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The Waratah Fault is a northeast trending, high angle, reverse fault in the Late Paleozoic Lachlan Fold Belt
at Cape Liptrap on the Southeastern Australian Coast. It is susceptible to reactivation in the modern
intraplate stress field in Southeast Australia and exhibits Late Pliocene to Late Pleistocene reactivation.
Radiocarbon, optically stimulated luminescence (OSL), and cosmogenic radionuclide (CRN) dating of
marine terraces on Cape Liptrap are used to constrain rates of displacement across the reactivated
Waratah Fault. Six marine terraces, numbered Qt6–Tt1 (youngest to oldest), are well developed at Cape
Liptrap with altitudes ranging from w1.5 m to w170 m amsl, respectively. On the lowest terrace, Qt6,
barnacles in wave-cut notches w1.5 m amsl, yielded a radiocarbon age of 6090–5880 Cal BP, and reflect
the local mid-Holocene sea level highstand. Qt5 yielded four OSL ages from scattered locations around
the cape ranging from w80 ka to w130 ka. It formed during the Last Interglacial sea level highstand (MIS
5e) at w125 ka. Inner edge elevations (approximate paleo high tide line) for Qt5 occur at distinctly
different elevations on opposite sides of the Waratah Fault. Offsets of the inner edges across the fault
range from 1.3 m to 5.1 m with displacement rates ranging from 0.01 mm/a to 0.04 mm/a. The most
extensive terrace, Tt4, yielded four Early Pleistocene cosmogenic radionuclide (CRN) ages: two apparent
burial ages of 0.858 Ma � 0.16 Ma and 1.25 Ma � 0.265 Ma, and two apparent exposure ages of
1.071 Ma � 0.071 Ma (10Be) and 0.798 Ma � 0.066 Ma (26Al). Allowing for muonic production effects from
insufficient burial depths, the depth corrected CRN burial ages are 1.8 Ma � 0.56 Ma and
2.52 Ma � 0.88 Ma, or Late Pliocene. A Late Pliocene age is our preferred age. Offsets of Tt4 across the
Waratah Fault range from a minimum of w20 m for terrace surface treads to a maximum of w70 m for
terrace bedrock straths. Calculated displacement rates for Tt4 range from 0.01 mm/a to 0.04 mm/a (using
a Late Pliocene age, w2 Ma), identical to the rates calculated for the Last Interglacial terrace, Qt5. This
indicates that deformation at Cape Liptrap has been ongoing at similar time-averaged rates at least since
the Late Pliocene. The upper terraces in the sequence, Tt3 (w110 m amsl), Tt2 (w140 m) and Tt1

(w180 m) are undated, but most likely correlate to sea level highstands in the Neogene. Terraces Tt1–Tt4
show an increasing northward tilt with age.
The Waratah Fault forms a prominent structural boundary in the Lachlan Fold Belt discernible from
airborne magnetic and bouger gravity anomalies. Seismicity and deformation are episodic. Episodic
movement on the Waratah Fault may be coincident with sea level highstands since the Late Pliocene,
possibly from increased loading and elevated pore pressure within the fault zone. This suggests that
intervals between major seismic events could be on the order of 100 ka.
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1. Introduction

Although Australia is traditionally regarded as a tectonically
stable continent (Twidale, 1983), there is a growing realization that
several regions of the Australian Craton show evidence for neo-
tectonic activity (Sandiford, 2003). For Southern and Southeastern
Australia a rapidly growing body of literature offers rich and robust
te deformation of stable continental margins: evidence from Late
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evidence for ‘‘youthful’’ landscapes (Ollier, 1978; Ollier and Pain,
1994; Quigley et al., 2006; see Bishop, 1998; Sandiford, 2003, for an
exceptional summary of these landscapes, their evolution and their
tectonic implications). There is compelling evidence from plate
reconstructions (Coblentz et al., 1995, 1998; Sandiford, 2003; San-
diford et al., 2004; Nelson et al., 2006; Dyksterhuis and Müller, 2008)
that an active phase of deformation, variously termed the
Kosciuszko Uplift (Andrews, 1910; Joyce et al., 2003) and Sprigg
Orogeny (Sandiford, 2003), began in the Late Miocene to Early
Pliocene across a broad section of the Australian continent and is
ongoing today. This is demonstrated by contemporary seismicity
(Gibson et al., 1981; McCue et al., 1990; Sandiford, 2003; Célérier
et al., 2005; Geosciences Australia, Internet Earthquake Database),
and a number of structural and geomorphic studies throughout this
region (e.g. Bourman and Lindsay,1989; Murray-Wallace et al.,1996;
Sandiford, 2002, 2003; Célérier et al., 2005; Quigley et al., 2006,
2007; Clark et al., in press). Some of the most compelling data on the
nature and timing of this active phase of deformation comes from
the onshore and offshore geologic record in the Gippsland Basin of
Southeastern Australia (Barton, 1981; Hocking, 1988; Bolger, 1991;
Dickinson et al., 2002; Holdgate et al., 2003) and the broadly
deformed Pliocene and Pleistocene paleo-shorelines in Western
Victoria and Eastern South Australia (Sprigg, 1979; Sandiford, 2003;
Paine et al., 2004). This phase of Neogene to recent deformation is
generally consistent with the modern, intraplate stress field in
Southeastern Australia, which is compressive with SHmaxoriented at
130� � 20� (Hillis and Reynolds, 2003; Sandiford et al., 2004; Nelson
et al., 2006) and most likely homogeneous between shallow and
seismogenic depths (Clark and Leonard, 2003).

There is an ongoing program to map palaeoseismicity (Gaull
et al., 1990) in Australia and assess the current seismic hazards (e.g.
Crone and Machette, 1994; Crone et al., 1997, 2003; Clark et al., in
press), particularly near major cities, but many of the areas with
evidence for recent deformation lack well-defined dating
constraints on rates of motion. Furthermore, even where age control
is available, many of these studies may not encompass a complete
seismic cycle making it difficult to calculate recurrence interval or
long-term displacement rate. In particular, few studies have yielded
reliable estimates of deformation and seismic activity on specific
structures over time periods from Late Pliocene to recent. Thus,
there is a clear need for detailed reconstructions of long-term (Late
Pliocene to recent) deformation histories along active faults across
Australia, that constrain the timing and amount of movement by
using a combination of geomorphic, stratigraphic and geochrono-
logic data. This information then needs to be related to the present
local stress field to assess the seismic risk in a particular area.

In this paper we present such a study from Cape Liptrap, South-
central Victoria, w150 km southeast of the major population centre
of Melbourne. Here, movement along the Waratah Fault, an NE–SW
trending reverse fault on the southwest end of the Southeastern
Australia Seismic Zone (SESZ) has displaced a flight of six, well
developed, Neogene to Holocene marine terraces. Based on differ-
ential GPS topographic surveys, detailed stratigraphic descriptions,
and geochronologic constraints on terrace ages (using radiocarbon
(14C), optically stimulated luminescence (OSL), and cosmogenic
radionuclide (CRN) dating), we calculate the amounts, rates, and
timing of displacement across the Waratah Fault. We then relate
this deformation to the current intraplate stress field to assess the
nature of intraplate deformation in stable continental regions
(SCR), the potential triggering mechanisms of the faulting, and the
current seismic risk in the region.

2. Regional setting

Cape Liptrap (Fig. 1B and C) extends over 10 km southward from
the southeast Australian coast, averages about 8 km in width, and is
Please cite this article in press as: Gardner, T., et al., Episodic intrapla
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dominated by a northeast-trending ridge with a maximum eleva-
tion of 170 m in the middle of the peninsula. The climate is
temperate marine with a mean annual temperature of w14 �C and
mean annual rainfall of w1 m.

The geology of Cape Liptrap is complex. The basement consists
of intensely deformed Paleozoic rocks that form part of the Paleo-
zoic Lachlan Fold Belt, a multi-phased deformation zone of
Cambrian to Carboniferous rocks extending roughly north–south
through Southeastern Australia (Fig. 1A; Gray, 1988). At Cape Lip-
trap the Paleozoic basement is comprised of Cambrian greenstones
and Ordovician Digger Island Limestone, which are overlain
unconformably by the Lower Devonian Waratah Limestone, Liptrap
Formation turbidites and Bell Point Limestone (Fig. 1B). Middle
Devonian S-type granites intrude this sequence, and are exposed
nearby on Wilson Promontory and a small section of the Yanakie
Isthmus (Fig. 1B). Cretaceous volcaniclastic rocks rest unconform-
ably on the basement, and are in turn overlain by Tertiary fluvial
sediments. Late Tertiary deformation uplifted the Cretaceous rocks
along range-bounding faults into major horsts (e.g. the Strzelecki
Ranges, north of Cape Liptrap; Fig. 1A), and locally deformed Late
Oligocene and Miocene sediments in the Gippsland Basin to the
northeast of Cape Liptrap into broad folds and fault-cored mono-
clines. These elevated structures exhibit up to several hundred
metres of erosion prior to deposition of the much less deformed
Pliocene Haunted Hill Formation, a unit of coarse-grained alluvial,
conglomerates and sandstones (Barton, 1981; Bolger, 1991; Dick-
inson et al., 2002). Neogene and Quaternary marine, fluvial and
aeolian deposits of variable thickness cover much of Cape Liptrap
(Gardner et al., 2006), so exposures of underlying basement are
limited to coastal outcrops along sea cliffs and beach platforms,
incised stream valleys and road outcrops.

The Paleozoic basement at Cape Liptrap is cross-cut by the
Waratah Fault, a northeast striking (030�) reverse fault that lies at
the southwestern edge of the SESZ (Fig. 1C, inset). The Waratah
Fault is a major structural lineament in the region juxtaposing
turbidites of the Liptrap Formation on the west against largely
Cambrian greenstones on the east. The fault is well exposed in an
actively eroding sea cliff on the eastern side of the cape (Fig. 1B). It is
composed of 2 parallel strands: one places Waratah Limestone
against Bell Point Limestone and the second places Bell Point
Limestone against Liptrap Formation turbidites (Sandiford, 1978).
A narrow cataclastic zone in the Liptrap Formation marks the fault
where it crosses the shoreline at Walkerville South. Where it comes
back onshore at Waratah Bay (Fig. 1B), there is a sharp break
between an actively eroding bedrock shore platform and sea cliff on
the hanging wall, and a broad sandy beach and dunes on the
footwall. Along much of its onshore trace, the Waratah Fault is
buried by Late Pleistocene and Holocene paleo-dunefields (Gardner
et al., 2006) and, from dating in this study, Late Pliocene marine
terrace deposits (Fig. 1B). As described in this paper, the rates of
Late Pliocene to Late Pleistocene displacement on the Waratah Fault
can be determined from geomorphic and geochronologic data on
the uplifted marine terraces along Cape Liptrap.

3. Neogene and Quaternary marine terraces – distribution,
stratigraphy and age

3.1. Genesis and interpretation of marine terraces

Marine abrasion platforms develop most readily along coast-
lines when the rate of sea level change approaches zero, so that
wave action has sufficient time to erode a seaward sloping surface
(Lajoie, 1986; Anderson et al., 1999). The intersection of the marine
platform (terrace strath) and the adjacent sea cliff (terrace riser),
called the terrace inner edge, approximates a horizontal datum
formed near mean high tide (Bradley and Griggs, 1976; Merritts,
te deformation of stable continental margins: evidence from Late
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Fig. 1. A) Geologic setting of Cape Liptrap showing the north–south trending Paleozoic Lachlan Fold Belt and the Gippsland Basin with predominately flat lying, but faulted
Cretaceous and Tertiary rocks. Thin lines in Lachlan Fold Belt show trend of major folds; heavy lines in Gippsland Basin indicate major range-bounding, reverse faults with ticks on
downthrown side. Legend: Ordovician – large dots, Silurian – light gray, Devonian sedimentary rocks – dark gray, Devonian igneous rocks (mostly granites) – hachured,
Carboniferous – small dots, Cretaceous – conglomerate, Tertiary – horizontal dashes, ocean – uncolored, R – Rosedale Fault. Modified from Jenkin (1968), Gray (1988), VandenBerg
(1988), Geological Survey of Victoria (1993), VandenBerg (1997) and Dickinson et al. (2002). Gray box shows location of B. B) Generalized geologic map for Cape Liptrap and Wilson
Promontory. Modified from Douglas and Spencer-Jones (1971), Douglas (1975) and VandenBerg (1997). Polygonal boxes in B show location of Fig. 2A and B. G – Gelliondale
Monocline. C) Oblique aerial view of the southern end of Cape Liptrap looking north. Marine terrace Tt3 is clearly visible in the cleared fields in the near distance. Dashed diagonal
box on inset in C is Southeastern Australia Seismic Zone, SESZ (Sandiford and Egholm, 2008).
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1996; Gardner et al., 2001; Kershaw and Guo, 2001; Cooper et al.,
2007). Along rocky shorelines, terrace straths are cut into bedrock,
and inner edges are easily identifiable at the base of paleo-sea cliffs
and often preserved in the landscape, although they may be
obscured by colluvium. Bedrock straths may be covered by marine
sediment in which case the flat upper surface of the sediment forms
the terrace tread.
Please cite this article in press as: Gardner, T., et al., Episodic intrapla
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Marine terraces can form at both sea level maxima (highstands)
and minima (lowstands), and are preserved where coastal uplift
exceeds the rate of sea level rise or when sea level falls, elevating
the sea cliff and marine terrace above the zone of active wave
erosion. However, terraces formed at lowstands are rarely
preserved, because uplift rates would need to be extremely rapid to
elevate the platform above the rising sea level. For example, an
te deformation of stable continental margins: evidence from Late
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Fig. 2. A) Surficial geologic map of Cape Liptrap showing the distribution of marine terraces. B) Surficial geologic map from the eastern side of Cape Liptrap to the Yanakie Isthmus
showing the extent and correlation of Tt4. Qt5 and Qt6 also extend from Cape Liptrap onto the Yanakie Isthmus, but they are generally not visible at the mapping scale. Locations of
subsequent figures are shown with arrows. Underlined numbers show locations used in Fig. 8. Dashed lines show location of GPS topographic profiles. Bold dashed lines locate GPS
profiles used in construction of cross-sections in Fig. 3. Measured strike of the Waratah Fault in shown by the wide black bar.
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uplift rate in excess of 6 mm/a would be required to raise the Last
Interglacial lowstand terrace above modern sea level. Thus,
exposed marine terraces generally correlate to sea level highstands
(i.e. Goy et al., 1992; Merritts, 1996; Perg et al., 2001), especially
along relatively stable coastlines like Australia (Murray-Wallace
and Belperio, 1991; Stirling et al., 1998; Bourman et al., 1999; Muhs,
2002; Murray-Wallace, 2002).
3.2. Cape Liptrap terraces

A flight of six marine terraces is preserved at Cape Liptrap; from
oldest to youngest these are numbered Tt1–Qt6. They cover most of
the cape, and extend from Morgan’s Beach on the west and the
Cape Liptrap Lighthouse on the south, past the town of Waratah Bay
on the north (Fig. 2A) and eastward across Shallow Inlet onto the
Yanakie Isthmus (Fig. 2B). Altogether 21 topographic profiles of
varying lengths were measured across the terraces. Elevations with
sub-metre accuracy were determined from differentially corrected
GPS (coast guard beacon and Optus satellite). Several coastal
outcrops were identified that preserve terrace inner edges, espe-
cially for Qt5, providing a superb horizontal datum against which to
measure displacements across the Waratah Fault. Elevations for
inner edges of Qt5 and erosional coastal notch elevations for Qt6

were measured with a rod and level. Stratigraphic columns were
measured in sea cliffs from the terrace bedrock strath into the
Please cite this article in press as: Gardner, T., et al., Episodic intrapla
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overlying marine sands, and dated using a combination of radio-
carbon, OSL and CRN techniques.

The terraces, which correlate to sea level highstands, range in
elevation from w1.5 m amsl for Qt6 to w170 m amsl for Tt1, the
highest elevation on the cape at the local drainage divide (Fig. 3).
Terrace treads vary in area and lateral extent (Fig. 2A), from the
broadest and most continuous surface, Tt4, which covers a major
portion of Cape Liptrap, to severely eroded treads that preserve
only terrace inner edges in modern sea cliffs, as for Qt5. The
thickness of marine sediment overlying the terrace strath surfaces
(erosional bedrock unconformities) ranges from >20 m for Tt4

(Fig. 3B) to <1 m for Tt1 (Fig. 3B). The terrace strath surfaces are
generally not well exposed in the interior of the cape, and the
thicknesses of the marine sediments overlying the terrace straths
are not well constrained. Late Pleistocene and Holocene aeolian
activity (Gardner et al., 2006) has locally reworked the near-surface
marine sediments on the terraces into aerially extensive dunefields
that cover significant portions of the terrace treads and risers.
Locally, terrace risers are also extensively colluviated. However, the
nearly flat terrace treads and sloping risers are clearly visible in the
field and on stereo aerial photography for all terraces at some
locations.

3.2.1. Marine terrace Qt6

Qt6 is expressed as a coastal notch in bedrock w1.5 m above
mean sea level (amsl) along the modern shoreline on Cape Liptrap.
te deformation of stable continental margins: evidence from Late
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Fig. 3. GPS derived topographic cross-sections showing the distribution and elevation of Late Tertiary and Quaternary marine terraces and bedrock geology; A) photograph looking
southwest at Cape Liptrap from Waratah Bay. Marine terrace treads are clearly visible in the skyline. Extent of terrace tread does not exactly match terrace profile in B because the
line of the photograph is oblique to the cross-section. B) Terrace flight at Walkerville South. Qt6 and Qt5 are projected onto the profile from adjacent GPS transects. C) Terrace flight at
Waratah Bay. See Fig. 2 for location of GPS surveys.
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At Bird Rock (Fig. 2) a death assemblage of barnacles in growth
position occurs in this notch (Fig. 4A). Coastal notches typically
form at mean sea level along rocky coastlines from wave action and
accelerated weathering (Fischer, 1980; Kershaw and Guo, 2001;
Cooper et al., 2007) and a similar notch with living barnacles is
currently forming at mean sea level at Bird Rock. The death
assemblage of barnacles yielded a mid-Holocene radiocarbon age
of 5880 � 50 a BP (6090–5880 Cal BP, Table 1), slightly older than
the age of 5600 a BP obtained from the same barnacles by Haworth
et al. (2002). At Waratah Bay, Qt6 is expressed as a broad, sandy
terrace 2–3 m amsl capped by modern dunes (Fig. 2A, Fig. 3C).

The elevation of Qt6 reflects the mid-Holocene, postglacial
relative sea level maximum, which had been recorded at similar
elevations around the Australian coast (1.2–3 m, Chappell, 1983;
Thom and Roy, 1985; Beaman et al., 1994; Baker et al., 2001; Bel-
perio et al., 2002; Haworth et al., 2002).

3.2.2. Marine terrace Qt5

Qt5 is a narrow, but laterally extensive strath terrace eroded into
turbidites of the Liptrap Formation. It is best exposed for several
hundred metres in a sea cliff at Walkerville North (Fig. 5), where it
Please cite this article in press as: Gardner, T., et al., Episodic intrapla
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is an exceptionally planar surface with centimetre-scale relief. The
upper metre of the bedrock strath is deeply weathered. This is quite
distinct from the nearby modern wave-cut platform, which exhibits
metre-scale relief and a very fresh, unweathered bedrock surface,
indicating that the Qt5 strath represents a longer period of exposure
and erosion than the modern platform. At Walkerville North the Qt5

strath slopes toward the north with a gradient of w0.04, from an
inner edge elevation of 7.25 m amsl at the Waratah Fault to
3.2 m amsl at the north end of the outcrop (Fig. 5A). This gradient is
significantly steeper than the average gradient, 0.01–0.02, on the
modern, marine abrasion platform on turbidites around Cape Lip-
trap. Thus, a significant component of the slope of the Qt5 wave-cut
platform is tectonic in origin (discussed further below).

A uniformly thick (0.8 m), marine conglomeratic sand rests on
the strath surface at Walkerville North (Fig. 5B and C) and is
composed of well-rounded, white pebbles and cobbles of vein
quartz (derived from the underlying Liptrap Formation). The clasts
are scattered throughout a medium to coarse-grained quartz sand
with poorly developed planar and low angle, inclined cross-
bedding. The sand was dated to 132 � 9 ka using OSL (Table 1, OSL-
2; Fig. 5C).
te deformation of stable continental margins: evidence from Late
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Fig. 4. Stratigraphic columns for A) Qt6 at Bird Rock, and B) Qt5 at Morgan Beach. Legend refers to Figs. 4–7. All grain sizes determined by comparison to grain size chart. Cl ¼ clay;
Sl ¼ silt; VF ¼ very fine sand, F ¼ fine sand; M ¼ medium sand; Cr ¼ coarse sand; P ¼ pebbles; Co ¼ cobbles. See Fig. 2 for location.

T. Gardner et al. / Quaternary Science Reviews xxx (2008) 1–156

ARTICLE IN PRESS
Qt5 is also well exposed at Morgan’s Beach (Fig. 4B) at an elevation
of 1.2 m amsl. The outcrop here is not an inner edge, but lies several
10s of metres seaward of the paleo-sea cliff. The strath is overlain by
a w4 m thick, horizontal to wavy bedded, fine to very fine-grained,
well sorted, rounded quartz sand, organic rich near the top (Gardner
et al., 2006), dated as 122� 9 ka (Table 1, OSL-1; Fig. 4B). Lenses up to
0.5 m thick of angular sandstone pebble and cobbles occur locallyand
are derived from the Liptrap Formation exposed in the paleo-sea cliff.

At Tracy’s Beach (Fig. 6A, B) the inner edge of Qt5 is exposed at
an elevation of 2.1 m amsl, and the marine sediment on the strath is
w1.2 m thick. It consists of a lower coarse sand unit with quartz
pebbles and cobbles, and an upper medium to coarse sand unit
indurated with iron cement. It yielded an OSL age of 122 � 13 ka
(Table 1, OSL-4; Fig. 6A).

Qt5 is poorly exposed at Walkerville North Campground (Fig. 2A,
location 6) at an elevation of 4.5 m amsl. Scattered, well-rounded,
Please cite this article in press as: Gardner, T., et al., Episodic intrapla
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white vein quartz pebbles and cobbles occur on the strath surface in
a very thin sand unit. Aeolian sediment on the strath surface yiel-
ded an OSL age of 79 � 6 ka (Table 1, OSL-3). At w80 ka there was
very intense aeolian activity on the west side of Cape Liptrap
(Gardner et al., 2006). These dunefields evidently migrated across
the cape and buried the Qt5 platform at Walkerville North
Campground.

Qt5 is expressed as a broad marine terrace at 4–6 m amsl along
the coast east from the town of Waratah Bay (Fig. 2A, Fig. 3C). It is
locally covered by Holocene dunes.

The OSL ages for Qt5 at Cape Liptrap are consistent with the Last
Interglacial highstand (MIS 5e), which has been dated around
Australia as 125� 5 ka, and is the best represented of the MIS 5a/c/e
marine terraces along the Australian coastline (Murray-Wallace
and Belperio, 1991; Stirling et al., 1998; Muhs, 2002). The elevation
of the MIS 5e highstand ranges from w2 m amsl for the stable
te deformation of stable continental margins: evidence from Late
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Table 1
Radiocarbon, optically stimulated luminescence, and cosmogenic radionuclide ages for samples at Cape Liptrap.

Radiocarbon agesa

Sample ID Australian map grid
zone 55

Measured
radiocarbon age

13C/12C ratio Conventional
radiocarbon ageb

2 Sigma
calibration

Qt6-Carb-1 413900E/5698000N 5140 � 40 BP þ1.3 o/oo 5580 � 50 BP Cal BP 6090–5880
Beta 16980
AMS

Optically stimulated luminescence agesc

Sample
ID

Australian
map grid
zone 55

Depthd

(m)
Watere

(%)

40Kf

(Bq kg�1)

228Thf

(Bq kg�1)

228Raf

(Bq kg�1)

238Uf

(Bq kg�1)

226Raf

(Bq kg
�1)

210Pbf

(Bq kg
�1)

Kg

(%)
Thg

(ppm)
Ug

(ppm)
a
radiationh

(Gy ka�1)

b
radiationi

(Gy ka�1)

g
radiationj

(Gy ka�1)

Cosmic-ray
radiationk

(Gy ka�1)

Total dose
rate (Gy
ka�1)

Equivalent
dosel (Gy)

Optical
age (ka)

Qt5-
OSL-
1

405800E/
5696900N

20.2 33.0 � 5.0 107.3 � 2.3 10.0 � 0.2 9.8 � 0.2 10.0 � 0.5 8.0 � 0.2 8.8 � 0.6 na na na 0.03 � 0.01 0.30 � 0.02 0.21 � 0.01 0.02 � 0.01 0.56 � 0.03 68 � 3 122 � 9

Qt5-
OSL-
2

412800E/
5698900N

4.0 2.5 � 1.0 na na na na na na 0.43 � 0.03 4.1 � 0.2 0.8 � 0.1 0.03 � 0.01 0.51 � 0.03 0.64 � 0.05 0.11 � 0.02 1.29 � 0.06 170 � 7 132 � 8

Qt5-
OSL-
3

413100E/
5700200N

6.0 2.5 � 1.0 na na na na na na 1.19 � 0.06 8.1 � 0.4 1.9 � 0.2 0.03 � 0.01 1.29 � 0.07 0.65 � 0.05 0.08 � 0.02 2.04 � 0.10 162 � 8 79 � 6

Qt5-
OSL-
4

432500E/
5706900N

1.9 2.5 � 1.0 27.1 � 1.8 15.1 � 0.2 15.4 � 0.6 8.0 � 3.5 8.5 � 0.3 5.7 � 1.6 na na na 0.03 � 0.01 0.23 � 0.02 0.25 � 0.01 0.17 � 0.02 0.68 � 0.04 83 � 9 122 � 13

Cosmogenic radionuclide agesm

Sample ID Australian map
grid zone 55

Elevationn (m amsl) Burial depth
(m)

[10Be]o

(�105 at/g)
[26Al]o

(�105 at/g)
[26Al]/[10Be] Apparent burial agep (Ma) Apparent

10Be exposure
age (Ma)

Apparent 26Al exposure
age (Ma)

Depth
corrected burial
ageq (Ma)

Qt4-COS-1 413500E/5696800N 25 11 0.52 � 0.04 (B1275) 1.81 � 0.38 (A0803) 3.5 � 0.8 1.125 � 0.271 na na 2.52 � 0.88
Qt4-COS-2 432200E/5707400N 9 5 0.95 � 0.12 (B1276) 3.73 � 0.45 (A0804) 3.9 � 0.7 0.858 � 0.166 na na 1.87 � 0.56
Qt4-COS-3 432200E/5707400N 14 0 39.8 � 1.1 (B1274) 160.1 � 9.1 (A0813) 4.0 � 0.3 0.070 � 0.007 1.071 � 0.071 0.798 � 0.066

a Beta Analytic Inc., Miami, Florida.
b Corrected for marine reservoir effects.
c OSL analyses performed at the Luminescence Dating Facility, School of Earth Sciences, Melbourne University. Samples were dated using a single-aliquot regenerative-dose (SAR) protocol (Murray and Roberts, 1998; Murray and

Wintle, 2000) applied to small (5–10) grain aliquots of 90–125 mm size-fraction quartz. Analytical procedures are described in Cupper (2006).
d Depth measured from Figs. 4, 5, and 7.
e Estimated time-averaged moisture contents, based on measured field water values (% dry weight).
f Obtained by high-resolution gamma spectrometry (HRGS; CSIRO Land and Water, Canberra).
g Obtained by instrumental neutron activation analysis (INAA; Becquerel Laboratories, Mississauga).
h Assumed internal alpha dose rate.
i Derived from INAA radionuclide concentrations (OSL-2, OSL-3) or HRGS radionuclide activities (OSL-4, OSL-1) using the conversion factors of Ademeic and Aitken (1998), corrected for attenuation by water and beta attenuation.
j Derived from field gamma spectrometry measurements (OSL-2, OSL-3) or HRGS (OSL-4, OSL-1) using the conversion factors of Ademeic and Aitken (1998), corrected for attenuation by water.

k Calculated using the equation of Prescott and Hutton (1994), based on sediment density, time-averaged depth and site latitude and altitude.
l Including a �2% systematic uncertainty associated with calibration of the laboratory beta-source.

m Samples were measured at the ANTARES AMS Facility at ANSTO, Australia (Fink et al., 2004).
n Elevation and burial depth are measured from stratigraphic columns in Figs. 6 and 7.
o Concentrations at site location with AMS cathode No. in brackets. Samples were measured at the ANTARES AMS Facility at ANSTO, Australia (Fink et al., 2004). Uncertainty represents quadrature addition of 1s errors in final AMS

isotope ratio, masses, Al assay and a 2% systematic variability in repeat measurement of AMS standards.
p Burial ages are calculated according to Granger and Muzikar (2001) with altitude and latitude scaling factors calculated according to Stone (2000) using sea level high latitude production rates of 5.1 � 0.3 at/g/year and

31.1 � 1.9 at/g/year for 10Be and 26Al respectively (Stone, 2000). The burial ages are minimum ages given insufficient burial depth to completely shield samples from cosmic radiation, especially muonic production effects.
q Depth corrected burial age calculated according to Granger and Muzikar (2001) accounting for muonic production given constant sample burial depths and an assumed sediment density is 2 g/cm3.
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Fig. 5. A) Composite photograph and line drawing of the Walkerville North sea cliff showing the well-developed Qt5 strath surface on the Liptrap Formation, marine sediment,
overlying colluvium and intersection with the Waratah Fault. View is to the west. Truck on right side gives scale. Scale for line drawing and photograph are identical. Geology of the
Waratah Fault from Sandiford (1978). B) Stratigraphic column of Qt5 at Walkerville North. C) Photograph of OSL sample site. See Fig. 2 for location.
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Precambrian Gawler Craton on the Eyre Peninsula, South Australia
(Murray-Wallace and Belperio, 1991; Bourman et al., 1999; Murray-
Wallace, 2002) to w3 m for the stable coastline of Western Aus-
tralia (Stirling et al., 1998). The substantial range in elevation for Qt5

over short distances at Cape Liptrap (1.2–7.25 m amsl) reflects
neotectonic activity, which is discussed in detail below.

3.2.3. Marine terrace Tt4

Tt4 is the most continuous and aerially extensive marine terrace
on Cape Liptrap (Fig. 2). It can be traced nearly continuously from
Grinder Point (Fig. 2A) to the Yanakie Isthmus (Fig. 2B). It is well
exposed in sea cliffs at North Tracy’s Beach on the Yanakie Isthmus
(Fig. 6C) and at Digger Island on Cape Liptrap (Fig. 7). The terrace
tread is exceptionally flat, although this is obscured where it is
buried by Late Pleistocene and Holocene dunefields (Fig. 2A). On the
downthrown (Southeastern) side of the Waratah Fault, Tt4 has
a gradual northwards gradient of w0.0014, decreasing w10 m in
elevation from w50 m amsl at Walkerville South (Fig. 3B) to w40 m
amsl at Waratah Bay (Fig. 3C). On the upthrown side of the fault, the
tread elevation is w90 m amsl at Walkerville South (Fig. 3B), but the
gradient is difficult to estimate because the terrace tread is exten-
sively colluviated and covered by aeolian deposits at Waratah Bay.
Please cite this article in press as: Gardner, T., et al., Episodic intrapla
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Tt4 is covered by thick, fine to coarse-grained, quartzose sands
with granules and pebbles of milky-white vein quartz and smoky-
gray granitic quartz; the latter was probably derived from granite on
Wilson Promontory. Pebble-rich sands at the base of the sequence
fine upwards to medium and fine sand beds at the top. One light
brown, silty clay bed is present near the top of the section. Bedding
ranges from massive to low angle, bi-directional, tangential and
tabular or trough cross-bedding. Intraformational rip-up clasts of
brown clay occur in several beds in the middle of the section. On the
east side of Cape Liptrap these sands are thicker than on any of the
other terraces, and range from>20 m thick on the downthrown side
of the Waratah Fault both at Walkerville South (Fig. 3B) and in the
well-exposed section in the sea cliff at Digger Island (Fig. 7), to<10 m
thick on the upthrown side of the fault at Walkerville South (Fig. 3B).
This difference in sediment thickness across the fault probably
reflects tectonic movement contemporaneous with deposition (as
discussed later), although there may be some influence from
seaward depositional thickening. Because the terrace surface is
entirely covered by sediment, no inner edges can be recognised. On
the west side of Cape Liptrap, aeolian activity deflated nearly all
marine sediments on Tt4, leaving only isolated, Late Pleistocene
dunes on the strath surface (Gardner et al., 2006).
te deformation of stable continental margins: evidence from Late
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Fig. 6. A) Photograph and (B) stratigraphic column of Qt5 at Tracy’s Beach. C) Stratigraphic column of Tt4 at North Tracy’s Beach. Depth corrected CRN burial ages in bold type and
apparent CNR burial ages in italics. See Fig. 2 for location.
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Outcrops of Tt4 yielded two cosmogenic radionuclide apparent
burial ages of 1.125� 0.265 Ma (Table 1, COS-1; Fig. 7, Digger Island)
and 0.858 � 0.16 Ma (Table 1, COS-2; Fig. 6, North Tracy’s Beach).
Additionally, a surface sample from North Tracy’s Beach gave an
apparent 10Be exposure age of 1.071 � 0.071 Ma, an apparent 26Al
exposure age of 0.798 � 0.066 Ma, and an apparent burial age of
70 � 9 ka (Table 1, COS-3). The burial ages are minimum ages
because the burial depth is insufficient to completely shield
samples from cosmogenic radiation, especially muonic production
effects. Allowing for muonic production at the specified burial
depth, Tt4 is 1.87 � 0.56 Ma at North Tracy’s Beach and
2.52 � 0.88 Ma at Digger Island (Table 1). The depth corrected ages
are the more reliable ages and our preferred ages because the
samples were definitely not buried deeply enough to shield them
from muons. The assumption in the depth corrected calculation is
that the burial depth has not changed. This assumption is sup-
ported by the low surface erosion indicated by the old surface
exposure age for COS-3. Both depth corrected CRN burial ages
overlap within the range of statistical uncertainty.

Thus, Tt4 represents a very extensive marine terrace of Late
Pliocene age. It most likely formed during a Late Pliocene sea level
highstand (Haq et al., 1987; Dowsett and Cronin, 1990; Pazzaglia
and Gardner, 1993; Kotsonis, 1996; Kominz et al., 1998). At this time
the warm Early to mid-Pliocene climates with higher eustatic sea
levels changed to the cooler Late Pliocene and Quaternary climates
with lower sea levels and greater amplitude of eustatic variations.
This change is postulated to control the disconformable relation-
ship between Pliocene and Quaternary shoreline deposits in
Southeastern Australia (Wallace et al., 2005) and most likely
controlled the change from well developed and preserved Late
Please cite this article in press as: Gardner, T., et al., Episodic intrapla
Neogene..., Quaternary Science Reviews (2008), doi:10.1016/j.quascirev.2
Pliocene to poorly developed and poorly preserved Quaternary
marine terraces at Cape Liptrap. Even the Last Interglacial (MIS 5e)
highstand terrace, Qt5, is only locally preserved with a thin, marine
sediment cover along its most landward portion. The poor preser-
vation of Quaternary terraces may reflect a significant change in the
tectonic regime, sediment supply and geographically controlled
wave climate in Waratah Bay since the Late Pliocene.

We propose that Tt4 is the marine equivalent of the fluvial
Haunted Hill Formation in the Gippsland Basin to the north. In the
Gippsland Basin the Haunted Hill Formation contains Pliocene
palynomorphs (summarized in Dickinson et al., 2002) and uncon-
formably overlies the Jemmy Point Formation, which has yielded
a strontium isotopic age of 2.5–3.5 Ma and a foraminiferal age of
3.2–4.5 Ma in east Gippsland (Wallace et al., 2005).

3.2.4. Marine terraces Tt3, Tt2 and Tt1

Around Cape Liptrap the three high level terraces Tt3, Tt2 and Tt1

occur as well defined, planar treads separated by distinct risers
(Figs. 2 and 3), typical of the stair-step topography of coastal marine
terraces around the world. Tt3, Tt2 and Tt1 extend from the
southern tip of Cape Liptrap to north of Waratah Bay and beyond
the mapped area. Tt3 is the most aerially extensive of the three and
is especially well expressed north of the Cape Liptrap lighthouse
(Fig. 1C and Fig. 2A). The exposed strath surfaces are eroded into
deformed turbidities of the Liptrap Formation and have very little
topographic relief. Where exposed the bedrock surface has been
extensively mechanically weathered, probably during the dry, cold
conditions in the Late Pleistocene (Gardner et al., 2006). Along the
southern and western side of the cape and along the highest
elevations at the drainage divide, the Tt1 tread has been completely
te deformation of stable continental margins: evidence from Late
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Fig. 7. Stratigraphic column for Tt4 at Digger Island. Depth corrected CRN burial ages in
bold type and apparent CRN burial ages in italics. See Fig. 2 for location.
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deflated by aeolian processes and is littered with a lag of rounded to
sub-rounded quartz pebbles and cobbles some of which are not
derived from the underlying bedrock. Deflation has occurred locally
on the Tt3 and Tt2 treads as well. Along the eastern side of Cape
Liptrap the Tt3, Tt2 and Tt1 treads are buried by extensive Late
Pleistocene and Holocene dunefields (Fig. 2).

At Waratah Bay, the marine sediments on Tt3, Tt2 and Tt1 are
greater than 20 m thick, but exposures are poor, often colluviated
and the strath surfaces are not well exposed. The sediments consist
of thick, fine to coarse-grained, quartzose sands with granules and
pebbles of milky-white vein quartz and smoky-gray granitic quartz
which was probably derived from granite on Wilson Promontory.
The sequence fines upwards to medium and fine sand beds at the
top, similar to marine sediments on Tt4. Bedding ranges from
massive to low angle, bi-directional, tangential and tabular or
trough cross-bedding.

Terrace treads of Tt3, Tt2 and Tt1 are tilted to the northeast, with
the oldest terrace showing the greatest tilt. Tt1 has a gradient of
w0.004, decreasing 30 m in elevation from w170 m amsl at Wal-
kerville South (Fig. 3B) to w140 m amsl at Waratah Bay (Fig. 3C). In
comparison, Tt2 and Tt3 have gradients of w0.003, their elevations
dropping only w20 m over the same distance (Fig. 3B and C). By
Please cite this article in press as: Gardner, T., et al., Episodic intrapla
Neogene..., Quaternary Science Reviews (2008), doi:10.1016/j.quascirev.2
comparison, Tt4 has a northwards gradient of w0.0014 (as previ-
ously discussed). Thus, amount of regional tilting consistently
increases with terrace elevation and age, except for Qt5 where the
locally higher slope, 0.04 results from tilting within strands of the
Waratah Fault at Walkerville North (Fig. 5A). Terraces Tt3, Tt2 and
Tt1 occur only on the northwestern (upthrown) side of the Waratah
Fault and are not useful for estimating displacements across this
fault.

Terraces Tt3, Tt2 and Tt1 must be older than Tt4 (Late Pliocene)
but cannot be dated more precisely with CRN because of the very
poor exposures and complex history of aeolian and colluvial burial
and exposure of the marine sediments. Well-developed terraces of
similar elevation have been mapped along coastal portions of the
Gippsland Basin, 50–250 km northeast of Cape Liptrap (Douglas,
1972, 1993; VandenBerg, 1977, 1997), with the highest terrace
(180 m) assigned a Pliocene age (Ward et al., 1971; Ward, 1985), but
this is not well constrained (Jenkin, 1968, 1988) and some of these
terraces could be fluvial (Jenkin, 1981). Young and Bryant (1993)
assigned the highest marine terrace along the southern New South
Wales coast to the Neogene, although this is much lower in
elevation (25–30 m amsl) than the older Cape Liptrap terraces.
Given the uncertainty in age for Tt3, Tt2 and Tt1 at Cape Liptrap, they
are here assigned only a broadly Neogene age.

4. Discussion

4.1. Magnitudes and rates of deformation

Deformation on the Waratah Fault can be constrained by
displacements of the two marine terraces, Qt5 and Tt4, which are
cut by the fault. Offsets of inner edges of Qt5 across the Waratah
Fault range from 1.3 m to 5.1 m (Fig. 8A). The maximum value is the
difference between the highest inner edge elevation on the
upthrown side at Walkerville North Beach Cliff (Fig. 5B) and
the lowest inner edge elevation on the downthrown side at Tracy’s
Beach (Fig. 6B). The minimum value is the difference between the
lowest elevation on the upthrown side at Walkerville North
Campground and the highest elevation on the downthrown side at
Maitland Beach. The differences in elevation of the inner edge on
the upthrown side reflect scissor movement along the fault, tilting
the terrace toward the north (Fig. 5A). Using an age of w125 ka for
QTt5, displacement rates along the Walkerville sections range from
0.01 mm/a in the north to 0.04 mm/a in the south (Fig. 8A).

Displacement of Tt4 across the Waratah Fault is substantial, but
because of a complete lack of inner edge exposures, has to be
calculated from either the surface of the sediment covering the
terrace (tread) or the underlying bedrock strath. Both the strath and
the tread of the terrace have a seaward slope, making it difficult to
identify an exactly equivalent point on either side of the fault, so the
calculated offsets will have inherent variability. Maximum offset
(Fig. 8B) of Tt4 across the Waratah Fault is w70 m, using elevation
differences between the bedrock straths at Walkerville South
(w80 m amsl, Fig. 3B) and Tracey’s Beach North (8.9 m amsl,
Fig. 6B). The terrace straths on opposite sides of the fault at Wal-
kerville South are displaced 65 m (Fig. 3B), but here the terrace
treads are offset only w45 m, reflecting the different sediment
thicknesses covering the strath on either side of Waratah Fault,
probably due to syndepositional fault movement. At Waratah Bay
there are no exposures of the Tt4 bedrock strath, but the terrace
tread is well developed, separated from Qt5 and Tt3 by distinct
colluviated risers, and offset only w20 m (60 m amsl on the
upthrown side and 40 m amsl on the downthrown side; Fig. 3C,
Fig. 9B). The northwards decrease in tread displacement from
w45 m to w20 m is consistent with the northward tilt of the treads
of the older Tt3, Tt2 and Tt1 terraces and the strath of the younger
QTt5 terrace. The youngest terrace, QTt6, does not show this tilting.
te deformation of stable continental margins: evidence from Late
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Fig. 8. Terrace displacements across the Waratah Fault. A) Displacement of Qt5 inner
edges across the Waratah Fault. Bold text indicates locations with OSL ages, except for
location 1, Morgan’s Beach, where the inner edge location (2.1 m amsl) is approxi-
mately 100 m southeast of the dated sediment and marine platform (1.2 m amsl) in
Fig. 4B. At location 1 the paleo-sea cliff intersects the modern shoreline exposing the
inner edge (Gardner et al., 2006). Maximum displacement calculated from difference
in elevation of points 5 and 8. Minimum displacement calculated from difference in
elevation of points 6 and 7. Fine dashed lines show possible block rotation along the
Waratah Fault. Elevations for A were measured with a metric rod and level.
B) Displacement of Tt4 across the Waratah Fault. Bold text indicates locations with CRN
ages. Underlined values show highest and lowest inner edge elevations across Waratah
Fault. Displacement rate is calculated using a Late Pliocene age, w2 Ma, for Tt4 which is
the average of the 2 depth corrected burial ages (Table 1). See Fig. 2 for location of all
data points.

Fig. 9. Distribution of historic seismicity (1859–2000) for Victoria/South Gippsland at
the southern end of the Southeastern Australia Seismic Zone (SESZ) as defined by
Sandiford and Egholm (2008). Data from Geosciences Australia earthquake database
(http://www.ga.gov.au/map/national/). See Fig. 1C for location of SESZ. Arrows show
average maximum horizontal stress orientation (SHmax) from Hillis and Reynolds
(2003) and Nelson et al. (2006).
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Displacement rates of Tt4 across the Waratah Fault range from
0.01 to 0.04 mm/a using a Late Pliocene (w2 Ma) age for the terrace
(Fig. 8B). These estimates are identical to those calculated from Qt5,
despite the lack of inner edge data for Tt4.

Regional tectonic data support these calculated rates of
displacement on the Waratah Fault. Seismic strain rates estimated
from historic earthquake data for Gippsland would allow for slip of
w0.035 mm/a across a reverse fault dipping at 45� (Sandiford et al.,
2003). The Rosedale Fault, a range-bounding fault in the Strzelecki
Ranges 75–100 km northeast of Cape Liptrap (Fig. 1A), moved w60–
100 m over the Early to mid-Pleistocene (1.5–0.25 Ma) at a rate of
0.05–0.08 mm/a (Holdgate et al., 2003). In addition, the sense of
motion on the Waratah Fault, southeast side down, is consistent
with displacement of the Haunted Hill Formation along the Gel-
liondale Monocline north of Toora (Fig. 1B).

The rate of movement on the Waratah Fault deduced in this
study (0.01–0.04 mm/a) falls within the range of calculated slip
rates for some faults in stable continental regions (SCR) of Australia
(Crone et al., 2003), but well below that for the Lake Edgar Fault in
Tasmania (w0.2 mm/a; Clark et al., in press).

4.2. Historic seismicity and the modern stress field

Southeastern Australia has had significant seismic activity over
the last 150 years (Gibson et al., 1981; McCue et al., 1990; Sandiford
et al., 2003), which has lead to identification of the Southeastern
Australian Seismic Zone, SESZ (Fig. 1C inset, Sandiford and Egholm,
2008). There is a prominent concentration of earthquakes (return
period of w30 years for magnitude 5.6) in a broad zone from the
west coast of Tasmania through Southeastern Australia into New
South Wales, with earthquake activity concentrated in the Strze-
lecki Ranges (McCue et al., 1990; Sandiford, 2002, 2003). This zone
(Fig. 9) could have a moment release nearly as great as that of the
Flinders Ranges (Sandiford et al., 2003), one of the most seismically
active regions in Australia (Célérier et al., 2005). One of the largest
earthquakes in Southeastern Australia (M w5.7) occurred just
offshore of Cape Liptrap on July 2, 1885 (Fig. 9), possibly along the
Waratah Fault.
te deformation of stable continental margins: evidence from Late
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Fig. 10. A) Black and white vertical aerial photograph of Cape Liptrap showing the surface trace of the Waratah Fault, clearly visible on Tt4 between arrows, but not on the Late
Pleistocene dunefields (Fig. 2A). Photographs from QASCO Victoria Pty Ltd, flown in 1985. B) Digital elevation model for Cape Liptrap, showing topographic expression of Waratah
Fault. DEM supplied by Land Information Group, Department of Natural Resources and Environment, Victoria; source data sets predominantly at 1:25,000 map scale; x–y resolution
15–30 m, elevation accuracy < 5–10 m. C) Airborne Total Magnetic Intensity (TMI) data for Cape Liptrap Region. Waratah Fault is clearly delineated probably because of juxta-
position of Liptrap Formation turbidites against Early Paleozoic greenstones. TMI image supplied by Geological Survey of Victoria, TMI magnetometer data sampled at rate of 0.1 s,
data gridded at 50 m mesh size using a minimum curvature gridding method; pixel shading assigned using histogram equalisation, gradients enhanced with synthetic sun illu-
mination. D) Bouger gravity anomaly of Cape Liptrap Region showing well defined gravity anomaly along Waratah Fault, again probably reflecting juxtaposition of Litrap Formation
turbidites against denser greenstones. Gravity image supplied by Geological Survey of Victoria, gravity data station spacing varies (mostly 1.5–11 km), data gridded at 300 m mesh
size using a minimum curvature gridding method, pixel shading assigned using histogram equalisation, enhanced with synthetic sun illumination. E) Earthquake Hazard Map for
the Cape Liptrap Region. Acceleration coefficient [10% chance of being exceeded in 50 years] contours are shown with peak acceleration coefficient value. Modified from Gaull et al.
(1990). Mel is Melbourne. F) Kink bands in 70–80 ka aeolianite at Morgan Beach. Field of view is about 6 m2. See Fig. 10B for location.
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The modern, intraplate stress field in Southeastern Australia
(Fig. 9), as determined from petroleum borehole breakouts and
focal mechanism solutions from historic earthquakes, is compres-
sional to slightly transpressional (Nelson et al., 2006), with SHmax-

oriented at 130� � 20� (Hillis and Reynolds, 2003; Sandiford et al.,
2004) and is most likely homogeneous between shallow and seis-
mogenic depths (Clark and Leonard, 2003). This broadly NW–SE
oriented compressive stress has resulted in reverse motion on some
NE–SW striking faults and fault-cored monoclines in the Gippsland
Basin (Barton, 1981; Dickinson et al., 2002: Sandiford, 2002; Nelson
et al., 2006), so given its orientation, the NE–SW Waratah Fault at
Cape Liptrap is also susceptible to reactivation in the modern stress
regime.
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4.3. History of fault movement

Plate reconstructions indicate that a phase of active deformation
across a broad section of the Australian continent began in the Late
Miocene (6–8 Ma), attributed to increased compression associated
with formation of the Southern Alps of New Zealand along the
Australia and Pacific plate boundary (Coblentz et al., 1995, 1998;
Sandiford, 2002, 2003; Reynolds et al., 2003; Sandiford et al., 2004;
Célérier et al., 2005; Nelson et al., 2006; Dyksterhuis and Müller,
2008), and has been ongoing with variable intensity into the
present. For example, recent reactivation of faults has been docu-
mented in the Flinders Ranges in South Australia (Célérier et al.,
2006; Quigley et al., 2006). This phase of active deformation is
te deformation of stable continental margins: evidence from Late
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generally consistent with the modern, intraplate stress field in
Southeastern Australia (Sandiford, 2003; Sandiford and Egholm, 2008).

In western Victoria this period of tectonism displaced Late
Miocene strandlines but not the overlying 4 Ma basalts (Paine et al.,
2004), and in the Gippsland Basin it formed an angular unconfor-
mity between the Pliocene Jemmy Point Formation and the over-
lying alluvial Pliocene Haunted Hill Formation (Bolger, 1991;
Dickinson et al., 2002; Wallace et al., 2005). From an analysis of
Pliocene and Quaternary strandlines in southern Victoria, Wallace
et al. (2005) inferred reduced rates of tectonism in the Pliocene that
accelerated in the Quaternary. Holdgate et al. (2003) concluded that
tectonism in the offshore Gippsland Basin slowed post-1 Ma, but
continued onshore to 0.2 Ma. Our analysis of movement along the
Waratah Fault suggests that active deformation began in the
Neogene, at least by the Late Pliocene (Tt4), and has been ongoing at
similar time-averaged rates.

However, fault activity during this time has been episodic, as is
the case for many active faults in stable continental regions (Crone
et al., 1997, 2003). The different sediment thicknesses for Tt4 on
either side of the Waratah Fault at Walkerville South (Fig. 3B) most
likely reflect syndepositional fault movement, as previously dis-
cussed, so faulting was especially active during deposition of these
sediments during the sea level highstand in the Late Pliocene. The
most recent movement on the Waratah Fault displaced the Late
Pleistocene Qt5 terrace (which formed at 125 � 5 ka), and kinked
calcareous aeolinites (Sandiford, 2003) at Morgan’s Beach (Fig. 2A)
dated at 70–80 ka (Gardner et al., 2006), and is responsible for the
high visibility of the fault on air photographs and the digital eleva-
tion model of the area (Fig. 10A and B). The latest Pleistocene
(19–25 ka) dunefields (Gardner et al., 2006) that cover Tt4 and Qt5

across the Waratah Fault show no evidence of fault offset, although
it would be difficult to preserve fault scarps on unconsolidated dune
sands. However, the mid-Holocene terrace, Qt6, has not been
displaced.

4.4. Triggering of fault movement

The Waratah Fault is susceptible to movement in the modern
stress field due to its favorable orientation (Fig. 9), a condition noted
for other active faults in intraplate settings (Crone et al., 1997). In
addition, it lies 100–200 km inboard of the ocean-continental lith-
osphere transition, where thermal effects from lateral heat flow can
substantially elevate strain rates relative to continental interiors
(Sandiford and Egholm, 2008). Furthermore, the Waratah fault
separates rock units of very different magnetic and gravity signa-
tures (Fig. 10C, D), with Paleozoic sedimentary rocks to the west and
probably greenstones to the east. Rapid variations in material
strength across fault boundaries can increase the likelihood of
movement (Clark et al., in press; Dentith and Featherstone, 2003).

A major episode of movement on the Waratah Fault in the Late
Pliocene coincides with a eustatic sea level highstand, and it is
possible that high sea levels trigger fault activity. Given the position
of the Waratah Fault relative to the modern coast (Figs. 1 and 2),
during sea level highstands the southeast side is loaded preferen-
tially, and pore pressures within the cataclastic zone of the fault,
which is several 10s of metres wide, would increase, particularly
offshore. Clark et al. (in press) suggest that increased pore pressure
from higher groundwater tables during climatically optimal
conditions could trigger episodic movement on the Lake Edgar
Fault in Tasmania.

Following this reasoning, the latest phase of major fault activity
could have coincided with the rise in sea level following the Last
Glacial Maximum; this period of movement occurred after
70–80 ka and prior to the mid-Holocene, as discussed above.

The Waratah Fault may have moved episodically during all sea
level highstands since the Late Pliocene, because the time-averaged
Please cite this article in press as: Gardner, T., et al., Episodic intrapla
Neogene..., Quaternary Science Reviews (2008), doi:10.1016/j.quascirev.2
rates for the Late Pliocene are identical to those for the Late Pleis-
tocene. This suggests that intervals between major seismic events
are of the order of 100 ka, somewhat longer than suggested for SCR
faults in Western Australia, South Australia and the Northern
Territory (Crone et al., 1997, 2003)

4.5. Implications for seismic risk

Cape Liptrap lies within the southwestern part of the South-
eastern Australian Seismic Zone, with peak ground acceleration
coefficients estimated to be around 0.11 (Fig. 10E). The severity of
ground shaking during a seismic event along the fault is indicated
by the deformation of calcarenite dune sands at Morgan’s Beach
(Fig. 10F), w6 km from the fault trace. Depending upon the degree
of lithification of these dune sands, ground acceleration coefficients
could have been well above those predicted from the seismic
hazard map for the area (Gaull et al., 1990). This implies a consid-
erable degree of seismic risk for the Cape Liptrap Region.

Interseismic intervals for periods of major activity on the fault
may be of the order of 100 ka if they are controlled by eustatic sea
level highstands, with the youngest substantial movement perhaps
w20,000 years ago. Nevertheless, historical earthquakes of
magnitude 5–6 have been recorded in the area, indicating ongoing
seismic activity.

5. Conclusions

The Waratah Fault is a northeast trending, high angle, reverse
fault in the Late Paleozoic Lachlan Fold Belt at Cape Liptrap on the
Southeastern Australian coast. It forms a prominent structural
boundary in the Lachlan Fold Belt discernible from airborne
magnetic and bouger gravity anomalies. Relative to the modern,
intraplate stress field in southeast Australia, the fault is susceptible
to reactivation. It is in the southwestern corner of the SESZ with one
of the largest earthquakes in Southeastern Australia of M w5.7
occurring just offshore on July 2, 1885. A flight of six marine terraces
occur on Cape Liptrap from an elevation of w1.5 m amsl to
w170 m amsl. Terrace ages range from mid-Holocene to Neogene.
The ages of the lowest three terraces are constrained by radio-
carbon, OSL and CRN dating. Qt6, the lowest terrace is mid-
Holocene, 5220 � 50 years BP. Four OSL ages from Qt5 constrain
that terrace to the Last Interglacial sea level highstand (MIS 5e) at
w125 ka. Depth corrected CRN burial ages constrain Tt4 to the Late
Pliocene. The ages of the highest three terraces, Tt3–Tt1, are broadly
assigned to global sea level highstands during the Neogene.

Displacement rates across the Waratah Fault range from
0.01 mm/a to 0.04 mm/a for Qt5. Displacement rates range from
0.01 to 0.04 mm/a for Tt4. These calculated rates are consistent with
rates estimated from other diverse tectonic data sets around the
Gippsland Basin and from numerical modeling. Our analysis of
movement along the Waratah Fault suggests that active deforma-
tion began at least by the Late Pliocene (the oldest cosmogenic ages
for Tt4) and has been ongoing at least into the latest Pleistocene
(Qt5) at similar time-averaged rates.

Seismicity and deformation are episodic. Episodic movement on
the Waratah Fault may be coincident with sea level highstands
since the Late Pliocene, possibly from increased loading and
elevated pore pressure within the fault zone.
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