use of a broad areal source zone does not capture 

the ground motion amplitudes that are produced by large magnitude earthquakes on distinct fault sources.  

The results from the seismic source model with only areal source zones (Model A) are unconservative and 

at long return periods (5,000 to 10,000 years) can under-predict ground motions by up to a factor of two 

for the situation where active faults are present. 
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Table 7-1. Summary of fault source parameters.  Fault sources included in the model are shown on Figure 7-4. 

Fault 
Sense 
of Slip 

Estimated 
Rupture 
Length  
(km) 

Rupture 
Width  
(km) 

Estimated 
Rupture 

Area  
(km2) 

Magnitude 
Distribution 

 (Mw) 

Ave of Mean MD 
for SRL & Mw 

 (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 Min Max Min Mid Max Min Mid Max Min Mid Max  Min Mid 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 

weight        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 

weight        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 

weight        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 

weight        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 

weight        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 

weight        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 

weight        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 

weight        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 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
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Fault 
Sense 
of Slip 

Estimated 
Rupture 
Length  
(km) 

Rupture 
Width  
(km) 

Estimated 
Rupture 

Area  
(km2) 

Magnitude 
Distribution 

 (Mw) 

Ave of Mean MD 
for SRL & Mw 

 (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) 
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 

weight        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 0.40 0.160 0.00012 0.000080 0.000055 

weight        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 0.26 0.093 0.000041 0.000023 0.000014 

weight        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 1.07 0.378 0.000180 0.000100 0.000062 

weight        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 25.0 30.0 35.0 30.0 0.006196 0.003786 0.001720 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
Wetar 
Thrust Rev 200 240 48 60 9600 14400 7.6 8.0 8.6 7.6 14.3 39.6 40.0 45.0 50.0 45.0 0.005894 0.003156 0.001137 

weight        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 

weight        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 

weight        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 

weight        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 

weight        0.20 0.60 0.20    0.20 0.60 0.20     
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Figure 7-10. Comparison of PGA from Models A and B across Transect A.  Transect location shown 
on inset map. 
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Figure 7-11. Comparison of PGA from Models A and B across Transect B.  Transect location shown 
on inset map. 
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Figure 7-12. Comparison of PGA from Models A and B across Transect C.  Transect location shown 
on inset map. 
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7.3 IMPLICATIONS FOR RISK OF SEABED INSTABILITY 
Seismic geomorphological and terrain analyses were completed in six seismic survey areas on the 

Exmouth Plateau section of the NWS to document the nature of submarine slope failures and 

seabed instabilities.  The observed slope failures cover a broad spectrum of sizes, volumes and 

failure mechanisms (Chapter 6).  In the six survey areas described in Chapter 6, the observed 

submarine landslides ranged in size from several 10’s of meters to 60 km wide (Figure 7-13) with 

the largest landslide masses approaching 100 km3.  Different types of failures have different 

frequencies of occurrence.  Small slope failures and minor turbidity flows can have recurrence 

intervals of 10’s to 100’s of years, while moderately sized debris flows can have repeat times of 

several thousands of years.  Large catastrophic mass transport complexes that represent the largest 

failures on the continental margin have occurred multiple times in Plio-Pleistocene time with 

probable recurrence intervals of 105 to 106 years (Hogan et al., 2017).  There can be a number of 

preconditioning factors for slopes and triggering mechanisms that initiate these failures including: 

sea level fluctuations, high sediment accumulation rates, slope over-steepening, climate change, 

gas hydrates, stress changes, excess pore pressure, isostatic adjustments, groundwater flow, fluid 

and gas expulsion, met-ocean conditions, and seismic loading. 
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Figure 7-13.  (A) Seafloor rendering of the Glencoe survey area on the eastern flank of Scarborough Arch.  Grid marks are 10 km.  Arcuate scarp is the headscarp 
of a >65 km-long landslide complex.  (B) Bathymetric profile showing landslide headscarp and seafloor ripples.  Ripples are sedimentary drape that overlie 
displaced soil blocks at depth. 
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Figure 7-14. Example of late Quaternary faulting affecting the continental slope along Outer Shelf fault zone 
near Rowley Shoals. From seismic line ls98-196_m (Cortese et al., 2014). 
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7.4 CONCLUSIONS 
The following conclusions are summarized from the prior chapters.  Chapter 2 presented an introduction 

to the concepts of hazard and risk and provided a framework for the subsequent chapters on active 

tectonics, source characterization, seismic hazard analysis, and seafloor stability.  The key points 

included the following: 

• There are five general types of earthquake related geohazards, including: (1) primary surface 

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

seismically induced slope failure, and (5) tsunami. 

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

vulnerability, and consequence; 

• Probabilistic seismic hazard analysis (PSHA) is a particularly useful approach for assessing 

hazards 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 pot en t ia l  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. 

Chapter 3 presents the results of geological, geophysical and seismological investigations along a 

350,000 km2 area on the northern part of Australia’s NWS.  These data demonstrate the presence of a 

system of predominantly transcurrent faults that extend along the margin of northwestern Australia.  The 

activity along this fault system is inferred to be related to kinematic changes along the northern plate 

boundary.  Faults in this system were characterized for input to the PSHA as described in Chapters 4 and 

5.  The key findings of the investigation into tectonic processes on the northwestern Australian 

continental margin include: 

• The faults coincide with northeast trending gravity anomalies that are associated with major 

Mesozoic rift-related basins along the northwestern extended margin of the Australian plate; 

• 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; 

• Focal mechanism solutions and patterns of fault deformation in the area between ~20°S and 

Ashmore Reef are consistent with right-lateral strike slip deformation on northeast trending 

fault planes; 
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• 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; 

• 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; 

• Horizontal slip rates are inferred to be between 1 and 10 times the vertical slip rates; 

• Stratigraphic indicators suggest that the current period of fault reactivation coincides with the 

time when Australian continental crust blocked the westernmost part of the paleo-Banda 

subduction zone along the Sumba promontory and Savu-Rote Ridge between 1 and 3 Ma; and, 

• The geographic extent and characteristics of faulting indicate that the Australian Plate is not a 

perfectly rigid block, as assumed in many plate motion models. 

Chapter 4 presented a preliminary seismic source characterization for the Western Australia Shear Zone 

(WASZ) between Scott Reef and the area offshore of Dampier. This characterization provided examples 

of the magnitude, slip rate, and recurrence characteristics of faults in the WASZ.  The analyses indicated 

that: 

• Individual fault segments may produce large magnitude earthquakes on the order of Mw 7.1 to 

7.6; 

• Faults have average recurrence intervals on the order of 2,000 to 12,000 years; 

• The cumulative geologically-based earthquake recurrence is generally consistent with 

seismologically based magnitude frequency distribution (Figure 7-6) with recurrence intervals 

of about 500 to 1,000 years for magnitude 7.0 to 7.5 events on the northwestern extended margin 

of Australia.   

Chapter 5 presented the results of two alternative PSHAs for the NWS and surrounding Sunda and Banda 

arc regions.  Detailed information on the characteristics of all seismic sources used in the PSHA was 

presented.  The results of the two PSHA’s provide a quantitative comparison of two alternative seismic 

source modelling approaches commonly used in developing inputs for PSHAs.  The PSHA results show 

that: 

• On the NWS peak ground acceleration is controlled by moderate to large magnitude earthquakes 

(5.0<Mw<7.0) at moderate source to site distances (50 km);   

• Inclusion of fault sources has a significant influence both on the spatial pattern and amplitude 

of strong ground shaking;   
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• PGA values increase within about 40 km of fault sources with a significant (<20%) contribution 

to the hazard, even at the 1,000-year return period;  

• PGA values for Model B (with faults) are up to a factor of two higher at the 10,000-year return 

period compared to Model A (areal source zone model);   

• Because faults are now known on the NWS, Model B more accurately reflects the areas of high 

hazard near faults and reduced hazard away from faults;  

• Because Mmax values are reduced for the areal source zones that host fault sources the PGA 

values can be lower for the parts of areal source zones that are located greater than 

approximately 40 km from the faults (e.g. Figure 7-11); and, 

• The results of these PSHAs highlight the importance of moving away from seismic source 

models that solely rely on large areal source zones and carrying out fit for purpose investigations 

to support the modelling of distinct fault sources, even in low seismicity areas. 

Chapter 6 presents the seismic geomorphological analyses of six exploration seismic survey areas on 

Exmouth Plateau.  The seismic analyses identified several types of slope failures that range in size from 

several tens of meters to greater than 60 kilometres across.  The slope failures show a range of failure 

mechanisms from small debris flows and topple failures to large scale Mass Transport Complexes 

(MTC).  Some of the observed characteristics of these slides are summarized below: 

• Slide lengths vary from 2.6 to 60 km; 

• Slide widths vary from <1 km to >60 km; 

• Slide thicknesses varies from 8 to 300 m; 

• Slide volumes range from 40 m3 to over 100 km3; and, 

• All slides occur on slopes less than 2°, and most slides occur on slopes less than 1°. 

The characteristics of the landslide deposits suggest different velocities of failure events.  For example, 

the relatively intact soil blocks observed in the Chandon and Glencoe slides suggest that these events 

were relatively slow failures, while the large dispersed debris fields observed at the Gorgon LS-1 and 

Willem LS-2, -3 and -4 sites are used to infer that these were relatively rapid failures.  The velocity of 

landslide failure is an important consideration for performance analysis of subsea infrastructure that may 

lie in the path of these events. 

Although a quantitative analysis of slope failures and triggering mechanisms has not yet been carried out, 

the geomorphic observations provide indications of the types of mechanisms that might be controlling 

slope processes along the Exmouth slope:   
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• Small to moderate failures such as debris flows in canyons and on fans, and translational failures 

on the lower slope may be occurring under sediment loading and gravitational instabilities (i.e. 

static slope failures);   

• Large MTC’s such as those observed at Gorgon and in the Willem subsurface appear to be 

related to factors including increased stratigraphic dips above inversion structures, fluid and gas 

expulsion, and near surface faulting;   

• Fluid expulsion features are frequently associated with slope failures (e.g. Gorgon Slide #2) and 

so this also may be a common triggering mechanism; and, 

• Seismic loading has a high probability of being a significant triggering mechanism. 

The investigation of faulting on the NWS shows there is a system of Quaternary active faults that extend 

along the continental shelf and slope in northwestern Australia.  These structures are shown to be 

seismogenic sources capable of producing large magnitude earthquakes.  In some locations, faults are 

seen to directly coincide with the continental slope, and therefore pose hazards from surface fault rupture 

and high ground accelerations.  The results of the PSHA show that the ground accelerations expected 

along the fault sources are sufficient to provide the opportunity for slope failures to occur on susceptible 

slopes.  These levels of ground shaking may occur at frequencies of 10-3 to 10-4 per year, and therefore 

seismically triggered slope failures can pose hazards at periods of concern in a risk-based framework.  
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