Tectonic geomorphology of Australia
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Abstract: The Australian continent is actively deforming in response to far-field stresses
generated by plate boundary interactions and buoyancy forces associated with mantle dynamics.
On the largest scale (several 10° km), the submergence of the northern continental shelf is
driven by dynamic topography caused by mantle downwelling along the Indo-Pacific subduction
system and accentuated by a regionally elevated geoid. The emergence of the southern shelf
is attributed to the progressive movement of Australia away from a dynamic topography low.
On the intermediate scale (several 107 km), low-amplitude (c. 100-200 m) long-wavelength
(c. 100—300 km) topographic undulations are driven by (1) anomalous, smaller-scale upper
mantle convection, and/or (2) lithospheric-scale buckling associated with plate boundary tectonic
forcing. On the smallest scale (10" km), fault-related deformation driven by rpartitioning of far-field
stresses has modified surface topography at rates of up to c¢. 170 m Ma™ ', generated more than
30-50% of the contemporary topographic relief between some of Australia’s highlands and
adjacent piedmonts, and exerted a first-order control on long-term (10*~10° a) bedrock erosion.
Although Australia is often regarded as tectonically and geomorphologically quiescent, Neogene
to Recent tectonically induced landscape evolution has occurred across the continent, with geomor-

phological expressions ranging from mild to dramatic.

Australia is one of the lowest, flattest, most arid, and
most slowly eroding continents on Earth. The
average elevation of the continent is only c. 330 m
above sea level (asl), maximum local topographic
relief is everywhere <1500 m (defined by elevation
ranges with 100 km radii) and two-thirds of the con-
tinent is semi-arid to arid. With the exception of
localized upland areas in the Flinders and Mt
Lofty Ranges and the Eastern Highlands, bedrock
erosion rates are typically <I—10m Ma '
(Wellman & McDougall 1974; Bishop 1984,
1985; Young & MacDougall 1993; Bierman &
Caffee 2002; Belton er al. 2004; Chappell 2006).
Despite this apparent geomorphological longevity,
Australia has had a dynamic Neogene to Recent tec-
tonic history. Australia has migrated more than
3000 km to the NNE at a rate of 6-7 cma™ ' over
the past 45 Ma as part of the Indo-Australian Plate
(Fig. 1) (DeMets et al. 1990, 1994; Bock et al.
2003), making it the fastest moving continent
since the Eocene (Sandiford 2007). Australia
experiences a relatively high level of seismicity
for a supposedly °‘stable’ intraplate continental
region (Johnston et al. 1994; Johnston 1996) and
has a rich record of Neogene and Quaternary fault-
ing (e.g. Andrews 1910; Fenner 1930, 1931; Miles
1952; Beavis 1960; Hills 1961; Sandiford 2003b;
Quigley et al. 2006; Hillis et al. 2008). Thus,

although large parts of the Australian landscape
are likely to be ancient (e.g. Twidale 1994, 2000)
features reflecting recent landscape rejuvenation in
response to Neogene to Recent plate motion and
associated intraplate deformation are widespread
(Sandiford 2003a, b; Sandiford et al. 2009). Quanti-
tative landscape analysis indicates that even some
apparently ancient landscapes have undergone
kilometre-scale burial and denudation through the
Phanerozoic in the arid continental interior (Belton
et al. 2004).

In this paper, we reveal how intraplate tectonism
and mantle processes have contributed to the
Neogene to Recent geomorphological evolution of
the Australian continent. We summarize geological
evidence for distinct modes of deformation and
speculate on how each deformation mode has influ-
enced the spatial and temporal evolution of Austra-
lia’s coastlines, uplands, interior basins and fluvial
systems. Although pre-Pliocene fault-related tec-
tonic activity in onshore Australia was widespread
in the Tertiary (e.g. Raiber & Webb 2008) we
restrict most of our discussion here to faulting
during the Pliocene to Recent interval, as these
faults are typically considered ‘active’ in the Austra-
lian context (Sandiford 2003b). We contend that
Neogene to Recent tectonism, particularly in the
last ¢. 5 Ma, and mantle processes have exerted an
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Fig. 1. Indo-Australian Plate with plate boundary forces and orientation of modelled maximum and minimum
horizontal stresses used in the finite-element stress modelling of Reynolds et al. (2003). Much of the southern part
of the continent has an east—west-oriented maximum horizontal compressive stress oriented at a high angle to the
NNE-oriented plate velocity vector. Filled triangles along plate boundary indicate the direction of subduction;
open triangles delineate the Banda Arc. TK, Tonga—Kermadec Trench; AAD, Australian—Antarctic discordance

(from Reynolds et al. 2003; Hillis et al. 2008).

influence on the geomorphological evolution of the
Australian landscape, and must be considered when
interpreting contemporary Australian landforms.

The Australian intraplate stress field:
characteristics, age and origin

Indo-Australian Plate (IAP) motion is driven princi-
pally by the ‘pull force’ associated with subduction
zones in the Indonesia region and is resisted by
continent—continent collision in the Himalayan,
New Zealand and New Guinea orogens (Fig. 1;
Coblentz et al. 1995, 1998; Sandiford et al. 2004).
The Australian in situ stress field, as inferred from
earthquake focal mechanism solutions, borehole
breakouts and fracture arrays (Hillis et al. 2008),
is unusual for a plate interior in that it is character-
ized by maximum horizontal compressive stress
azimuths (oymax) oriented at a high angle to the
NNE-oriented plate velocity vector. oyma.x varies
from roughly east—west in western and south—
central Australia, to NE—SW in northern, central
and central—east Australia, to NNE-SSW in NE
Australia, and to NW-SE in SE Australia (Fig. 1).

The modern in situ stress field has been extrapo-
lated back to the terminal Miocene—early Pliocene
(10—6 Ma) by comparing Opmax trends with
palaeo-stress orientations inferred from kinematic
investigations of Plio-Quaternary faults (Fig. 2a;
Sandiford 2003b; Celerier et al. 2005; Quigley
etal. 2006; Green 2007) and structural —stratigraphic
relationships in Neogene strata (Fig. 2b, c; Dic-
kinson et al. 2001, 2002; Sandiford 2003b). For
instance, sedimentary basins in SE Australia (e.g.
the Gippsland and Otway Basins) underwent signifi-
cant inversion at ¢. 8—6 Ma (Dickinson et al. 2002;
Sandiford 2003b; Sandiford et al. 2004). Reverse
faults preserved in the offshore record parallel
Plio-Quaternary structures in onshore basins (Sandi-
ford 2003b; Sandiford et al. 2004), and up to 1 km
of stratigraphic section has been locally removed
on reverse fault-bounded topographic highs, sug-
gesting that a significant episode of tectonic uplift
and accompanying erosion occurred in this time
interval (Dickinson et al. 2001; Sandiford 2003b).
Sandiford et al. (2004) attributed the NW-SE-
oriented opymax in SE Australia to increased intra-
plate stress levels associated with the increased
IAP-Pacific Plate coupling and uplift of the
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Fig. 2. (a) Flinders Ranges DEM with locations of Quaternary faults. E-B F., Eden—Burnside Fault. Further details
have been given by Sandiford (2003b). Lower inset shows consistency between principal stresses estimated from
earthquake focal mechanisms and those determined from geological studies of Quaternary faults (specifically, the
Wilkatana, Burra and Mundi Mundi Faults) (from Quigley et al. 2006). (b) Cross-sectional view of alluvial sediments in
the footwall of the Gawler Fault looking NE, showing a Mid- to Late Miocene reversal in drainage flow direction from
towards the fault (SE) to parallel to the fault (north to NE), postulated to be the result of fault activity (from Green 2007).
(¢) Rose diagram showing palaeoflow directions obtained from cross-bed orientations and clast imbrication in the
section shown in (b). The change in palaeoflow should be noted, from SE-directed prior to Gawler Fault initiation to
NE-directed during or after fault growth, implying drainage reversal as a result of faulting (from Green 2007).

Southern Alps in New Zealand at ¢. 5-10 Ma
(Wellman 1979; Batt & Braun 1999).

In central southern Australia, stress conditions
consistent with the modern stress field may have
been established somewhat earlier. Mid- to late
Miocene alluvial sequences west of the Mt Lofty
Ranges reveal drainage direction shifts from
eastward-directed palaeo-flow towards impending
uplifts to northward-directed palaeo-flow adjacent
to north—south-oriented reverse fault scarps, imply-
ing that tectonic uplift associated with roughly
east—west compression caused drainage reorganiz-
ation by the terminal Miocene (Fig. 2b, c; Green
2007). At Sellicks Beach, subvertical Cambrian
sedimentary rocks are unconformably overlain by
steeply west-dipping Oligocene sedimentary rocks
that are, in turn, overlain by moderately west-
dipping Oligo-Miocene sedimentary rocks and,
finally, gently west-dipping Pleistocene gravels
(Lemon & McGowran 1989). This series of
progressive unconformities, ranging in age from
possibly Late Eocene or Early Oligocene through
the Miocene, Pliocene and Pleistocene suggests
that the processes governing tectonic tilting of

these sequences have been active since at least the
Oligocene (Lemon & McGowran 1989). The trace
of a locally exposed ESE-dipping reverse fault lies
west of these outcrops, implying that movement
on this fault may have been responsible for the
observed structural geometry. Computer modelling
of the structural relationships is consistent with
formation as a result of fault-propagated folding
(Lemon & McGowran 1989) in response to
roughly east—west shortening, although the fault
geometry is not well constrained. The kinematic
consistency between Oligocene(?) deformation
and more recent tectonism implies that the same tec-
tonic stresses may have driven these deformation
regimes. Deformation is likely to have occurred in
discrete pulses as opposed to being continuous
(Dyksterhuis & Miiller 2008). On the basis of
numerical stress modelling, Dyksterhuis & Miiller
(2008) proposed that periods of roughly east—west
compressional tectonism may have affected the
Flinders Ranges in the Eocene (beginning at
¢. 55 Ma) and from c. 12 Ma to the present, separ-
ated by an early to mid-Miocene period of tectonic
quiescence.
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In NW Australia, transpressional deformation
and uplift of parts of the NW Shelf initiated in the
interval 11-5.5 Ma, with distinct deformation pulses
recognized at ¢. 8 Ma and c. 3 Ma (Packham 1996;
Keep et al. 2000, 2002). Reverse faulting and
growth of fault propagation anticlines in the Carnar-
von Basin continue to the present, as indicated by
the uplift of Pleistocene marine terraces (van de
Graaff et al. 1976).

In summary, the bulk of structural —stratigraphic
evidence suggests that the modern, intraplate stress
field was firmly entrenched by the mid- to late
Miocene (Dickinson et al. 2001; Sandiford et al.
2004; Hillis er al. 2008), with the possibility that
deformation within a regime similar to the modern
tectonic regime began as early as the Eocene or Oli-
gocene in south—central Australia (Lemon &
McGowran 1989). Plate-scale finite-element model-
ling of the IAP intraplate stress field replicates
Oymax trends by balancing plate driving forces (slab-
pull and ridge-push), plate resisting forces (com-
pression associated with the Indo-Asian collisional
front in the Himalayas, the New Guinea fold-and-
thrust belt, and the New Zealand Southern Alps)
and tractions induced by mantle flow (Coblentz
et al. 1995, 1998). Using inferences drawn from
stress modelling studies, Sandiford et al. (2004)
attributed the 10—6 Ma onset of active tectonism in
SE Australia to the synchronous development of
transpression along the IAP—Pacific Plate boundary
segments of southern New Zealand, the Puyseguer
Trench and the Macquarie Ridge (Walcott 1998;
Massell et al. 2000). However, it is also worth
noting that the onset of deformation in the central
Indian Ocean at around this time has been attributed
to increases in stress levels propagated from the
Himalayan—Tibet system (Molnar et al. 1993;
Martinod & Molnar 1995). These results imply that
a significant component of the intraplate stress field
relates to forces exerted from orogenic belts up to
several thousands of kilometres from the plate
interior (Coblentz et al. 1995, 1998; Reynolds et al.
2003; Sandiford er al. 2004). Hence, the IAP
appears to have responded with increasing intra-
plate compression to a complex evolving plate
boundary scenario over the last 10 Ma, and the
onset of faulting at specific intraplate locations
probably reflects rising stress levels related to the
combination of all plate boundary forcings (e.g.
Dyksterhuis & Miiller 2008).

The mantle, the geoid, and dynamic
topography
The mean shape of the Earth contains long-

wavelength (up to 0.5 of Earth’s circumference),
low-amplitude (c. 300 m) deviations from a perfect
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mathematical ellipsoid that relate to variations in
density distribution within the deep mantle. This
varying gravitational equipotential surface is
called the geoid and is best approximated by
global mean sea level. Where a relative density
deficiency exists the geoid (sea level) will dip
below the mean ellipsoid, and where a relative
density surplus exists the geoid (sea level) will rise
above the mean ellipsoid.

The term dynamic topography refers to the
deflection of the solid surface of the Earth resulting
from buoyancy forces associated with thermal con-
vection in the viscous mantle. The wavelength of
dynamic topography relates to the depth and scale
of convection. Whole-mantle convection is likely
to produce undulations on a similar scale to geoid
undulations (several thousand kilometres wave-
length, +500 m amplitude; Kaban et al. 2005),
whereas shallow convection in the upper sub-
lithospheric mantle would result in undulations of
the order of several hundred kilometres wavelength.
Mantle upwelling will result in positive dynamic
topography and downwelling in negative dynamic
topography. Dynamic topography has been used
elsewhere to explain large-scale subsidence patterns
on continental platforms and in sedimentary basins
(Mitrovica et al. 1989; Gurnis 1992; Stern et al.
1992; Russell & Gurnis 1994; Pysklywec &
Mitrovica 1999; Wegmann et al. 2007). Modelling
studies predict that dynamic topographic undula-
tions may reach several kilometres in amplitude
(Lithgow-Bertelloni & Gurnis 1997).

For several reasons, the Australian continent is
arguably the best natural laboratory on Earth for
investigating the topographic and geomorphological
effects of geoid variations and dynamic topography
through the Neogene. On its voyage towards an
active subduction realm and away from a mid-ocean
ridge, Australia has traversed a region of the geoid
with a present-day change in height from —20 m
in the Southern Ocean to +80m in Melanesia
(Sandiford 2007). This voyage has resulted in the
extensive preservation of palaeo-shorelines that
provide a datum of long-wavelength changes in
the position of the continent relative to palaeo-sea
level. The Australian coastline is beyond the flex-
ural response wavelength (c. 200-300 km) of
active plate boundaries, and thus crustal defor-
mation is not driven by plate flexure associated
with subduction. Long- to intermediate-wavelength
changes in surface topography and geomorphology
can thus been interpreted within the context of
geoid anomalies and dynamic topography (Sandi-
ford 2007; Sandiford & Egholm 2008; Sandiford
et al. 2009), although offshore sedimentation may
have contributed some component to the subsidence
by enhancing crustal flexure (e.g. Pazzaglia &
Gardner 1994).
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Long-wavelength (10° km) deformation

Characteristics

The width of the continental shelf and the distri-
bution of Cenozoic marine and nearshore sediments
around the Australian margin are highly asymmetric
(Fig. 3). The southern continental shelf has a charac-
teristic width of ¢. 100 km and ranges from 20 to
200 km wide. Eocene to Quaternary marine deposits
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are preserved up to several hundred kilometres
inland, and up to 250 m above current sea level
(Sandiford 2007). The northern shelf is almost
everywhere >200 km wide and is locally as broad
as 500 km. Eocene to Quaternary marine deposits
are almost entirely situated offshore up to 50 m
below sea level (Veevers 2000), indicating that
northern shelf subsidence has exceeded the
progressive Neogene eustatic sea-level fall of
¢. 100-150 m (Sandiford 2007). The variations in
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Fig. 3. (a) Shaded relief image of the Australian continent and its continental shelf (at elevations greater than —250 m)
derived from Geoscience Australia’s 9 arc second ‘bathytopo’ dataset. Contours are shown for 75, 150 and 300 m.
The thick dashed line shows the approximate position of Early Miocene shorelines (from Veevers 2000; Sandiford
2007). (b) Shaded relief image of the Murray Basin showing the Padthaway and Gambier uplifts, and the former
extent of Lake Bungunnia. The 25 m topographic contours across the Padthaway axis are also marked (from

Sandiford et al. 2009).
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shelf thickness and distribution of marine deposits
between the northern and southern Australian
continental shelves imply a differential vertical
displacement between SW and north Australia of
c. 300 m since the late Eocene. The asymmetric
pattern of Eocene to Pliocene shorelines is similarly
found in last interglacial shoreline elevations, which
tend to be elevated along the southern margin by
several metres relative to the northern margin
(Murray-Wallace & Belperio 1991; Belperio et al.
2002), implying that the forces driving this asymme-
try continue to be active.

M. C. QUIGLEY ET AL.

Long-wavelength variations in marine shoreline
elevation are also evident across the southern part
of the continent. Early Neogene shorelines decrease
eastward from c. 250 m asl in the western Eucla
Basin to ¢. 100 m asl in the eastern Eucla Basin
over a distance of ¢. 1000 km, implying as much
as ¢. 150 m of post mid-Neogene (<15 Ma), long-
wavelength differential vertical displacement
(Figs 3 & 4). This implies an uplift of c¢. 100—
150 m for the western Eucla Basin when corrected
for Neogene eustatic sea levels. Pliocene marine
sequences in the Eucla Basin are restricted to
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Fig. 4. (a) Shaded relief of the Nullarbor Plain showing various palaco-shoreline features of Eocene to mid-Miocene
age (> 15 Ma) along its northern margin. The Roe Plain is a Pliocene surface. North—south-trending faults crossing the
Nullarbor Plain have cumulative throws of up to 30 m (from Sandiford ef al. 2009). (b) Section A—B normal to the
palaeo-shorelines in the northwestern part of the Eucla Basin showing inundation levels. (¢) Section C—D parallel to the
northern margin of the Nullarbor Plain showing the interpreted limit of Miocene inundation. The lowest frequency
component (indicated by the grey band), at wavelengths of order 103 km, implies a deep mantle origin related to

dynamic topography.
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elevations of <40 m asl and are nowhere present on
the surface of the Nullarbor Plain, implying that
post-Miocene sea levels never encroached onto
land surfaces above c¢. 70 m asl. In the central
Murray Basin, Miocene and Pliocene strand-lines
are at equivalent elevations (c. 70 m asl), implying
minimal Mio-Pliocene basin uplift. The consistency
between Pliocene strandline elevations between
these regions suggests that the western Eucla is
uplifted by c. 180 m relative to the Murray Basin,
and most of this uplift is constrained to the
15-5 Ma interval.

Origin and rates

The apparent sinking of the northern part of the
Australian continent inferred from the absence of
onshore Cenozoic shorelines and record of stratal
onlap implies that the northern margin has subsided
at higher rates than the long-term, Neogene eustatic
sea-level fall of ¢. 100—150 m (Sandiford 2007).
This subsidence reflects the progressive transport
of the Australian continent towards a geoid high
and dynamic topography low associated with the
active subduction realm to the north. Separating
the geoid from dynamic topography fields is chal-
lenging; however, if one assumes that the present-
day geoid provides an adequate representation
of the geoid in the past, then the northern margin
of the continent has traversed a geoid gradient of
c. 30—40 m over the last 15 Ma (Sandiford 2007),
consistent with an instantaneous rate of change in
geoid height along the northern continental margin
of c. +2mMa! (Sandiford & Quigley 2009).
The geoid effect accounts for c. 20-40% of the
¢. 100—150 m of total subsidence, leaving a remain-
ing signal of c¢. 60—110 m to be accounted for by the
dynamic topographic effect associated with down-
ward tilting of the continental shelf in the direction
of plate motion plus any effects of subsidence
caused by sediment loading.

The uplift of the SW part of the continent is
thought to relate to the progressive northward
movement of the continent away from a dynamic
topography low (Sandiford 2007; Sandiford &
Quigley 2009). The dynamic topography low
south of Australia is indicated by the anomalously
low elevation of the mid-ocean ridge along the
Australian— Antarctic discordance (AAD) (Fig. 1),
attributed to the presence of a relict of a former
slab residing above the mantle transition zone
(Gurnis et al. 1998). Movement of the continent
away from this anomalous mantle is responsible
for a dynamic topographic uplift of up to ¢. 200 m
in amplitude between 15 and 5 Ma, equivalent to a
rate of ¢. 20 mMa ™! (Sandiford 2007; Sandiford
et al. 2009). The instantaneous rate of change in
geoid height along the southern continental margin

varies between —0.2 and +1mMa ', with the
lowest rates in the SW part of the continent
(Sandiford & Quigley 2009).

The combined effect of northern shelf submerg-
ence and southwestern shelf emergence has resulted
in a ¢. 300 m differential continental ‘tilting’
over the last 15 Ma at a rate of ¢. 1020 m Ma ™'
(Sandiford 2007). Although the rate of dynamic
topographic forcing is several orders of magnitude
lower than maximum eustatic sea-level changes,
the finite amplitude of dynamic topography is larger
than the eustatic variation, at least since the Neo-
gene. In this respect, Australia’s tectonic voyage
across geoid undulations and changes in the
dynamic topography may be as important as
climate-driven sea-level fluctuations when consid-
ering the long-term geomorphological evolution of
the continent.

Geomorphological implications

The influence of persistent downward displacement
of the northern Australian land surface has resulted
in low stream gradients (<1 m per 10 km) in major
river systems draining to the north (e.g. Alligator
River, NT, Fig. 3). Nearshore surface elevations
are generally restricted to <50 m within 30 km
from the northern coastline. Offshore bathymetry
between Australia and Papua New Guinea is
almost entirely <100 m deep and is punctuated
by numerous large offshore islands (Melville,
Bathurst; Fig. 3).

Upward displacement of the SSW part of
Australia has also affected stream development.
The formation of cave systems in the Nullarbor
may relate in part to dynamic topographic uplift as
ground water tables lowered to keep pace with
regional base-level lowering (Webb & James
2006). The formation of early Middle Eocene
stranded inset valleys (palacochannels) on the
Yilgarn Plateau (Fig. 3) has been attributed to
lowered geomorphological base level and increased
stream gradients associated with slow surface uplift
(de Broeckert & Sandiford 2005). Longitudinal pro-
files of west-flowing streams, including the Avon
River NE of Perth (Fig. 5), show convex-up ‘dise-
quilibrium’ longitudinal profiles, implying that
incision has been outpaced by relative base-level
fall (Fig. 5). It is highly improbable that these pro-
files relate to escarpment formation, which took
place in the Late Eocene (Beard 2003). Late Qua-
ternary incision rates derived from cosmogenic
9Be and 2°Al dating of bedrock surfaces at the
base of the Avon River (c. 3.5 m Ma™!) are slower
than estimated dynamic topography uplift rates of
10-20mMa ' (see above), implying that the
formation and maintenance of steepened stream
longitudinal profiles may be attributed to upstream
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Fig. 5. (a) Seismicity of western Australia, showing absence of earthquakes along the Darling escarpment.

(b) Location of cosmogenic nuclide samples (DS01-17) along the Avon river section. (¢) Longitudinal profile

of the river showing convex-up ‘disequilibrium’ profile that deviates from a concave-up graded equilibrium profile.
(d) Enlargement of box in (c) showing sample locations and erosion rates. The decay of erosion rate estimates in the
Avon River away from the range front should be noted (from Jakica et al. 2010).

propagation of knickpoints formed during slow,
regional base-level lowering associated with
continental-scale tilting (Jakica et al. 2010). In con-
trast to the northern Australian coastline, sea cliffs
are abundant and often result in nearshore elevations
of >50m in height (Nullarbor Plain). Offshore
islands are small and rare, and bathymetry increases
steeply away from the coast. Topographic effects
associated with long-wavelength deformation may
thus be responsible for shaping several features of
the contemporary landscape, including coastline
geomorphology and stream profiles.

Intermediate-wavelength (10*-10° km)
deformation

Characteristics

Regions of intermediate-wavelength (100—1000
km), low-amplitude (100—200 m) topographic
undulations have developed in several parts of the

continent and are distinct from the long-wavelength
signal described above. The southern Australian
volcanic field (Joyce 1975) is associated with a
zone of subdued regional uplift, with a characteristic
uplift of ¢. 60 m, maximum uplift of c¢. 240 m, and
wavelength of c. 100 km evidenced by warping of
Pliocene and Quaternary beach ridge systems
(Wallace et al. 2005; Sandiford et al. 2009). This
zone of uplift can be traced for c. 400 km west
from Melbourne, where it bifurcates into the Padth-
away and Gambier uplifts (Fig. 3b).

The region encompassing the Flinders Ranges
and adjacent basins (Frome, Torrens; Fig. 3) also
displays evidence for intermediate-wavelength
deformation (Celerier et al. 2005; Quigley et al.
2007¢). Plio-Quaternary alluvial fans on the
eastern and northwestern side of the ranges are com-
monly uplifted and incised proximal to the range
front (Coats 1973; Sandiford 20035b), with the fan-
breaching streams emptying 30—50 km outboard
of the range front in the Frome and Torrens basins
(Figs 3 & 6). On the eastern side of the ranges,
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dips gently away from ranges distal to range front and towards ranges close to range front, indicative of flexural
subsidence in response to loading superimposed on broader scale domal uplift. (¢) Schematic cross-section of the
eastern range front. Basement—alluvium interface dips gently away from range front, a geometry that Celérier e al.
(2005) attributed to long-wavelength flexural buckling of the lithosphere in the eastern Flinders Ranges (from Quigley

et al. 2007¢).

and parts of the western side of the ranges (e.g.
Parachilna), the underlying basement—alluvium
interface dips gently away from the ranges
towards the basins, inconsistent with the architec-
ture of flexurally controlled footwall basins, where
the unconformity between the alluvial fans and
the underlying basement typically dips towards the
ranges (Celerier et al. 2005). The regional distri-
bution of basinward-dipping top-of-basement sur-
faces implicates a component of low-amplitude
(100-200 m), intermediate-wavelength (c. 200 km)
regional deformation (Celerier et al. 2005;
Quigley ef al. 2007¢). In other parts of the western
side of the ranges (e.g. Wilkatana), the unconfor-
mity between the alluvial fans and the underlying
basement dips towards the ranges (Quigley et al.
2007¢). This implies that the footwall architecture
varies along the western range front as a result of
differing amounts of flexural footwall subsidence
that probably relates to differences in sediment
yield and range front faulting histories (Quigley
et al. 2007¢). The Torrens Basin, which is currently
separated from the sea in Spencer Gulf by a sill
of only c¢. 30—40 m asl, contains no evidence for
marine incursions in the form of palaeo-shorelines
or marine sediment (Johns 1968). Pliocene sea-level
highstands should have encroached into these low-
lying regions if the present surface topography
was static since the Pliocene, implying that absolute
subsidence of the order of several tens of metres
must have occurred in this region in the late
Neogene following Miocene to Pliocene eustatic
sea-level highs (Quigley et al. 2007¢).
Intermediate-wavelength topographic develop-
ment is also evident in the Lake Eyre region. The
Eyre basin, with a present-day minimum elevation

of 10 m below sea level (bsl) is confined by a sill
at c. 80 m asl from the Torrens Basin to the south
(Fig. 7). This drainage divide is marked by arcuate
strandline deposits of the large, late Miocene
palaeo-lake Billa Kalina (Callen & Cowley 1998).
At its maximum size of c. 15000 km? this lake
would seem to require a catchment that included
much of the present Eyre and Torrens basins. The
difference in elevation between the base of the
Billa Kalina deposits (c. 120 m asl) and Lake Eyre
(c. 15m asl) implies a post-late Miocene topo-
graphic inversion of c¢. 135 m with a wavelength
of ¢. 250 km (Sandiford et al. 2009). The Eyre
Basin is fringed to the west by the Davenport
Ranges. Intermediate-wavelength (c. 50 km) gentle
folding is indicated by subtle undulation (c. 200 m)
of the top-of-basement surface, currently expressed
as an exhumed, warped and incised fossil planation
surface forming the Mt Margaret Plateau on the top
of the Davenport Ranges (Wopfner 1968; Johnson
2004). The plateau surface contains Cretaceous
gravel lags at elevations of 400 m asl within the
Davenport ranges that correlate with rocks exposed
at elevations of <150 m asl along the eastern range
front, indicating >250 m of post-Cretaceous uplift.
Wopfner (1968) attributed this to Quaternary
fault-related uplift (see next section); however, the
broad wavelength of the doming suggests that it
may relate to gentle folding.

Origin and rates

Although a few faults appear to displace basalts of
the Newer Volcanics (e.g. the Rowsley Fault), sig-
nificant episodes of faulting between c¢. 6—4 Ma
(Paine et al. 2004) and 2—1 Ma (Sandiford 2003a)
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Fig. 7. (a) Shaded relief image of Billa Kalina Basin, South Australia, showing distinctive arcuate palaeo-shoreline
features of Lake Billa Kalina of probable Miocene age. The inferred approximate maximum extent of the lake is
indicated by the dashed line, based on limits of relict palaeo-shorelines. (b) Topographic profile along line A-B—-C-D.
It should be noted that Lake Billa Kalina is now perched on the present drainage divide between the Torrens and Eyre
Basins, implying significant topographic inversion since the lake formation (from Sandiford ez al. 2009).

do not appear to have significantly affected the
southern Australian volcanic field. The Padthaway
and Gambier uplifts are not associated with any sig-
nificant faulting and the Padthaway uplift axis is
almost parallel to the regional NW —SE compression
direction defined by in situ stresses (Fig. 1). These
observations imply that uplift is unlikely to be
associated with contractional tectonic faulting or
buckling at these locations. Known neotectonic
faults from the Murray Basin (e.g. the Morgan,
Hamley and Danyo Faults, and faults underlying
the Neckarboo and Iona Ridges) universally strike
towards the north and NE (Sandiford 2003b). The
coincidence of mild yet regionally extensive basal-
tic volcanism with uplift of the volcanic field led
Demidjuk et al. (2007) to conclude that surface
uplift was driven by upper mantle upwelling associ-
ated with small-scale, edge-driven convection
beneath the Australian plate. Uplift of Quaternary

beach ridges on the Mount Gambier Coastal Plain
over the last 780 ka indicates a surface uplift
rate of ¢. 75 mMa ™! (Belperio 1995). Associated
gentle subsidence in the more internal parts of
the Murray Basin several hundred kilometres to
the north is interpreted to have occurred above
the downwelling part of the convection circuit
(Demidjuk et al. 2007).

Conversely, the intermediate-wavelength pattern
of deformation associated with Flinders Ranges and
surrounding anomalously low basins (such as the
Torrens and Frome basins) has been attributed to
lithospheric-scale (10? km) tectonically induced
buckling (Celerier et al. 2005). This interpretation
is based both on the topography of the top-of-
basement surface and the observed positive coher-
ence between topography and Bouguer gravity
fields, implying that the Flinders Ranges are not
supported by a crustal root but rather have risen
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in response to lithospheric folding. The Indian
Ocean provides an analogous system, whereby
buckling of the oceanic lithosphere beginning at
around 8 Ma ago has been attributed to increases
in intraplate stress levels caused by an increase in
plate forcing induced by the rise in the Himala-
yan—Tibetan orogen at this time (e.g. Martinod &
Molnar 1995). Similar scale buckling of the conti-
nental lithosphere perpendicular to the regional
Oumax 18 associated with localized seismicity in
intraplate India (Vita-Finzi 2004). For the Flinders
Ranges, the notion of lithospheric-scale buckling
along a roughly north—south axis is consistent
with the prevailing east—west Oynmax trend in this
part of the continent.

The pattern of topography in the Lake Eyre
region is more puzzling. The bullseye-shaped Eyre
topographic depression is similar to other intracon-
tinental basins associated with mantle downwelling
(e.g. Hudson Bay, Canada; Wanganui Basin, New
Zealand) (Mitrovica et al. 1989; Stern et al. 1992).
However, the presence of folded and faulted
Miocene alluvial strata along the western flank of
Lake Eyre (Waclawik er al. 2008) and the long-
wavelength folding of the basement surface in the
Davenport Ranges suggest that regional com-
pression has affected this region and thus provides
an equally feasible mechanism for intermediate-
wavelength deformation (e.g. Celerier er al. 2005;
Vita-Finzi 2004).

Geomorphological implications

Intermediate-wavelength deformation has influ-
enced the geomorphological evolution of uplands,
basins, and alluvial systems at the sites described
above. Uplift associated with the Padthaway high
is suggested to have dammed the Murray River,
forming a large palaeo-lake (Lake Bungunnia)
several hundred kilometres to the north (Fig. 3b;
Stephenson 1986). Lake formation and subsequent
abandonment, and the consequent changes in
stream base level, are likely to have had a strong
influence on stream gradient evolution and aggrada-
tion—dissection patterns. Intermediate-wavelength
deformation in south—central Australia has influ-
enced the geomorphological evolution of broad
upland systems (Flinders and Davenport Ranges)
and adjacent basins (Eyre, Frome, Torrens) through
effects on the spatial and temporal evolution of
regional topography. The migration of a major basin
depocentre from Billa Kalina to Eyre has resulted
in significant drainage reversals in the region; for
instance, former Billa Kalina southwestward-
younging shorelines (formed by shoreline retreat)
are now incised by east- and NE-flowing streams
(Fig. 7). Broad uplift of the Flinders Ranges and
Davenport Ranges relative to Lakes Frome,

Torrens and Eyre has shifted the location of depo-
centres further from the range fronts, resulting in
the incision of alluvial fans proximal to the ranges
and final deposition of sediment more distal from
the ranges (Williams 1973; Quigley et al. 2007¢;
J. Bowler, pers. comm.). Marine shoreline evolution
has also been strongly influenced by intermediate-
wavelength deformation. The lack of marine sedi-
mentation at elevations of 30-40m between
Torrens Basin and Spencer Gulf (Fig. 3) contrasts
with the presence of Pliocene strandlines at
>200 m asl in parts of the Murray Basin, implying
a regime characterized by both long-wavelength
post-Pliocene subsidence and uplift. Continued slow
subsidence between Spencer Gulf and Torrens
coupled with sea-level rise may allow northward
penetration of the sea into this region (Quigley
et al. 2007¢).

Short-wavelength (10! km) deformation
Characteristics

Insights into short-wavelength, fault-related defor-
mation have been obtained from historical seismi-
city and faulting and the prehistoric ‘neotectonic’
geological record of faulting. Much of Australia’s
seismicity is concentrated into four distinct zones;
the SW, NW, Flinders and SE seismic zones
(Fig. 8). Calculated earthquake focal mechanism
solutions indicate reverse faulting associated with
roughly NW—SE horizontal compression through-
out the SE seismic zone (Allen et al. 2005; Nelson
et al. 2006). Flinders seismic zone mechanisms indi-
cate strike-slip and reverse mechanisms with a
broadly east—west horizontal compression (Hillis
& Reynolds 2000; Clark & Leonard 2003; Hillis
& Reynolds 2003). SW seismic zone mechanisms
indicate reverse faulting mechanisms with east—
west-oriented maximum horizontal stress (Denham
et al. 1979; Clark & Leonard 2003). The NW
seismic zone is typified by a NW-SE-oriented
maximum horizontal stress orientation and predo-
minantly strike-slip mechanisms (Hillis ez al. 2008).
Seven instrumentally recorded earthquakes have
produced surface ruptures, all occurring within the
last 40 years (Fig. 9a). Earthquakes ranged in
magnitude from 5.6 to 6.8, and produced scarps of
3.5-37 km length and 0.4-2.5 m height (Clark &
McCue 2003). All historical scarps contain a
dominant reverse-slip component with subsidiary
oblique-slip. However, all historical fault scarps
occurred in farming and/or grazing areas with low
relief and thus their geomorphological impacts
on the natural landscape have been short-lived,
with rapid scarp degradation (Machette et al.
1993; Clark & McCue 2003; Crone et al. 2003).
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Fig. 8. Distribution of M>4 historical earthquake epicentres and identified neotectonic features in Australia.
Earthquake epicentre and neotectonics data are courtesy of Geoscience Australia. Clustering of earthquake epicentre
distributions indicates four seismic zones; NW seismic zone, SW seismic zone, Flinders seismic zone, and SE seismic
zone. Maximum horizontal stress directions (0ymax) after Hillis & Reynolds (2003) are shown.

Geological studies have identified several
hundred faults across the continent with demon-
strable Pliocene and/or Quaternary displacements
(Fig. 9; Clark & McCue 2003; Crone et al. 2003;
Sandiford 2003b; Twidale & Bourne 2004; Clark
2006, 2009; Quigley et al. 2006; Clark et al.
2010). The clearest evidence for active tectonic
deformation in the Australian landscape is found
in the fault-related landscapes around upland
systems in SE and south—central parts of the conti-
nent (Sandiford 2003b). The Flinders and Mount
Lofty Ranges of South Australia are bounded to
the east and west by reverse faults that thrust Proter-
ozoic and/or Cambrian basement rocks above Qua-
ternary sediment (Fig. 9c—f). Faults in this region
with documented Pliocene to Quaternary displace-
ments include the Wilkatana, Burra, Milendella,
Para, Paralana, Willunga, Cambrai, Morgan,

Gawler, Clarendon, Eden, Bremer, and Ediacara
(Fig. 2a; Binks 1972; Williams 1973; Bourman &
Lindsay 1989; Sandiford 2003b; Quigley er al.
2006). Fault-propagation folding is well developed
in Miocene strata within the footwall of the
Willunga and Gawler Faults (Fig. 9¢c; Lemon &
McGowran 1989; Green 2007). The Barrier
Ranges are flanked to the west by the Mundi
Mundi and Kantappa Faults, both which displace
late Quaternary strata (Quigley et al. 2006). The
eastern edge of the Davenport Ranges is defined
by the Mt Margaret and Levi Faults, which
have been interpreted to have tens to hundreds
of metres of Quaternary offset (Wopfner 1968).
Miocene sediments forming the adjacent Lake
Eyre alluvial plain have also been folded and
faulted (Waclawik et al. 2008). The Eyre Peninsula
consists of a series of en echelon reverse faults that
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displace Miocene to Quaternary stratigraphy
(Fig. 9b; Miles 1952; Dunham 1992; Hutton et al.
1994; Crone et al. 2003). A series of scarps on the
Yorke Peninsula have been attributed to Quaternary
faulting as they offset a Pleistocene calcrete horizon
(Crawford 1965). In SE Australia, upland systems
such as the Otway and Strzelecki Ranges have
similarly been affected by Pliocene to Quaternary
reverse faulting. On the northern flanks of the
Otway Range, in southern Victoria, the remnants of
a Pliocene strandplain rise ¢. 120 m over a series
of ENE-—WSW-trending faults and monoclines to
elevations of ¢. 250 m (Sandiford 2003a; Sandiford
et al. 2004). Along with its correlatives in the
Murray and Gippsland Basins (Holdgate er al.
2003; Wallace et al. 2005), this strandplain devel-
oped during falling sea levels following a 6 Ma
highstand at c¢. 65 m above present-day sea level
(Brown & Stephenson 1991), implying almost
200 m of fault-related tectonic uplift. In the Eastern
Highlands of northern Victoria, Palaeozoic gneiss
has been thrust some 160 m over Quaternary allu-
vium along the Tawonga Fault (Beavis 1960; Hills
1975). Elsewhere in the highlands, Palaeozoic
rocks are similarly thrust over Miocene and younger
strata along the Khancoban—Yellow Bog, Kiewa,
Adaminaby, Lake George, and Shoalhaven Faults
(e.g. Beavis & Beavis 1976; Abel 1985; Sharp
2004; Twidale & Bourne 2004). Uplift along the
Cadell Fault has been dated as latest Pleistocene
(Bowler & Harford 1966; Bowler 1978; Rutherfurd
& Kenyon 2005; Clark e al. 2007). The Waratah
Fault at Cape Liptrap in SE Victoria has displaced
a last interglacial (c. 125 ka) marine terrace by up
to 5.1 m (Gardner et al. 2009). The Lake Edgar
Fault in Tasmania has incurred three surface-
rupturing events with average displacements of
c. 2.5-3m in the last c¢. 50 ka, with the most
recent event occurring at c. 18—17 ka (Clark et al.
2010). Kinematic studies of many of these faults
indicate that faulting occurred in response to
roughly east—west- to SE—NW-oriented palaeo
Onmax consistent with focal mechanism and con-
temporary stress data, implying that Neogene to
Quaternary faulting is linked with the modern
tectonic regime (Sandiford 2003b; Quigley et al.
2006; Gardner et al. 2009).

The relationship between Neogene to Quatern-
ary faulting and uplifted topography is less clear
in western Australia. Although some of the largest
recorded earthquakes and the largest moment
release occurs in the SW seismic zone (Leonard
2008; Braun et al. 2009), the only feature with
appreciable relief in this part of the continent is
the Darling Scarp, which is historically aseismic
and contains no evidence for Quaternary displace-
ment (Sandiford & Egholm 2008). Faults with
demonstrated Quaternary displacement, including
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the Meckering (Fig. 9a), Calingiri, Cadoux,
Hyden, Lort River, Dumbleyung and Mt Narryer
Faults, are associated with discrete scarps <2.5—
5 m high (Williams 1979; Gordon & Lewis 1980;
Lewis et al. 1981; Crone et al. 2003; Twidale &
Bourne 2004; Estrada 2009). The absence of evi-
dence for continuing fault-related relief generation
on geological time scales in this part of the continent
implies that seismic activity has only recently
commenced or that, unlike SE and south—central
Australia, is not localized on discrete structures at
geological time scales. The sparse palaeoseismo-
logical dataset available is most consistent with
the latter interpretation.

In the NW seismic zone, a series of asymmetric
anticlines (e.g. Cape Range, Barrow, Rough Range
anticlines) have developed as fault propagation
folds above blind reverse faults (Hocking 1988;
Hillis et al. 2008). The growth of fault propagation
anticlines is generally dated as Miocene and
younger in the Carnarvon Basin (e.g. Barber 1988;
Hearty et al. 2002). Concentrations of earthquake
epicentres (Geoscience Australia online earthquake
catalogue: www.ga.gov.au), and emerged Pleisto-
cene marine terraces on the Cape Range anticline
and anticlinal folds in offshore Plio-Quaternary sea-
floor sediments (van de Graaff et al. 1976), indicate
that deformation has continued to the present.

All of the faults described above for which kin-
ematics can be resolved involve either purely
dip-slip reverse movement or oblique-reverse
movement, indicating that crustal thickening and
uplift occurs across the Australian continent. Esti-
mates of Quaternary earthquake magnitudes (M),
based on fault rupture lengths, single-event displa-
cements and inferred ranges of hypocentral rupture
depth, range from M = 5.8 to 7.3 (Clark & McCue
2003; Quigley et al. 2006). The data are consistent
with magnitude estimates for the largest recorded
Australian earthquakes (Meeberiee, WA 1941,
M = 7.3; Meckering, WA 1968, M = 6.8; Tennant
Creek, NT 1988; M = 6.7). Estimates of surface-
rupturing earthquake recurrence intervals from
faults with multiple displacements range from 1 in
22 ka to >1 in 83 ka (Crone et al. 2003; Quigley
et al. 2006; Clark et al. 2008).

Origin and rates

Seismic strain rates have been calculated for the
Australian continent using historical seismicity.
Assuming a maximum earthquake magnitude of
M = 7, the maximum seismic strain rate calculated
for Australia’s seismic zones is ¢. 107'° s_l, and
the continent-averaged strain rate is no more than
c. 1071771 (Celerier et al. 2005; Leonard 2008;
Braun et al. 2009). A bulk strain rate of 107 1® ™!
in uniaxial compression implies a total shortening
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Fig. 9. Field photographs of selected historical and prehistoric faults across the Australian continent, from west to east.
(a) Meckering Fault scarp in Western Australia, formed on 14 October 1968 during the Mg 6.8 Meckering earthquake.
View is to the south. The fault has a westward heave of 2.44 m, a dextral lateral component of movement of 1.54 m, and
a throw of 1.98 m (Dentith et al. 2009). Photograph courtesy of K. McCue and the Australian Earthquake Engineering
Society. (b) Murninnie Fault on the eastern Eyre Peninsula, South Australia. View to the south. The fault plane is
oriented 170°, dips 60° to the west, and thrusts Proterozoic basement gneiss over Pleistocene(?) sandstones (main
image) and Pliocene clay (inset), indicating that the most recent event occurred no earlier than the Pleistocene.

(¢) Gawler Fault east of the Mt Lofty Ranges, South Australia. View to the east. The fault plane strikes NNE, dips
40-60° to the east, and thrusts Cambrian siltstone over late Miocene(?) gravels. Fault-propagated folding in the
Miocene strata is evident from the folded bedding. (d) Wilkatana Fault in the central Flinders Ranges, South Australia.
View to the north. The fault strikes NNW, dips 40—60°E, and thrusts Neoproterozoic quartzite over Pleistocene gravels
with a reverse-oblique total slip of up to 15 m (Quigley et al. 2006). The last major earthquake on this fault occurred
¢. 30 ka ago. (e) Milendella Fault in the eastern Mt Lofty ranges, South Australia. View to the south. The fault strikes
north, dips ¢. 50°W, and juxtaposes metamorphosed Cambrian rocks in the hanging wall with a footwall composed of a



TECTONIC GEOMORPHOLOGY OF AUSTRALIA 257

of c. 250 mMa ™' across a ¢. 100 km wide zone,
such as the Flinders seismic zone (Sandiford &
Quigley 2009). Such shortening could be accounted
for with slip on 10 faults each accommodating
about 25 m of horizontal slip per million years,
equating to 25 m Ma ' of vertical uplift for 45°
dipping faults (Flinders Fault dips range from
c. 30 to 80°; Celerier et al. 2005; Quigley et al.
2006). Accounting for some aseismic slip, actual
fault slips may be even larger, and suggest slip
rates to the closest order of magnitude in the range
between 10" and 10> m Ma ' in the most active
parts of the continent.

Fault slip rates derived from cumulative dis-
placements of Pliocene and Quaternary sediment
in SE and south—central Australia range from 20
to 150 m Ma ™' (Sandiford 2003b; Quigley et al.
2006). Displacement of Neogene strata in the
Otway Ranges has accumulated in the last 5-6 Ma
(Sandiford et al. 2004) giving time-averaged displa-
cement on bounding faults c¢. 40-50 m Ma '
Penultimate earthquakes on the historically active
Marryat Creek and Meckering Faults occurred
>100ka ago, equating to rates of <10-35
mMa~! (Machette er al. 1993). The Rosedale
Fault in Gippsland is purported to have experienced
a slip rate of 50-80m Ma ' over the Early
to Middle Pleistocene (Holdgate et al. 2003).
However, fault slip rates determined from single
fault exposures are difficult to assess because of
the tendency of intracontinental faulting to cluster
in time and space, resulting in under- or over-
estimation depending on the time of the last event
(Crone & Machette 1997; Crone et al. 1997,
2003). For example, faults in the Wilkatana area
of the central Flinders Ranges incurred upwards of
15m of cumulative slip as a result of three or
more earthquakes since c. 67 ka ago, equating to a
c. 67 ka to Recent rate (c. 225 m Ma™!) that is sig-
nificantly more rapid than the Pliocene to Recent
rate (20—50 m Ma ).

There is some indication that the temporal clus-
tering behaviour emerging from single fault studies
may be symptomatic of a larger picture of the more
or less continuous tectonic activity from late
Miocene to recent being punctuated by ‘pulses’

of activity in specific deforming regions. For
example, major deformation episodes are con-
strained to the interval 6—4 Ma in SW Victoria
(Paine et al. 2004) and 2-1 Ma in the Otway
Ranges (Sandiford 2003a). An episode of defor-
mation ceased at 1.0 Ma in the offshore Gippsland
Basin although it continued onshore until c. 250 ka
(Holdgate et al. 2003). Holdgate et al. (2008) pre-
sented evidence from the SE Highlands that resur-
rected the idea of a punctuated post-Eocene
Kosciusko Uplift event (see Browne 1967) that con-
tinued into the Late Pliocene and possibly the Pleis-
tocene. It is possible that this event might relate to
the pulse of deformation seen in SE Australian off-
shore basins in the interval 10—5 Ma associated
with the reorganization of the crustal stress field to
its present configuration (Dickinson er al. 2001,
2002; Sandiford er al. 2004; Hillis et al. 2008).
The Lake George Fault near Canberra (Singh et al.
1981; Abel 1985), and faults of the Lapstone Struc-
tural Complex near Sydney (Fig. 3) may also have
accumulated much of their Neogene displacement
in this event (Clark 2010). Indeed, palacomagnetic
data indicate that folding and uplift relating to the
Lapstone Structural Complex had largely ceased
by the late Pliocene (Bishop et al. 1982 with age
recalculated by Pillans 2003). In contrast, Gardner
et al. (2009) obtained slip rates on the Waratah
Fault of 10-40 m Ma ™' for displacements across
both 125 ka and Pliocene marine terraces, so indi-
cating that there may be some fault systems that
do not exhibit highly variable long-term slip rates.

The factors that localize seismic activity and
associated fault-related deformation within the
Australian continent have been addressed in a
number of studies. Fault reactivation of pre-existing
structural weaknesses such as ancient fault zones
almost certainly plays a fundamental role (Crone
et al. 2003; Dentith & Featherstone 2003; Quigley
et al. 2006). Faults commonly occur along geologi-
cal boundaries such as inherited lithotectonic
boundaries (e.g. Wilkatana and Roopena—Ash
Reef Faults within the Lake Torrens Rift Zone)
and topographic boundaries such as range fronts
(Flinders and Mt. Lofty Ranges). It is unclear how
surface topography influences near-surface fault

Fig. 9. (Continued) sliver of Lower Miocene limestone and a Quaternary gravel and clay sequence that elsewhere
contains the Brunhes—Matuyama palaeomagnetic reversal at c. 780 ka BP (Sandiford 20035). A metamorphic foliation
can be traced across a wedge of colluvial material derived from the hanging wall immediately above the footwall,
implying that this colluvium may have resulted from post-seismic collapse of the hanging wall with a fault displacement
of up to 7 m. The total post-Early Miocene throw on the Milendella Fault is at least c. 60—90 m (Sandiford 2003b).
(f) Burra Fault east of the central Flinders Ranges, South Australia. View to north. The fault strikes north, dips c. 30°W,
and thrusts Neoproterozoic tillite over Quaternary gravels. The total fault displacement is c¢. 4 m and predates c. 83 ka
(Quigley et al. 2006). (g) Lake Edgar Fault scarp and related geomorphological features in southern Tasmania. View to
the south. The fault cross-cuts a periglacial alluvial fan and has incurred three surface-rupturing events with average
displacements of ¢. 2.5-3 m in the last c¢. 50 ka, with the most recent event occurring at ¢. 18—17 ka (from Clark

et al. 2010).
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geometry, if at all. However, significant along-strike
variations in fault dip are common (e.g. Milendella
Fault, Wilkatana Fault).

Celerier et al. (2005) showed how variations in
both absolute abundance and depth of heat-
producing elements provide a plausible thermal
control on lithospheric strength that helps localize
deformation in the Flinders Ranges. The Flinders
Ranges form part of a zone of anomalous surface
heat flow (Neumann er al. 2000), with an average
surface heat flow of 85 mW m 2 reflecting unu-
sually elevated heat production in the Proterozoic
basement. Celerier et al. (2005) concluded that the
uppermost mantle beneath the Flinders seismic
zone may be 50—100 °C hotter than surrounding
zones because of the distribution of heat production
within the crust, thus providing a thermally weak
zone that is prime for focusing deformation.
Sandiford & Egholm (2008) argued that the
general correspondence between elevated earth-
quake activity and proximity to the edge of the con-
tinent indicates that thermal effects associated with
the ocean—continent transition may also help
control the pattern of active deformation in the
SW seismic zone. They showed that the effects of
steady-state lateral heat flow across transitional
lithosphere can produce a weakening effect 100—
200 km inboard of the ocean—continent transition.
The anisotropic distribution of intraplate defor-
mation is thus best explained by focusing of far-field
stress into pre-existing fault zones, regions of
enhanced crustal heat flow, craton boundaries, and
regions associated with Moho temperature vari-
ations (Sandiford & Egholm 2008).

Geomorphological implications

Recurring earthquake activity has resulted in several
hundreds of metres of fault displacement in parts of
SE Australia, such as the Flinders, Mt Lofty, and
Otway Ranges (Bourman & Lindsay 1989;
Tokarev et al. 1999; Sandiford 2003a, b) and in
parts of the Eastern Highlands (Hills 1975; Abel
1985; Sharp 2004) over the last 5—10 Ma. Quigley
et al. (2007b) suggested that, although fault slip
rates are modest compared with those of active
faults in plate boundary settings, rates of relative
surface uplift (i.e. uplift of mountain summit sur-
faces relative to adjacent piedmonts) may be com-
parable with those of more tectonically active
environments because of the extremely low rates
of bedrock erosion in Australian uplifted terrains.
For instance, summit surfaces in the central Flin-
ders Ranges have been uplifted relative to flanking
piedmonts by more than 12 m in the last 70 ka,
equivalent to a rate of ¢. 170 m Ma ™', as a result
of activity on range bounding faults. If such
rates were sustained over longer time-scales, the

present-day relief characterizing much of the Flin-
ders Ranges could have been created in as little as
3 Ma. Taking into account the intermittent nature
of faulting in Australia, Sandiford (2003b) and
Quigley et al. (2006) suggested that 30-50% of
the present-day elevation of the Flinders Ranges
relative to adjacent piedmonts has developed in
the last 5 Ma. Inter-seismic subsidence may have
played a role in the depression of topography
along the western Flinders Range front, where the
Torrens Basin has subsided several tens of metres
since the terminal Miocene (Quigley et al. 2007¢).
At certain time intervals, some Australian uplands
may thus have been uplifted more than mountain
belts in tectonically active plate boundary settings
such as New Zealand, the Cascadia accretionary
margin, and Taiwan because the latter are balanced
by rapid rates of erosion and may thus be in topo-
graphic steady state (Willet & Brandon 2002),
whereas rock uplift has occasionally exceeded
erosion in isolated, tectonically active, semi-arid
to arid parts of Australia (e.g. Quigley et al. 2007b).

Coseismic surface displacements can be demon-
strated to have exerted an influence on the evolution
of many Australian stream systems and, conse-
quently, intra-catchment relief. Surface rupturing
along the Wilkatana Fault in the Flinders Ranges
differentially uplifted the upstream reach of
stream-beds, forming waterfalls (knickpoints) in
longitudinal stream profiles (Quigley et al. 2006).
Subsequent headward retreat of knickpoints at
rates of >100mMa~' into catchment systems
was invoked to explain the valley-in-valley geomor-
phology upstream of the Wilkatana Fault (Quigley
et al. 2007a). Stream incision rates are similar to
bedrock uplift rates, implying that fault-generated
uplift has played a major role in modulating intra-
catchment relief production rates, presumably as a
result of tectonic increases in stream profile steep-
ness and stream erosive power.

Coseismic stream damming is evident at a
number of sites across Australia. Perhaps the most
spectacular example is found in the Echuca district
of Victoria, where Late Pleistocene surface ruptur-
ing along the Cadell Fault diverted and temporarily
dammed the flow of the Murray River, forming Lake
Kanyapella (Bowler & Harford 1966; Bowler 1978;
Rutherfurd & Kenyon 2005; Stone 2006). The river
eventually formed northern and southern drainages
that deflected around the uplifted fault block
(Bowler & Harford 1966; Rutherfurd & Kenyon
2005; Clark et al. 2007). The lower Murray River
is inferred to have once flowed NW continuously
across the Mt Lofty Ranges along what is now the
Broughton River, depositing sediments into the
Broughton delta in the Spencer Gulf [Williams &
Goode 1978; but see also Harris et al. (1980) for a
contrary viewpoint]. Post-Eocene tectonic uplift of
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the Mt Lofty Ranges is inferred to have diverted the
Murray to the south, forming the conspicuous
modern-day diversion adjacent to the Morgan
Fault (Williams & Goode 1978). Coseismic
ponding of streams occurred along the Ash Reef
Fault in the Eyre Peninsula (Hutton et al. 1994).

Coseismic ground shaking has also played a role
in shaping Australia’s geomorphology. Coseismic
landslides have been identified in the Flinders
Ranges (Quigley et al. 2007a) and are interpreted
as major contributors to catchment sediment fluxes
throughout the region. Quigley et al. (2007a)
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Fig. 10. Cosmogenic '°Be (1, s2 = 1.5 Ma) is produced in situ in near-surface materials as a result of high-energy
cosmic-ray reactions. Concentrations can be measured using accelerator mass spectrometry and interpreted in terms of
surface exposure histories and/or bedrock erosion rates. (a) Whisker-box plot of seismic strain rate (from Braun ez al.
2009) v. erosion rate (determined from cosmogenic '°Be analyses) for Australian bedrock outcrops across regional
tectonic gradients. Outer ticks represent sample minimum and maximum, box boundaries define lower and upper
quartiles, and middle line indicates the median erosion rate. n, number of samples per suite. For seismic strain rate of
logyg — 17.5, two datasets are shown; inselberg samples (which are relatively unjointed) are discounted from the second,
higher erosion rate grouping to compare similar rock masses with consistent joint spacing throughout this analysis. The
best-fit line through the data shows an increase in bedrock erosion rate with increasing seismic strain rate, suggesting a
first-order tectonic control on bedrock erosion. Qualitatively, increased erosion rates also appear to correlate with
increased neotectonic activity (Fig. 8). The inset shows an increase in standard deviation of bedrock erosion for data
populations of increasing seismic strain rate. We interpret this to reflect increased erosion rates and erosion rate
variability in bedrock landscapes subjected to intermittent large earthquakes and coseismic shaking. (b) Mean annual
precipitation v. bedrock erosion rate, showing the absence of any clear correlation between these parameters across large
precipitation gradients. (¢) Mean annual temperature v. bedrock erosion rate, showing the absence of any clear
correlation between these parameters across large mean annual temperature gradients. The results of (b) and (c) suggest
that over 10 ka—1 Ma time scales, climate variability plays a minimal role in determining erosion rate variability for
Australian bedrock outcrops relative to tectonic forcing.
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speculated that the large volume of Late Pleistocene
sediment accumulated in the Wilkatana fans
resulted from reworking of intra-catchment sedi-
ment derived from coseismic ground shaking. On
the basis of anomalously low cosmogenic '°Be con-
centrations in bedrock and alluvium derived from
fault-affected catchments, Quigley er al. (2007a)
suggested that the effects of tectonic perturbations
(e.g. anomalously high hillslope sediment volume
release as a result of coseismic landslides and anom-
alously steep longitudinal stream profiles) may
reside within Australian landscapes for c. 30 ka or
longer. Cosmogenic nuclide concentrations thus
appear to provide an informative tool on the
degree of neotectonism that has affected Australian
bedrock landscapes (Fig. 10). The aseismic Darling
escarpment, which has not been affected by late
Quaternary tectonism, yields high cosmogenic
"9Be concentrations and appears to be in topo-
graphic steady state (Jakica et al. 2010) whereas
the Flinders Ranges landscapes that have been
uplifted in the late Quaternary yield low B¢ con-
centrations (Quigley et al. 2007a, c¢). Seismic
shaking has produced fractured bedrock slabs or
‘A-tents’ at several sites in South Australia
(Twidale & Bourne 2000; Twidale & Campbell
2005), providing an observable connection between
earthquake activity and bedrock fracturing. The
earthquake recurrence interval and magnitude of
coseismic ground shaking associated with seismic
events is likely to exert considerable control over
the amount of bedrock available for transport
during subsequent erosional events (e.g. floods;
Quigley et al. 2007¢). Kink-bands in ¢. 120 ka BP
interglacial cemented dune limestones near Cape
Liptrap provide additional evidence for coseismic
rock mass deformation in the Quaternary (Sandiford
2003b; Gardner et al. 2009).

Preliminary investigations of the relationships
between bedrock erosion, determined from cosmo-
genic 0B concentrations, and extrinsic variables
including seismic strain rate, mean annual precipi-
tation, mean annual temperature and temperature
range suggest that tectonic activity, as opposed
to climate, exerts the dominant control on bed-
rock erosion rate across the Australian continent
(Fig. 10). Intriguingly, a continent-wide inventory
of cosmogenic nuclide erosion rate determina-
tions indicates that bedrock erosion rates are low
(0.5-5 m Ma ") with low variability across large
climatic gradients, implying that on time scales
of 10-100 ka, climate appears to play a minimal
role in modulating bedrock erosion rates (Fig. 10;
Quigley et al. 2007a; Quigley 2008). Conversely,
erosion rates are highly variable (c. 3-130
mMa~") in regions of elevated seismic activity
(high seismic strain rate) relative to regions of rela-
tively low seismic activity (low seismic strain rate)
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(Fig. 10; Quigley et al. 2007a, c; Jakica et al. 2010).
We interpret this dataset to indicate that coseismic
rock fracturing and transport during infrequent
earthquakes is the primary driver of long-term
erosion in bedrock landscapes. Although this is
perhaps not a surprising conclusion to be drawn
from tectonically active regions (Riebe et al.
2001a, b), it is perhaps more remarkable for a
mild intraplate setting such as Australia.

Conclusions

Many of Australia’s landscapes have developed in
response to active geodynamic processes, including
long-wavelength continental tilting, intermediate-
wavelength folding, and short-wavelength fault
displacement of the surface. These processes have
extensively modified the coastline of Australia,
strongly influenced patterns of marine inundation,
and influenced the geometry of many of Australia’s
streams, hillslopes, basins, and uplands over the
last 5—10 Ma. New techniques such as cosmogenic
nuclide analysis have allowed bedrock erosion rates,
surface uplift rates, and relief production rates to be
quantified in selected localities. When combined
with structural and stratigraphic studies, these
results confirm that the geomorphology of parts of
the Australian continent has been changed dramati-
cally in the Late Cenozoic in response to active
tectonic processes. Although the modern intraplate
tectonic regime is characterized by relatively infre-
quent large earthquakes compared with plate bound-
ary regions, the correlation between bedrock erosion
rates and seismic activity suggests that an active
tectonic regime continues to exert a profound influ-
ence on landscape evolution in parts of the great
southern continent.

We thank P. Bishop, T. Gardner and J. Webb for reviews
that improved the quality of this paper. Our views on the
Australian landscape have profited greatly through discus-
sions with M. Williams, J. Chappell, S. Hill, J. Bowler,
K. Fifield, D. Fink, P. Bierman and many others. Some
of the unpublished cosmogenic nuclide data were obtained
using ANSTO-University of Melbourne collaborative
research grants in 2008 and 2009. D.C. publishes with
the permission of the CEO of Geoscience Australia.
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