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Abstract Australia’s northwestern passive margin intersects the eastern termination of the Java trench
segment of the Sunda arc subduction zone and the western termination of Timor trough along the Banda
arc tectonic collision zone. Differential relative motion between the Sunda arc subduction zone and the
Banda arc collision zone has reactivated the former rifted margin of northwestern Australia evidenced by
Pliocene to Quaternary age deformation along a 1400 km long offshore fault system. The fault system has
higher rates of seismicity than the adjacent nonextended crustal terranes, has produced the largest historical
earthquake in Australia (1941 M, 7.3 Meeberrie event), and is dominated by focal mechanism solutions
consistent with dextral motion along northeast trending fault planes. The faults crosscut late Miocene
unconformities that are eroded across middle Miocene inversion structures suggesting multiple phases of
Neogene and younger fault reactivation. Onset of deformation is consistent with the timing of the collision of
the Scott Plateau part of the passive continental margin with the former Banda trench between 3.0 Ma and
present. The range of estimated maximum horizontal slip rates across the zone is ~1.4 to 26 mmyr~', at the
threshold of geodetically detectable motion, yet significant with respect to an intraplate tectonic setting. The
folding and faulting along this part of the continental margin provides an example of intraplate deformation
resulting from kinematic transitions along a distant plate boundary and demonstrates the presence of a
youthful evolving intraplate fault system within the Indo-Australian plate.

1. Introduction

Major lithospheric transitions along plate boundary systems cause significant changes in structural geometry
and style of deformation, such as the initiation or termination of subduction zones, changes from subduction
to collisional or transcurrent tectonic regimes, and the triggering of deformation in adjacent intraplate
regions. Examples where the transition from one type of crust to another affect the nature of tectonic
processes along the Indo-Australian plate include the following: the southern termination of the Hikurangi
trench and initiation of the Alpine fault system at the intersection with Chatham Rise in New Zealand
[Wallace et al., 2004], the eastern termination of the Makran subduction zone and initiation of the Chaman
fault zone at the western margin of Indian continental crust [Jacob and Quittmeyer, 1979], and the western
termination of the Sunda arc subduction zone and transition to the Himalayan collision at the eastern margin
of Indian continental crust [Deplus et al., 1998]. The eastern termination of the Java trench segment of the
Sunda Arc subduction zone at the Indian Ocean crust-Australian continental crust transition (Figure 1) is an
additional example of the changes in plate boundary architecture that can occur at these major lithospheric
transitions. These changes in plate dynamics cause not only intense local deformation, such as development
of transcurrent fault systems, large-scale nappe structures, and thrust fronts (e.g., outer Banda Arc) [Harris
et al., 2009; Audley-Charles, 2011], but also far-field intraplate deformation [Delescluse and Chamot-Rooke,
2007]. Seismicity related to the far-field intraplate deformation in the Indian Ocean includes large-magnitude
earthquakes such as the 2012 M,, 8.7 Indian Ocean [Yue et al., 2012] and the 1906 M;7.8 Exmouth events
[Geller and Kanamori, 1977].

In this paper, we examine the pattern of intraplate deformation occurring along the western continental mar-
gin of Australia in response to the changes in structural style and relative motion between the Java trench
segment of the Sunda arc subduction zone and the Banda arc collision zone. First, we examine the kinematic
framework along the northern plate boundary zone, and then we use exploration seismic data to document a
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Figure 1. Regional location map showing major tectonic elements and seismicity in the central Indo-Australian Plate. Seismicity catalog compiled from multiple
reporting agencies (Table 1). Events of M,,>0.0 are shown for period 1815 to 2015. See Figure 2 for a plot of well-located events from the ISC-GEM catalog
[Storchak et al., 2013]. Basin boundaries are from Geoscience Australia [Stewart et al., 2013].

system of faults that extends across the Browse, Roebuck, and northern Carnarvon basins on Australia’s North
West Shelf (Figure 1). In conclusion, we present a tectonic framework for intraplate deformation in the central
Indo-Australian plate.

2. Regional Tectonic Setting

The Indo-Australian plate is migrating northward along an azimuth of 011° to 015° at a rate of 75 mm/yr rela-
tive to Eurasia (Figure 2) [DeMets et al.,, 1994] and 66 to 72mmyr™" relative to a fixed Sunda Shelf reference

Table 1. Reporting Agencies Used to Compile Seismicity Catalog for Figure 12

Agencies
AUS Geoscience Australia, Canberra, Australia
AWI Alfred-Wegener Institute of Seismology
BJI Beijing, China
BKK Bangkok, Thailand
DJA Djakarta, Java, Indonesia. Includes only events north of 13° south latitude.
GCM Menlo Park, California
GFzZ GeoForschungsZentrum (GFZ), Potsdam, Germany
GS United States Geological Survey, Denver, Colorado
GSO United States Geological Survey, Denver, Colorado
ISC International Seismological Centre, Newbury, UK
ISC-GEM International Seismological Centre-Global Earthquake Model
KLM Kuala Lumpur, Malaysia

*The catalog is for the period 1815 to 2015 and includes all events greater than M,, 0.0.
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Figure 2. GPS velocities of Sunda and Banda arc region. Large black and grey arrow shows motion of Australia relative to Eurasia [DeMets et al., 1994]. Thin black arrows
show GPS velocities of Sunda and Banda arc regions relative to Australia [Nugroho et al., 2009]. Seismicity from ISC-GEM catalog [Storchak et al., 2013]. Note reduction of
station velocities from west to east indicating progressive coupling of the Banda arc to the Australian plate compared to the area along the Sunda arc.

frame [Genrich et al., 1996, Chamot-Rooke and Pichon, 1999; Tregoning, 2003; Bock et al., 2003; Nugroho et al.,
2009]. The plate is converging with the Sunda arc subduction zone and the Banda arc tectonic collision zone,
which in this region form the northern plate boundary (Figure 1). The northwestern margin of the Australian
continent is referred to as the North West Shelf. This region is a passive tectonic margin [Bird, 2003] that
underwent continental rifting in the Paleozoic and Mesozoic eras [Yeates et al., 1987; Australian Geological
Survey Organization North West Shelf Study Group, 1994]. The intersection of the Australian continental
lithosphere with the northern plate boundary has profoundly changed the style of deformation both
along the trend of the plate boundary zone and across the deformation front [Silver et al., 1983; McCaffrey,
1988; Audley-Charles, 2004, 2011; Fleury et al., 2009; Harris et al., 2009]. There is northward directed Benioff-
style (Type B) subduction [Bally, 1983] of Indian oceanic crust west of Scott Plateau at ~120°E longitude
[Hamilton, 1979; Shulgin et al., 2009] (Figure 3a). However, east of this longitude the oceanic crust has been
fully consumed and subduction along the middle Miocene age paleo-Banda trench has ceased (Figure 3b)
[Silver et al., 1983; McCaffrey, 1988; Hall, 2011; Harris, 1991, 2006; Audley-Charles, 2011]. The former subduction
zone has become blocked by Australian continental lithosphere and has evolved into an Ampferer (Type A)
tectonic collision zone [Bally, 1983] where the former accretionary prism has emerged along large-scale
nappe structures to form Timor and Sumba islands [Audley-Charles, 1975, 1985; Keep et al., 2003;
Duffy et al., 2013] and the Suva-Rota ridge [Roosmawati and Harris, 2009; Rigg and Hall, 2011]. Shortening
of ~24 mm yr_1 now occurs between Timor and the Australian plate [Genrich et al., 1996; Bock et al., 2003;
Nugroho et al, 2009] (Figure 2). As the paleo-Banda subduction zone became blocked and Timor
and Sumba islands emerged, the northern margin of the Australian plate began to override the Banda Sea
oceanic crust along the Flores-Wetar thrust [Silver et al., 1983; McCaffrey, 1988; Breen et al., 1989; Snyder
et al.,, 1996].
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Figure 3. Comparison of hypocentral profiles across the (a) Java subduction zone and (b) Timor collision zone (paleo-Banda trench). Catalog compiled from multiple
reporting agencies listed in Table 1. Events of M,, > 4.0 are shown for period 1815 to 2015.

Focal mechanism solutions in the region indicate that styles of deformation vary along the length of the
northern plate boundary zone, with depth across the boundary zone, as well as along the passive margin
of western Australian (Figure 4a). We have plotted centroid moment tensor (CMT) solutions [Dziewonski et al.,
1981] from the CMT Project [Ekstrom et al., 2012] and data from Revets et al. [2009] by depth intervals to
illustrate variations in patterns of deformation. The area along the outer Banda Arc east of 123°E longitude
between Timor and the Timor trough is characterized by shallow (0-19.99km) to intermediate depth
(20-39.99 km) reverse and sinistral reverse-oblique deformation (Figure 4b). This is consistent with the obli-
que shortening measured between Timor and Australia [Genrich et al., 1996; Nugroho et al., 2009]. Midcrustal
to deep-crustal seismicity (>20 km) occurs along the outer continental margin of the Australian plate, south
of Timor trough (Figure 1), and available events yield normal focal mechanism solutions (Figure 4b).
Geophysical data from the outer Australian continental shelf also show that the dominant style of crustal
deformation involves normal faulting related to downward flexure of the continental lithosphere as it
becomes involved with the Banda collision [Langhi et al., 2011; Sagab and Bourget, 2015]. Deep focus events
occur north of the inner Banda arc (Flores and Wetar islands) and are characterized by normal and normal-
oblique slip related to deformation of the subducted slab (Figure 4).

The style of deformation west of 120°E longitude changes compared to the Banda arc collision to the east
(Figure 4c). Shallow (0-19.99 km) to intermediate depth (20-39.99 km) events follow the Java trench and are
characterized by normal and normal-oblique slip mechanisms related to bending of the Indian oceanic litho-
sphere as it approaches the trench. North of the trench midcrustal to deep-crustal (40 to 99.99 km) thrust events
occur along the main locked part of the plate boundary, while deep focus (>100 km) normal events occur north
of the plate interface zone and northward of the island arc within the subducted Indian Ocean slab.

Along the extended margin of western Australia between the northern plate boundary and ~20° south lati-
tude focal mechanisms demonstrate dominantly dextral strike slip or dextral-oblique slip deformation on
northeast trending fault planes (Figure 4a) [Revets et al., 2009; Keep et al., 2012]. However, left-lateral, reverse,
and normal events also are recorded. For example, the 23 April 1979 M,, 6.2 earthquake (Figure 4a) was inter-
preted as a left-lateral strike slip event that occurred within the westernmost part (offshore) of Fitzroy trough
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Figure 4. (a) Focal mechanism solutions for the study region. The focal mechanisms are classified based on depth intervals to illustrate the style of faulting within the
different structural domains. Note (b) sinistral reverse motion along Timor trough, (c) subduction related pattern along Java trench, and dextral solutions along the
western Australia extended margin (Figure 4a) north of 20°S. Centroid moment tensor (CMT) solutions [Dziewonski et al., 1981] are from the CMT project [Ekstrém
et al,, 2012; http://www.globalcmt.org/CMTcite.html] for events of M,, > 5.0 for the period 1976 onward.

(Figure 1) [Fredrich et al., 1988], a northwest trending failed rift system, rather than along the northeast trend-
ing continental margin. Although the available depth resolution is poorly constrained for earthquakes within
the Australian continent we infer that these are shallow to intermediate depth (<40km) events that occur
above the Moho within the continental lithosphere.

The islands of Sumba, Savu, and Rote align with the northwestern most margin of the Australian continental
plate (Figures 1, 2, and 4b) and are emerging and internally deforming as a result of the collision [Harris et al.,
2009; Roosmawati and Harris, 2009; Shulgin et al., 2009; Rigg and Hall, 2011]. During the past 2 Ma, pelagic
deposits from the offshore areas of Rote and Savu have been uplifted along large-scale thrusts at rates of
~1.5 and 23mmyr~", respectively [Roosmawati and Harris, 2009]. Sumba, Savu, and Rote also are moving
in a 011°E to 015°E direction, but at 23 to 32 mm yr’1 (relative to a fixed Sunda Shelf reference frame)
[Harris et al., 2009; Nugroho et al., 2009]. This is about one third to one half the velocity of the Australian plate;
thus, these islands are partially coupled to the leading edge of the Australian plate. This implies that the
remaining two thirds of Australian plate motion is accommodated by distributed deformation on other regio-
nal structures. To illustrate the rate of contraction between the Banda arc and Australia, we illustrate selected
GPS station velocities relative to fixed Australia reference frame (Figure 2) [Nugruho et al., 2009], which show
that Timor, Rote, Suva, and Sumba are colliding with Australia at a rate of 24 to 39 mm/yr. The collision also is
causing regional downwarping of the northern ~500 km of the Australian plate [Langhi et al., 2011], recogniz-
able by the giant 500 km wide continental shelf [Bourget et al., 2012], sinuous shoreline morphology
(Figure 1), drowned Last Interglacial reef deposits [Collins, 2002], and submerged sea level lowstand coastal
landforms and deposits (Figure 5) [Hengesh et al., 2011].

Geomorphic and stratigraphic observations provide constraints on subsidence rates in Browse and Roebuck
basins. Scott Reef and Rowley Shoals are atolls located on the outermost continental shelf that have formed
through long-term crustal subsidence (Figure 1). Drilling, sampling, and dating programs at Scott Reef and

HENGESH AND WHITNEY

RECENT FAULTING IN NW AUSTRALIA 5


http://www.globalcmt.org/CMTcite.html

@AG U Tectonics 10.1002/2015TC004103

Paleo sea level indicator elevations used on sea level prediction plot

Marine .
Formation | Current Elev. .
Isotope . A B Subsidence
Elevation | Elevation | Difference | Age (Ka)
Stage (m) (m) (m) Rate mm/yr
(MIS)
2 -120 -125 -5 18 -0.28
Se* 5.5 -30 -35.5 125 -0.28
6 -128 -155 -27 137 -0.20
8 -108 -180 -72 250 -0.29

* = 5e elevation reported by Collins, 2002 from Scott Reef.

Elevation (m)

12

Thousands of years before present
B i L e e e e L e e M
0 50 100 150 200 250 300 350 400 450 500

Figure 5. Sea level prediction curves and estimated subsidence rates for submergent estuarine features and strand lines in
northern Browse basin [Hengesh et al., 2011]. Depth and age of MIS 5e from Scott Reef [Collins, 2002] provide baseline
subsidence curve. Solid black curve and dashed uncertainty bands from Waelbroeck et al. [2002] and grey curves from
Rohling et al. [2009].

Rowley Shoals, identified marine isotope stage (MIS) 5e corals (~125 ka) at —30m and —27 m elevations,
respectively [Collins, 2002; Collins and Testa, 2010]. The age and elevation of these corals yield a subsidence
rate of —0.28 mmyr~' at Scott Reef and —0.2 mm yr—' at Rowley Shoals. Marine geomorphological investi-
gations in Browse basin also identified submergent strandlines, lowstand beach ridges, and estuarine tidal
channel features at —180 m, —155m, —30m, and —125 m depths (Figure 5) [Hengesh et al., 2011].

We used a sea level fluctuation curve [LaJoie et al., 1991] to calculate subsidence rates for submergent shore-
line features in northern Browse basin. The subsidence rates were calculated using the MIS 5e sea level eleva-
tion data for Scott Reef [Collins, 2002] to establish a baseline subsidence rate. The sea level fluctuation curve
demonstrates that the observed submerged shoreline features correlate to marine isotope stages 8, 6, 5, and
2 and are consistent with subsidence rates of 0.2 to 0.29 mmyr~' (Figure 5).

A system of faults follows the offshore continental margin of western Australia (Figure 1). The faults extend
1400 km southward, from the intersection of the extended continental margin with the northern plate
boundary east of Scott Plateau, to the Cape Range. These structures display evidence of late Neogene to
Quaternary deformation [Keep and Moss, 2000] including folding and faulting of the seafloor and shallow
subbottom sediments [Simpson and Cooper, 2008]. A zone of deformation then continues onshore for an
additional 600 km [Whitney and Hengesh, 2015a, 2015b; Whitney et al., 2015].

3. Active Tectonic Structures Along Australia’s Western Passive Margin

We have interpreted 2-D and 3-D seismic data from Browse, Roebuck, and Northern Carnarvon basins
(Figure 1) to assess the characteristics of post Neogene intraplate deformation along the rifted continental
margin of western Australia, south of the northern plate boundary (Figure 6). We use the Geoscience
Australia Browse Basin High Resolution (BBHR) 2-D survey data to provide basin-wide coverage and 3-D
data to illustrate more detailed characteristics of faulting within northern Browse basin (see box on inset
of Figure 1). The Geoscience Australia data release [Cortese et al., 2014] also was used to assess faulting
within the Roebuck and northern Carnarvon basins. We focused on assessing deformation above the late
Miocene horizon, which is consistent with the Pliocene to Holocene interval in Browse basin [Simpson and
Cooper, 2008], and the late Miocene in the Roebuck and Carnarvon basins [Cortese et al., 2014]. This
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Figure 6. Merged free-air and isostatic gravity anomalies and inferred Quaternary active faults along the western margin of Australia [Geoscience Australia, 2009].
Note the association of faults with areas of high gravity anomaly associated with former rift margin basins.

section was selected as its age corresponds to the timing of the onset of collision along the Sumba, Savu,
and Rote islands part of the northern plate boundary [Roosmawati and Harris, 2009] and eliminates poten-
tial confusion with earlier Neogene reactivation [Keep et al., 2007; Keep and Harrowfield, 2008] and rift era
structures [Cathro and Karner, 2006].

We discuss three primary zones of faulting. From north to south these include the following: the Inner
Basin fault zone, a dense zone of seafloor faults within northern Browse basin; the Outer Shelf fault zone,
a transcurrent zone of faults along the outer continental shelf that extends from Scott Reef to Rowley

Figure 7. Perspective view to northeast across North Browse 3-D survey showing faulting of a horizon near the base of the
Pliocene section. See box on inset of Figure 1 for location.
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Figure 8. Perspective view to northeast across North Browse 3-D survey showing faulting of seafloor horizon. See box on
inset of Figure 1 for location.

Shoals; and the Inner Shelf fault zone, a zone of shorter less continuous transcurrent faults that extend
along the inner continental shelf from northeastern Browse basin to the area offshore of Dampier penin-
sula (Figure 1). Figure 6 shows the faults superimposed on the merged free-air and isostatic gravity anom-
aly map [Geoscience Australia, 2009] for western Australia and the eastern Indian Ocean. The gravity data
illustrate the location and extent of the Paleozoic and Mesozoic age basins that compose the Westralia
Superbasin of Yeates et al. [1987] along the former rifted margin. The steep anomaly gradients along
the southeast and northwest sides of the basins are inferred to coincide with the main structures control-
ling the basin margins (i.e., basin bounding faults). The faults on the inner continental shelf follow the
major gravity anomalies that coincide with the eastern margin of the rift basins. The Outer Shelf fault zone

East

3250 3500 3750 4000 4250 4500 4750 5000 5250

40000 45000 50000 55000 60000

Figure 9. Portion of seismic line BBHR-11 showing faulting of the base of Pliocene and Quaternary unconformities and present-day seafloor northeast of Scott Reef in
Browse Basin. See Figure 1 for location. Offsets measured between black arrows. Vertical scale in two-way time (seconds).
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Table 2. Summary of Displacement Measurements From Inner Basin Fault Zone on Seismic Line BBHR-11%

Throw (s TWT) Displacement (m)
Figure Horizon Zone of Deformation Width of Zone (m) Minimum Maximum Minimum Maximum
Figure 9 Base Pliocene Entire fault zone 30,000 0.30 0.325 240.0 260.0
Figure 9 Quaternary unconformity Entire fault zone 30,000 0.08 0.15 64.0 120.0
Figure 10 Quaternary unconformity Individual fault strand 500 0.019 0.028 15.2 224
Figure 10 Seafloor (late Quaternary) Individual fault strand 500 0.0060 0.0068 46 5.2

“Displacement calculated using seismic velocity of 1600 m/s for shallow section (late Miocene to seafloor); seafloor offsets measured assuming a seawater
velocity of 1540 m/s.

follows the axes of the basins (Figure 6) and aligns with the continental shelf break between Scott Reef
and Rowley Shoals.

3.1. Inner Basin Fault Zone

The North Browse 3-D survey overlies the northeastern part of the Inner Basin fault zone (inset in Figure 1), a
50km wide by 100 km long zone of N70°E to N80°E trending faults that extends across northern Browse
basin. The fault zone forms a cluster of horsts and grabens that deform Pliocene and Quaternary deposits
and the seafloor. Figure 7 is a view to the northeast across the 3-D survey area that illustrates the pattern
of faulting across a horizon near the base of the Pliocene section, and Figure 8 illustrates deformation of
the seafloor in the same area. The individual faults are up to 75 km long, vertical to subvertical, and produce
alternating normal and reverse displacement along strike. The same zone of deformation was observed along
2-D seismic line BBHR-11 (Figure 9).

At the location of BBHR-11 (Figure 1), the fault zone is approximately 27 km wide with multiple subparallel
fault splays. There is an overall down-to-the-northwest sense of vertical deformation indicated by offset of
the base Pliocene and inferred Quaternary horizons (Figure 9). The green horizon marks the stratigraphic
position of the base of the undifferentiated Pliocene to Holocene interval defined by Simpson and Cooper
[2008]. The yellow horizon indicates the position of an unconformity in the upper part of the Pliocene to
Holocene section [Simpson and Cooper, 2008], which is inferred to be of Quaternary age.

West East
Shotpoint, 4350 ‘ 4400 ‘ 4450 ‘ 4500 ‘
Offset (meters) 62500 63000 63500 64000 64500 65000 65500 66000
1 1 1 1 1 1 1 1 1 1 1 1 1 1

0.40

(A)46mto52m
seafloor offset

\

Two-way Travel Time (seconds)

—— ]
Bampeor — |-
“rootless fault

Figure 10. Enlargement showing shallow faulting along BBHR-11 where it crosses the Inner Basin fault zone. Note offset of seafloor (A) and inferred Quaternary
unconformity (B) across fault splays. Unconformity at the base of Pliocene section faulted down to the west and out of view. Vertical scale in two-way time (seconds).
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Figure 11. Example of transpressional faulting from BBHR-01 along Barcoo fault section [Keep and Moss, 2000] of the Outer Shelf fault zone north of Rowley Shoals.
Vertical scale in two-way time (seconds). Location shown in Figure 1.

The base Pliocene horizon (Figure 9) is offset by faults that have produced 0.300 to 0.325s two-way travel time
(TWT) (240 to 260 m assuming 1600 m/s p wave velocity) cumulative down-to-the-northwest vertical displacement
(Table 2). The faults extend upward through the section and have produced 0.08 to 0.15s TWT (~64 to 120 m)
cumulative down-to-the-west vertical displacement of the inferred Quaternary unconformity in the upper part of
the Pliocene to Holocene section. Displacement of the inferred Quaternary unconformity across one of the indivi-
dual fault strands (Figure 10) is approximately 0.019 to 0.028 s TWT (15 to 22 m). Displacement of the seafloor across
the same fault strand is 0.006 to 0.0068 s TWT (4.6 to 5.2m assuming a seawater velocity of 1540 m/s). Although
there is an overall down-to-the-northwest sense of displacement, the sedimentary sequences and unconformities
between individual fault strands within the Inner Basin fault zone are anticlinally folded. The inferred Quaternary
unconformity between points (a) and (b) on Figure 9 has been eroded from the top of the fold.

The Inner Basin fault zone extends across northern Browse basin from the northeastern part of the basin near
the Browse-Bonaparte transition southwestward toward Scott Reef (Figure 1). This zone of deformation inter-
sects the northern end of the Outer Shelf fault zone southeast of Scott Reef.

3.2. Outer Shelf Fault Zone

The Outer Shelf fault zone initiates at the southern end of the Inner Basin fault zone in the central Browse basin
and extends approximately 500 km to the southwest (Figure 1). The fault extends from an area approximately
30km southeast of Scott Reef to 13 km east of Imperieuse Reef, the southernmost of the Rowley Shoals
(Figure 6). The N70E° to N80°E trending faults of the Inner Basin fault zone transition to the N35°E to N50°E trend
of the Outer Shelf fault zone (Figure 6). The Outer Shelf fault zone consists of two sections. The northern section
is approximately 280 km long and bounds the east side of an ~ 200 km long anticline, referred to in petroleum
exploration literature as the Barcoo fault and Lynher structure [Struckmeyer et al., 1998; Keep and Moss, 2000].
The southern section of the Outer Shelf fault zone is approximately 220 km long and extends from the southern
end of the northern fault section to Rowley Shoals. The Rowley Shoals are a series of atolls, similar to Scott Reef,
located on the outer continental shelf in the Roebuck Basin (Figures 1 and 6) [Collins and Testa, 2010].

Between Scott Reef and Rowley Shoals the fault is expressed as both a fault-bounded fold and a zone of trans-
tensional structures. Approximately 200 km south of Scott Reef, seismic line BBHR-01 (Figure 1) shows that
the fault zone dips steeply to the west, extends to the shallow subbottom, and forms an east verging fold

HENGESH AND WHITNEY
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Figure 12. Close-up view of transpressional faulting from BBHR-01 on Outer Shelf fault zone north of Rowley Shoals. Vertical scale in two-way time (seconds).
Location of close-up view shown in Figure 11.

West East West East West East
(A) (B)

Two Way Travel Time (TWT, Seconds)

Figure 13. Examples of late Quaternary faulting along the Outer Shelf fault zone near Rowley Shoals. Styles of deformation include (a) transpressional, (b) dominantly
transcurrent, and (c) transtensional with negative flower structure. (top row) Uninterpreted and (bottom row) interpreted. Vertical scale in two-way time (seconds).
Location shown in Figure 1. White and black arrows shown in Figure 13c (bottom) illustrate locations where minimum and maximum offset measurements were
taken on late Miocene unconformity.
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Table 3. Summary of Displacement Measurements Across Seismic Line BBHR-01 on Outer Shelf Fault Zone

Figure Horizon

Throw (s TWT) Displacement (m)

Zone of Deformation Minimum Maximum Minimum Maximum

Figure 12 Seafloor (late Quaternary) Fault on east side of east verging anticline 0.025 0.04 19.3 30.8
Figure 13 Late Miocene

Fault-bounded graben; negative flower structure 0.17 0.30 132.0 240.0

West

Shotpoint ‘
Offset (meters)

0.5

2.0

Two-way Travel Time (seconds)

3.0

3.5

20|00

" 20000

on the hanging wall side of the fault (Figure 11). The seabed is tilted approximately 0.5° to 1.0° to the east
(against the 0.5° to 1.0° westward gradient of the continental shelf) with 0.025 to 0.04 s TWT (19 to 31 m) uplift
or warping of the seabed across the fold (Figure 12). The uplift has produced at least two erosional unconfor-
mities directly beneath the seabed pulse that starts at the slope inflection (Figure 12). West dipping subsidi-
ary thrusts deform the shallow section on the east side of the fault.

The Outer Shelf fault zone changes expression from transpressional to transtensional styles of deformation along
strike. Near Rowley Shoals (Figure 6) the fault is expressed as a ~15 km wide zone with multiple fault strands that
have a normal, down-to-the-west sense of deformation (Figure 13a), a single near-vertical fault strand (Figure 13
b), and a ~5 km wide negative flower structure (Figure 13c). The fault geometry and sense of displacement are
consistent with transtensional, transcurrent, and transpressional deformation. Near the southern end of the fault
zone, south of Rowley Shoals, the fault has locally produced 0.17 to 0.3s TWT (136 to 240 m) down-to-the-west
displacement of the late Miocene horizon across a series of fault splays that form a negative flower structure and
extends to the shallow subbottom just beneath the seafloor (Table 3 and Figure 13c).

3.3. Inner Shelf Fault Zone

The Inner Shelf fault zone extends along the eastern side of the Browse and Carnarvon basins (Figure 6). The
faults follow gravity anomalies on the eastern basin margins (Figure 6) but are less continuous than structures
along the Outer Shelf fault zone. Fault segments are observed extending between 60 and 180 km in length.

Seismic line BBHR-04 crosses multiple fault strands across an approximate 40 km wide deformation zone
(Figure 14). The western strand of the fault zone (Figure 15) dips steeply to the east and produces a down-

3000 ‘ 4000 5000 6000 7000

R I U L T R T S T R R R S A R R T N S S R S S S E R R R G
30000 40000 50000 60000 70000 80000 90000 100000 110000 120000

Figure 14. Portion of seismic line BBHR-04 showing faulting of the late Miocene to Quaternary unconformities and present-day seafloor along the Inner Shelf fault
zone. Vertical scale in two-way time (seconds). Location shown in Figure 1.
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Figure 15. Close-up of seismic line BBHR-04 showing faulting of the late Miocene to Quaternary unconformities and present-day seafloor along the Inner Shelf fault
zone. Vertical scale in two-way time (seconds). Location shown in Figure 14. White and black arrows illustrate locations of minimum and maximum offset mea-
surements for both seafloor and late Miocene unconformity.

to-the-east displacement of the basement contact as well as an east facing scarp on the seafloor. This fault
strand has two splays that converge at depth near the basement contact. The green horizon marks the
approximate position of a late Miocene unconformity, which is overlain by Pliocene to Quaternary deposits.
The stratigraphic section between the late Miocene horizon and the seafloor has been anticlinally folded
across the western strand. The fault has produced 0.01 to 0.025s TWT (8 to 19 m) up-on-the-west seafloor
displacement (Table 4). Offset of the late Miocene horizon across the western strand of the fault ranges from
0.01 to 0.025s TWT (8 to 20 m). The fold across the late Miocene unconformity has an amplitude of 0.04 to
0.045 s TWT (32 to 36 m). The eastern strand dips vertically and has a subsidiary west dipping fault splay that
locally has tilted and folded the section adjacent to the fault.

The Inner Shelf fault zone continues southward along the eastern basin margin offshore of Dampier penin-
sula (Figure 6). This section of the fault is 180 km long, 12 km wide, and trends in an N50°E direction. The
northern end of this fault segment bends to a N9OE direction and has a normal component of motion that
displaces the late Miocene horizon and the overlying Quaternary section (Figure 16 and Table 4). This fault
segment (observed on line s136_136_24) has produced 0.15 to 0.18s TWT (120 to 144 m) of down-to-the-
north displacement of the late Miocene horizon, 0.015 to 0.018s TWT (11.8 to 14.3 m) of down-to-the-north
displacement of a ~500Ka Quaternary horizon [Gallagher et al., 2014], and 0.039 to 0.041s TWT (30.8 to

Table 4. Summary of Displacement Measurements Across Seismic Line s136_136_24_mig_time on the Southern Part of
the Inner Shelf Fault Zone

Throw (TWT, s) Displacement (m)
Figure Horizon Zone of Deformation Minimum Maximum Minimum Maximum
Figures 16 and 17 Late Miocene Entire fault zone 0.15 0.180 120.0 144.0
Figure 17 500 ka Entire fault zone 0.015 0.018 11.8 143
Figure 17 1.0 Ma Entire fault zone 0.039 0.041 30.8 325
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Figure 16. Portion of seismic line s136_136_24 showing faulting of the late Miocene unconformity and Quaternary deposits [Gallagher et al., 2014] along the Inner
Shelf fault zone, offshore Dampier. Vertical scale in two-way time (seconds). Location shown in Figure 1.

Southwest Northeast
Shotpoint 560? ’ 57(IJO ’ 58(IJO ’ 5990 ’ 60(IJO
Offset (meters) 21 OIOOO 21 2I000 214I000 21 6I000 21 8I000 220I000 222?00 224?00
L L L L L L L L

Two-way Travel Time (seconds)

Figure 17. Close-up of faulting of the Pliocene and Quaternary deposits [Gallagher et al., 2014] along the southern part of the Inner Shelf fault zone, offshore
Dampier. Portion of seismic line s136_136_24. Vertical scale in two-way time (seconds). Location shown in Figure 1.
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Figure 18. Seafloor faulting on 2-D line BBHR-12 across northern Browse basin illustrating both deep seated (possibly seismogenic) and rootless (aseismic) faults
within the Inner Basin fault zone. Vertical scale in two-way time (seconds). Location shown in Figure 1.

32.5m) of down-to-the-west displacement of a ~1.0 Ma Quaternary horizon (Figure 17). The seabed is not
deformed, but the water depth at the location of the fault is only ~96 m, so this part of the continental shelf
would have been abraded through current and wave action during multiple Pleistocene sea level lowstands.
The fault zones on the continental shelf continue southward as the Flinders-Scholl Island fault zone (B. B.
Whitney et al., Styles of fault reactivation within a formerly extended continental margin, North West Shelf,
Australia, submitted to Tectonophysics, in revision, 2015).

4. Discussion
4.1. Style and Rates of Shallow Faulting in the Western Australia Shear Zone

Geophysical data collected along the North West Shelf image a 1400 km long northeast trending system of late
Neogene to Quaternary active faults that follow the former rifted continental margin of western Australia from
Ashmore Reef southward to the Cape Range (Figures 1 and 6). This fault system is referred to as the Western
Australia Shear Zone [Whitney et al., 2014; Whitney, 2015]. In the Browse and Roebuck basins, there are two sub-
parallel zones of faults that trend along the inner (eastern) and the outer (western) parts of the continental shelf;
these are referred to as the Inner Shelf and Outer Shelf fault zones, respectively. Focal mechanism solutions
along the fault system indicate a dextral strike slip sense of motion (Figure 4). Seismic data show that within
both the Inner and Outer Shelf fault zones individual fault strands can have both normal and reverse compo-
nents of secondary deformation (Figures 11 and 13) that are kinematically related to restraining and releasing
bends or step overs along fault strike. Some fault strands within these zones are observed on seismic sections to
be associated with older basin bounding structures (Figures 16 and 18) and follow the basin margins identified
on the gravity anomaly maps (Figure 6). These faults extend to basement depth and are inferred to be poten-
tially significant seismogenic sources. Another set of faults deform the shallow section but are rootless
(Figures 10 and 18). The shallower faults are interpreted to be either bending moment faults responding to fold-
ing at depth or shallow accommodation structures (such as Riedel shears) that are responding to differential
motion between adjacent fault blocks (Figures 15 and 18). Due to the shallow depth and limited potential
rupture dimensions, these shallow faults are not likely to be significant seismogenic sources, but rather second-
ary structures indicative of crustal strain associated with activity along nearby larger structures.
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The Inner Basin fault zone is interpreted to represent the northern segment of the Western Australia Shear Zone.
The fault zone trends ~N70°E to N8O°E obliquely across the Browse basin (Figures 1 and 6) and extends
between the northern part of the Outer Shelf and the northern Inner Shelf fault zones. The style of vertical defor-
mation within the zone is characterized by steeply dipping faults that bound alternating horsts and grabens
(Figures 7 and 8). We infer that the Inner Basin fault zone represents a major segmentation point along the
Western Australia Shear Zone base on the following observations: (a) there is a large change in fault orientation
from ~ N70°E to N8O°E (Inner Basin fault zone) to ~ N35°E to N50°E (Inner Shelf and Outer Shelf fault zones), (b)
the styles of faulting change from contractional or transpressional deformation along the northern section of
the Outer Shelf fault zone to extensional or transtensional deformation along the Inner Basin fault zone, and
(c) the pattern of faulting changes from a discrete through going fault (Outer Shelf fault zone) to a >50 km wide
zone of deformation along the Inner Basin fault zone. This segmentation point lies approximately 35 to 40 km
east-southeast of Scott Reef (Figure 1). The faulting pattern and style of deformation along the Inner Basin fault
zone are compatible with both a right releasing bend or step over between the Outer Shelf and Inner Shelf fault
zones and the warping and flexure occurring along the northern part of the North West Shelf.

The transtensional parts of the Outer Shelf fault zone have a down-to-the-west component of vertical
displacement (Figures 9 and 18). We use the approximate base of the Pliocene to Holocene section [Simpson
and Cooper, 2008], inferred Quaternary unconformities, middle to late Quaternary horizons [Gallagher et al.,
2014], and the seabed to estimate rates of vertical deformation (Table 5). Minimum slip rates are calculated by
dividing the minimum displacement by the maximum age, and the maximum slip rate is calculated by dividing
the maximum displacement by the minimum age. In computing these rates we make the following assumptions:

1. In Browse basin, we use geomorphological observations to constrain the age of the seafloor reflector. Our
analysis of submergent shoreline features observed on the seafloor [Hengesh et al., 2011] suggests these
features correlate to MIS 8, 6, and 2 (Figure 5). For our slip rate analyses we apply the geomorphically
constrained ages of 250,000 and 125,000 years to approximate the age of the seafloor reflector but
acknowledge the uncertainty in this approach.

2. Inthe Carnarvon and Roebuck basins, 0.5 and 1.0 Ma reflectors have been identified in the shallow section
[Gallagher et al., 2014]. We directly compute slip rates based on the age and offsets of these horizons.

3. The age of onset of regional tectonic deformation ranges from 1 to 3 Ma, consistent with the timing of the
collision along the Sumba-Savu-Rote ridge [Roosmawati and Harris, 2009; Rigg and Hall, 2011]. We use the
age of onset of the collision and measured offsets of the late Miocene horizons to estimate the long-term
Plio-Pleistocene rates of deformation.

The vertical slip rates across a 27 km wide section of the Inner Basin fault zone (Figure 9) are estimated based on
offsets of the base of the Pliocene to Holocene section [Simpson and Cooper, 2008] and an inferred Quaternary
unconformity (Table 5). The estimated vertical slip rates range from 0.06 to 0.26 mm/yr. The estimated vertical
slip rates across one of the individual fault strands (measured a distance of 500 m across the fault zone) for the
seafloor and inferred Quaternary horizon range from 0.02 to 0.04 mm/yr. The slip rates based on offsets of the
inferred Quaternary unconformity and the Pliocene to Holocene section are in good agreement, as are the rates
based on offsets of the seafloor and the inferred Quaternary unconformity for the individual fault trace (Table 5
and Figures 9 and 10). We infer, based on the position of some upward fault terminations within the lower
Pliocene section, that deformation along the continental shelf had begun by the early to middle stages of
the collision along the Sumba-Savu-Rote ridge [Roosmawati and Harris, 2009; Rigg and Hall, 2011].

The maximum estimated vertical tectonic slip rates across the Inner Basin fault zone approximate the sub-
sidence rates of ~0.28 mm/yr at Scott Reef [Collins and Testa, 2010] on the western side of the Outer Shelf
fault zone (Figure 5). This indicates that the subsidence of the outer continental shelf, and Quaternary
submergence of Scott Reef, is at least partly related to the overall down-to-the-west pattern of tectonic
deformation occurring along the Inner Basin fault zone. An additional component of vertical deformation
may be caused by regional downwarping of the Australian plate as a result of the accretion of the
Sumba to Timor section of the Banda arc onto the northern Australian continental shelf [Audley-Charles,
2004, 2011; Duffy et al., 2013].

The style of deformation along the northern part of the Outer Shelf fault zone is characterized by faulting
along the eastern margin of an east verging anticline (Figure 11). Along seismic line BBHR-01 the seafloor
has been uplifted and folded across the anticline (Figure 12). The shallow subbottom stratigraphy has been
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Table 6. Summary of Estimated Vertical and Horizontal Slip Rate Values
Vertical Slip Rate (mm/yr) Horizontal Slip Rate (mm/yr)

Minimum  Average Maximum  Minimum (1:1 H/V)  Average (5:1 H/V) Maximum (10:1 H/V)

Inner Basin 0.02 0.14 0.26 0.02 0.70 2.60
Outer Shelf (north) 0.08 0.16 0.25 0.08 0.81 246
Inner Shelf (north) 0.03 0.09 0.15 0.03 0.45 1.50

Average 0.04 0.65 22
Outer Shelf (south) 0.05 0.14 0.24 0.05 0.71 240
Inner Shelf (south) 0.02 0.08 0.14 0.02 0.40 1.40

Average 0.03 0.56 1.9

tilted and eroded forming several erosional unconformities that we interpret to represent evidence of late
Quaternary fault activity and fold growth. The vertical fault slip rates along the northern part of the Outer
Shelf fault zone are estimated based on the amount of seafloor deformation across the fault. The estimated
vertical slip rates range from 0.08 to 0.25 mmyr~' (Table 5).

The style of deformation along the southern part of the Outer Shelf fault zone involves dextral transcurrent
motion with a down-to-the-west component of vertical displacement. The vertical slip rates along the south-
ern part of the Outer Shelf fault zone near Rowley Shoals are estimated based on offset of the late Miocene
horizon [Cortese et al., 2014] within a graben located above a negative flower structure (Figure 13c). The ver-
tical slip rates range from 0.05 to 0.24 mmyr ™ (Table 5). As with Scott Reef, the maximum estimated vertical
slip rates are in close agreement with the measured subsidence rates, about 0.2 mm/yr from last interglacial
age corals in the atolls that form Rowley Shoals [Collins and Testa, 2010]. This observation suggests that the
Quaternary subsidence of Rowley Shoals is related to the overall down-to-the-west pattern of tectonic defor-
mation occurring along the southern part of the Outer Shelf fault zone.

The Inner Shelf fault zone in eastern Browse basin is a basement related dextral transtensional structure with
both down-to-the-east and down-to-the-west senses of vertical deformation (Figure 14). At BBHR-04 the fault
has produced 8 to 19 m down-to-the-east offset of the seafloor, 8 to 20 m of offset of the late Miocene hor-
izon, and 32 to 36 m folding of the late Miocene horizon (Figure 15). The estimated late Quaternary vertical
slip rates range from 0.06 to 0.1 mmyr~' (Table 5).

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 hor-
izontal slip ratios. Horizontal to vertical slip ratios for strike slip faults commonly range from 1:1 to 10:1 [Wells
and Coppersmith, 1994; K. Coppersmith, personal communication, 2015]. We apply these ratios to the minimum,
average, and maximum slip rate values for the Inner Basin, Inner Shelf, and Outer Shelf fault zones. The esti-
mated ranges of horizontal slip rate are summarized in Table 6. The estimated horizontal slip rate values in
Browse basin therefore range from 0.02 to 2.6 mm yr_1. The estimated horizontal slip rate values to the south
in Roebuck basin range from 0.02 to 24 mmyr™". Using the average fault displacements and 5:1 horizontal to
vertical slip ratio yields mean estimated horizontal slip rate values of 0.45 to 0.81 mmyr~' for the faults in
Browse basin and 0.56 mmyr~' for the faults in Roebuck basin. The range of slip rate values is likely a minimum
as we have no data for deformation along faults on Scott Plateau, west of the continental slope.

The down-to-the-west style of faulting produces progressive downwarping of the continental shelf outboard
of the fault zones. This downwarping of the shelf explains the presence of both Scott Reef and Rowley Shoals
atolls and the anomalously deep continental shelf break that has been observed along parts of the North
West Shelf [Collins and Testa, 2010]. Submergent strandlines and paleoestuarine deposits are observed to a
depth of approximately 180 m below sea level [Hengesh et al., 2011], but the shelf break can extend to depths
greater than 500 m.

4.2. Neotectonic Framework for Australia’s North West Shelf

Three principle tectonic elements define the neotectonic framework of northwestern Australia and influence
the internal stability of the central Indo-Australian plate (Figure 19). These elements include the Java trench
part of the Sunda Arc, Flores-Wetar thrust and Timor trough part of the Banda collision zone, and the Western
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Figure 19. lllustration of major tectonic elements in triple junction geometry: tectonic features labeled per Figure 1; seismicity from ISC-GEM catalog [Storchak et al.,
2013]; faults in Savu basin from Rigg and Hall [2011] and Harris et al. [2009]. Purple line is edge of Australian continental basement and fore arc [Rigg and Hall, 2011].
Abbreviations: 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.

Australia Shear Zone. These three tectonic elements intersect near the Ashmore Reef-Savu basin region.
Although the Western Australia Shear Zone is a youthful evolving fault system with limited long-term displa-
cement, the kinematic characteristics of the region are consistent with the geometry of a triple junction.

The western arm of the triple junction is defined by the Java trench subduction zone where Jurassic age Indian
oceanic crust [Robb et al, 2005] is subducting at a rate of 66 to 72 mmyr . The Java subduction zone is charac-
terized by efficient subduction [Berryman et al., 2015; Pacheco and Sykes, 1992] of oceanic crust producing a north
dipping Benioff zone that extends to more than 640 km depth (Figure 3). The Java subduction zone now termi-
nates at a longitude of approximately 120°E. Type B subduction along the Sunda Arc, and former Banda trench,
began about 12 Ma [Hall, 2011] and triggered an earlier phase of reactivation along faults on the North West Shelf.

The eastern arm of the triple junction is defined by the south dipping Flores-Wetar thrust and north dipping
Timor tectonic collision zone (Figure 19). Together these accommodate south directed subduction of the
Banda Sea plate beneath the northern continental margin, as well as south directed back thrusting and obduc-
tion of the former Banda subduction zone accretionary prism onto the continental margin [Audley-Charles, 2011;
Spakman and Hall, 2010]. This arm of the plate boundary extends 1200 km eastward along the outer Banda Arc
from the termination of the Java trench. The Ashmore Reef to Timor segment of the outer Banda Arc now is
undergoing sinistral-oblique deformation related to the highly oblique sense of motion between Australia and
Timor. Nugroho et al. [2009] measured 24 to 39mmyr~' south-southwestward motion of Sumba, Rote, and
Timor with respect to a fixed Australian reference frame (Figure 2), which is accommodated by thrust and sinistral
strike slip faulting (Figure 4). This high rate of deformation is accommodated by numerous structures distributed
across the Australian continental shelf, Timor trough, and on the island of Timor [Duffy et al,, 2013].

The southern arm of the triple junction, the Western Australia Shear Zone, extends southward from Ashmore
Reef to the Cape Range of western Australia (Figure 17) [Hengesh and Whitney, 2014; Whitney and Hengesh,
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20153, 2015b; Whitney et al., 2015; B. B. Whitney et al., submitted manuscript, 2015]. This active fault system (e.g.,
Inner Shelf and Outer Shelf fault zones) follows the former rifted margin (Figure 6) and affects late Neogene and
Quaternary deposits, deforms the continental shelf, and locally offsets the seafloor (Figures 6-18). The Outer
Shelf fault zone includes fault segments that extend 800 km southward from Ashmore Reef to Rowley
Shoals. This fault zone continues southward to the Flinders-Scholl Island fault zone extending another
600 km to the Cape Range [Whitney and Hengesh, 2015a, 2015b]. The 1906 M, 7.8 Exmouth event occurred in
the oceanic basin offshore of the reactivated structures on the former extended margin.

The most significant phase in development of the current tectonic setting was the entry of Australian conti-
nental crust into the former Banda subduction zone. Termination of subduction and development of the
arc-continent collision began along the eastern part of the Banda arc and migrated westward along the
northern plate boundary at a rate of approximately 100 km Ma~" [Harris, 1991]. Subduction near Timor
ceased about 4 Ma after all oceanic crust was consumed [Audley-Charles, 2011]. Harris et al. [2009] and
Roosmawati and Harris [2009] have demonstrated that the collision of the westernmost Australian continen-
tal margin with the former Banda trench initiated near Sumba (3-2 Ma), then migrated southeastward to
Savu (1.8-0.5 Ma), and then Rote (1.0 Ma to present). Following completion of Type B subduction, the former
subduction zone has undergone trench rollback [Spakman and Hall, 2010], which is causing southward
thrusting of Sumba, Savu, Rote, and Timor over the northern margin of the Australian continental lithosphere
[Harris et al., 2009; Rigg and Hall, 2011]. The ongoing collision on Savu has formed both north and south
verging thrusts, has caused uplift of pelagic chalk from depths of >2500m to the surface in less than
1.0 Ma, and has caused emergence of the accretionary prism [Harris et al., 2009]. This pattern of deformation
demonstrates the high rates of strain at the leading edge of the collision. This collision is reducing the
efficiency of northward plate motion at the northwestern corner of Australia compared to the efficient
subduction of the Indian Ocean slab along java trench, to the west.

The initiation of subduction about 12 Ma coincided with the initial stage of middle Neogene fault reactivation
and basin inversion along Australia’s western passive margin [Australian Geological Survey Organization North
West Shelf Study Group, 1994; Keep et al., 1998; Cathro and Karner, 2006]. The middle Miocene inversion
structures are eroded and overlain by late Neogene erosional unconformities (Figures 9 and 11) indicating
a hiatus in deformation along the passive margin between middle Miocene and Pliocene time. The onset
of continent-arc collision in the past 3.0 Ma at Scott Plateau [Roosmawati and Harris, 2009; Harris et al.,
2009] occurred once all oceanic crust was consumed along the northern continental margin [Hall, 2011;
Audley-Charles, 2011]. The timing of the collision directly on the rifted margin coincides with the current
period of Quaternary activity along Australia’s western passive margin. This differential motion is caused
by the transition from northward directed subduction of the Indian oceanic crust west of Scott Plateau
(120°E), to southward directed subduction along the Flores-Wetar thrust and southward rollback of the
former Banda subduction zone at Timor and Rote. We infer that the change in style of collision along the
northern plate boundary has created a dextral shear couple across the former passive margin of northwes-
tern Australia and established a triple junction geometry at the apex of three kinematically distinct
tectonic elements. The eastern and western arms of this triple junction are active plate boundary elements
while the southern arm is an evolving intraplate fault system (Figure 19). The transfer of strain from the pla-
te boundary 1400 km to the south provides a mechanism for deformation within the stable continental
region of western Australia and may help explain the large number of neotectonic structures [Clark et al.,
2012] and elevated rates of seismicity compared to other parts of the plate [Leonard, 2008; Leonard and
Clark, 2011].

4.3. Fragmentation of the Indo-Australian Plate

Termination of the Java trench part of the Sunda Arc subduction zone at the continental margin of western
Australia is causing internal deformation of the Indo-Australian plate. Although geodetic monitoring of defor-
mation on the Australian continent shows minimal contraction rates (best estimate range of 0.5 to
1.0mmyr~") across the entire continent [Tregoning, 2003; Leonard, 2008], all monitoring station locations
in western Australia are located inboard (e.g., at Karratha) of the reactivated faults that lie along the offshore
extended margin (Figure 2, inset). Therefore, the geodetic network is not suitably designed to detect the
ongoing geological deformation along the Western Australia Shear Zone. The triggered deformation within
the western Australia part of the Indo-Australian plate is attributable to changes in the structural orientation,
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style of deformation, and plate motion vectors along the northern plate boundary. This is analogous to the
intraplate deformation occurring in the Wharton basin in the central Indian Ocean, south of the transition
from the Himalayan collision to the Sagaing fault and Andaman subduction zone [Delescluse and Chamot-
Rooke, 2007]. The intraplate deformation resulting from this plate boundary transition has caused nine earth-
quakes that range in magnitude from M,,7.2 to 8.7, including the 11 April 2012 event, one of the largest
shallow crustal strike slip earthquakes ever recorded [Pollitz et al., 2012; Yue et al., 2012].

The intraplate deformation in the Wharton basin is occurring in the central interior part of the Indian Ocean
crust, whereas the deformation on the North West Shelf is occurring along the transition from continental to
oceanic crust on the former rifted margin. The intraplate deformation along the western Australia continental
margin has produced a Quaternary active strike slip fault system that may eventually evolve into a new plate
boundary that decouples Indian Ocean crust from the Australian continent. Large earthquakes related to this
zone of intraplate deformation include the 1943 M, 7.3 Meeberrie and 1906 Ms 7.8 Exmouth events and faults
within this zone are capable of producing future large-magnitude earthquakes. The observed geological
deformation and seismic activity in the northwest Australian part of the Indo-Australia plate demonstrates
that this part of the plate should not be described as a perfectly rigid block as done in several global plate
motion models [Kreemer et al., 2003; Delescluse and Chamot-Rooke, 2007]. Rather, there is internal deforma-
tion along the former rifted margin caused by the transition between convergent margin types on the north-
ern plate boundary.

5. Conclusions

We have analyzed geological, geophysical, and seismological data from a 350,000 km? area along the north-
ern part of Australia’s North West Shelf. These data demonstrate the presence of a system of predominantly
transcurrent faults that extend along the margin of western Australia. The characteristics of this fault system
are summarized below:

1. The faults coincide with northeast trending gravity anomalies that define major basin structures along
the former extended margin of the Australian plate;

2. 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;

3. Focal mechanism solutions derived from earthquakes in the area between ~20°S and the northern
boundary of the Indo-Australian plate are consistent with right-lateral strike slip deformation on north-
east trending fault planes;

4. Faults within northern Browse basin have a dominant N70°E to N8O°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;

5. The fault zones in northern Browse basin and southern Roebuck basin demonstrate a dominant down-
to-the-west transcurrent sense of deformation but may locally have a down-to-the-east component;

6. Maximum rates of vertical down-to-the-west deformation range from 0.14 to 0.26 mmyr~' (Table 6),
consistent with geomorphic indicators of coastal subsidence;

7. Approximated maximum horizontal slip rate values across the Western Australia Shear Zone range from
14 to 2.6 mmyr~ " with average values of 0.56 to 0.65 mmyr~ (Table 6);

8. Stratigraphic indicators suggest that the current period of fault reactivation coincides with the time
when Australian continental crust blocked the westernmost part of the Banda arc subduction between
1 and 3 Ma;

9. Alignment of the former extended continental margin of western Australia with the transition from Java
trench subduction to arc-continent collision is inferred to have triggered a new phase of fault reactiva-
tion and intraplate deformation within the Indo-Australian plate;

10. The geographic extent and characteristics of faulting indicate that the plate is not a perfectly rigid block
as assumed in many plate motion models;

11. The styles of deformation along the (a) Java trench; (b) Flores-Wetar thrust, Timor trough, and Banda
tectonic collision zone; and (c) the intraplate Western Australia Shear Zone are consistent with a triple
junction geometry; and

12. Individual fault segments within the Western Australia Shear zone are up to 250km in length and
therefore are capable of generating earthquakes in the 7 < M < 8 range.
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Erratum

In the originally published version of this article, Figures 13, 16, and 17 were published with errors. These
errors have since been corrected and this version may be considered the authoritative version of record.
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