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Abstract

Probabilistic seismic hazard analyses in Australia rely fundamentally on the assumption that earthquakes record-
ed in the past are indicative of where earthquakes will occur in the future. No attempt has yet been made to assess
the potential contribution that data from active fault sources might make to the modelling process, despite suc-
cessful incorporation of such data into United States and New Zealand hazard maps in recent years. In this paper
we review the limited history of paleoseismological investigation in Australia and discuss the potential contri-
bution of active fault source data towards improving our understanding of intraplate seismicity. The availability
and suitability of Australian active fault source data for incorporation into future probabilistic hazard models is
assessed, and appropriate methodologies for achieving this proposed.
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Australia — paleoseismology

1. Introduction

On the 27th of December 1989 a magnitude
M; 5.6 earthquake near Newcastle NSW shat-
tered the commonly held view that damaging
earthquakes do not occur in Australia. This
event resulted in the loss of 13 lives and is, to
this time, the most destructive and costly natu-
ral disaster to have occurred in Australia (e.g.,
Sinadinovski et al., 2002, table 3-1). While
being the most costly, the Newcastle earthquake
was certainly not the first damaging event to
affect a populated centre in Australia (e.g., 1954
Adelaide event, McCue, 1975; 1968 Meckering
and 1970 Calingiri events, Gordon and Lewis,
1980; 1979 Cadoux event, Lewis et al., 1981).

Mailing address: Dr. Dan Clark, Geoscience Australia,
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Australia experiences an earthquake of suffi-
cient magnitude to cause structural damage
(M=5.5) once every two years on average
(McCue, 1990). However due to the very clus-
tered nature of Australia’s population, and the
continent’s large area, most earthquakes are far
from populated centres and infrequently cause
more than superficial damage.

Australia resides within the Indo-Australian
plate, and is classified as a Stable Continental
Region (SCR) according to the definition of
Johnston et al. (1994) — the landmass is largely
unaffected by currently active plate boundary
processes, and has not been influenced by sig-
nificant orogenic or extensional events for tens
of millions of years. SCRs worldwide are char-
acterised by very low strain rates, and corre-
spondingly low levels of seismicity relative to
active continental regions and plate margin
regions. Such areas account for less than one
percent of global moment release (Johnston et
al., 1994). Consequently, the larger more dam-
aging SRC earthquake events are rare relative
to the period of historic observation. This fact
poses problems for seismologists undertaking



Dan Clark and Kevin McCue

probabilistic seismic hazard analyses that rely
heavily on the assumption that earthquakes
recorded in the past are indicative of where
earthquakes will occur in the future — such
assumptions underpin the earthquake hazard
maps used in the Australian Building Code
(AS1170.4, 1993). The historic record of 100-
200 years is far too short to accurately reflect
the long-term activity on the faults that generate
these events (c¢f. Machette et al., 1993). The
problem is compounded when it is considered
that the largest, least frequent events dominate
the moment budget.

Strategies that have been employed to over-
come this problem fall into two mutually de-
pendant categories: 1) obtaining a better under-
standing of the patterns and characteristics of
contemporary intraplate seismicity, and 2)
extending the historic record by consulting the
record of seismicity recorded in the landscape
(i.e. paleoseismology). The following sections
will examine each of these areas in turn for the
Australian context. After a brief introduction to
Australian intraplate seismicity and some of its
geomorphological ramifications, we present a
review of paleoseismological investigation in
Australia, and offer a discussion on what has
been learnt about Australian seismicity from
these studies. The future of active fault source
data in providing a better basis for seismic haz-
ard assessment in Australia is also discussed.

1.1. Australian intraplate seismicity

Earthquakes in Australia have been moni-
tored with various degrees of completeness
since 1888 when the first seismograph was in-
stalled. Figure 1 presents an epicentre map of
earthquakes with magnitude M = 4 for the pe-
riod 1901-2001. The data is from the World
Earthquake Database maintained by Geosci-
ence Australia with contributions from univer-
sity, state and private seismological agencies.
The database is probably complete for magni-
tude M = 6 since 1901, M = 5 since 1963 and
M = 3.2 since 1995.

Focal depth control in the database is most-
ly poor, ostensibly due to a combination of
incompletely characterised earth models, and
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sparse seismograph density. However, some
generalisations may be made. With a few
notable exceptions (e.g., McCue and Michael-
Lieba, 1993), earthquakes initiate in the depth
range two to twenty kilometres. Within the
ancient shield areas of Western and South
Australia, and the Northern Territory (e.g., the
Achaean Yilgarn, Pilbara and Gawler cratons,
and the Pine Creek inlier, ¢f. Palfreyman, 1984)
most foci are generally at the shallow end of the
range, with some events occurring in the top
two kilometres. Two of the larger Australian
earthquakes, the 1968 M 6.8 Meckering event
and the 1988 Tennant Creek sequence (see
fig. 1 for location) have calculated hypocentral
depths of the order of 6 km or less (Langston,
1987; Bowman and Dewey, 1991). Hypocentres
are more evenly distributed within the range
in the predominantly younger rocks (largely
Phanerozoic) of Eastern Australia and in East-
ern South Australia.

Beyond identification of the depth of the
brittle-ductile transition, no attempt has been
made to explain these apparently shallow hy-
pocentral depths. However, analysis of shallow-
crustal stress measurements from across
Australia (e.g. Denham et al., 1979, 1981; Den-
ham and Windsor, 1991; Hillis et al., 1999;
Hillis and Reynolds, 2000), and the propensity
for shallow rock failure in mines (Max Lee,
Australian Mining Consultants Pty Ltd., per-
sonal communication), indicates that in the top
several kilometres of crust the maximum prin-
cipal stresses are horizontal, of high magnitude,
and are coupled with highly deviatoric stress re-
gimes. Such conditions are likely to be con-
ducive to shallow rupture initiation.

Earthquake fault plane solutions construct-
ed for a selection of larger events are consis-
tent with the stress data, with the majority
indicating thrust source mechanisms (Hillis
and Reynolds, 2000; Clark and Leonard, 2002;
Leonard et al., 2002). Strike-slip mechanisms
are locally important in the Flinders Ranges
of South Australia, and in Northwest Western
Australia. Normal faulting mechanisms are
relatively rare; there were two in Southeastern
Western Australia (1985 M; 5.4 Norseman
event; 2001 M; 5.2 Ravensthorpe event), one in the
highlands of Victoria (1966 M; 5.6 Mount
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Fig. 1. Seismicity of Australia, 1900-2002, and rece
relating to the northern margin of the Australian

nt fault scarps (modified after McCue, 2001). Earthquakes
plate have been removed from the image for clarity.

Earthquake magnitudes are presented as M; for M < 6 and Mg for M > 6. WA = Western Australia;

NT = Northern Territory; QLD = Queensland; SA =

toria; TAS = Tasmania.

Hotham event), and another in central west New
South Wales (1996 M; 5.1 Range event).

Perhaps the least understood facet of Australi-
an earthquakes is their relationship to the geology.
Hypocentre precision estimates are to tens of kilo-
metres, so earthquake events cannot be confidently
assigned to known structures, except where events
produce a surface rupture (see Section 1.2). Aus-
tralian epicentres were overlain on various geolo-
gical and geophysical datasets at a continental
scale (McCue et al., 1998) to see if any obvious
patterns were evident. The study concluded that no
consistent relationships were apparent, which is

South Australia; NSW = New South Wales; VIC = Vic-

perhaps not surprising given the complexity of
Australian geology and that the earthquake cata-
logue contains only forty years of complete data
for magnitudes down to five.

The possibility that this and other discrepancies
are just a function of the short recording period can
in part be addressed through paleoseismological
investigation. In the next sections we discuss what
is known of the geomorphic expression and lon-
gevity of features born of earthquake events in
Australia. The questions we address are: how much
paleoseismological information is currently out
there and what is its nature?
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1.2. Historic fault scarps

Seven instrumentally recorded earthquakes
in Australia are known to have produced sur-
face ruptures (table I). Curiously, all of these
earthquakes have occurred in Central and
Western Australia, and in the last forty years —
there were no documented surface rupturing
earthquakes in the period between European
settlement in 1788 and the 1968 Meckering
earthquake.

The magnitude of the earthquakes that pro-
duced the seven scarps ranges from M;(/) 5.6
to M 6.8 (M;(I) is a Richter magnitude equi-
valent scale based on the felt area or radius
of perceptibility, McCue, 1980). Two of these
events were smaller than magnitude six, the
1970 M,;(I) 5.6 Calingiri WA earthquake and
the 1986 M, 5.8 Marryat Creek SA earthquake.
The magnitude of the Calingiri earthquake may
be an underestimate because in the early seven-
ties there were no wide dynamic range seismo-
graphs within 600 km, and all nearby seismo-
graphs were saturated. Furthermore, the event
occurred at 3:15 a.m. Western Standard Time
when most people were asleep, so the radius of
perceptibility is probably an underestimate. Its
assigned body wave magnitude (m,) was 5.7.

The surface ruptures relating to these events
range from 3.5 km to 37 km in length, and 0.4
m to 2.5 m in height. All the scarps have a dom-
inant component of reverse displacement, and
arcuate thrust geometry (c¢f. Everingham et al.,
1969). In detail, some of the rupture traces are
seen to be a composite of thrust and oblique-
slip components. For example, the 1979 Cadoux
surface rupture comprises northerly oriented
thrust segments and easterly oriented strike-slip
segments (Lewis et al., 1981). Similar complexi-
ty in the Tennant Creek surface rupture has been
ascribed to complex interactions between subja-
cent fault sets in the subsurface (Crone et al.,
1993).

The historic and instrumental record sug-
gests that there have been at least 14 M > 6 on-
shore earthquakes in the last 100 years, yet we
know of only seven surface ruptures that can be
related to these recorded events. It is suggested
that this can to a large degree be related to the
sparsely populated nature of Australia — it is
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very likely that there are more ‘historic’ scarps
to be discovered. The largest onshore event to
be recorded in Australia, the 1941 Meeberrie
WA earthquake of magnitude M 6.9, is a prime
candidate. How recognisable these features
may be in the landscape depends upon many
factors, including the local rate of degradation
of topography.

1.3. Degradation of historic scarps

All seven historic Australian surface rup-
tures occur in areas with little appreciable re-
lief and low rainfall. The topography in the
Meckering-Calingiri-Cadoux area comprises a
flat to rolling landscape punctuated by low,
bare, rounded granite hills. The average annual
precipitation is in the order of 400 mm, which
occurs mainly in the wintertime as showers as-
sociated with frontal systems (Bureau of Meteo-
rology, 2001). Agriculture is the main land use in
the area, with the result that up to 90% of the
ground surface has been cleared of its native
vegetation and tilled. In general, the soil profile
consists of a thin layer of transported sandy soil
overlaying a duricrust layer (dominantly fer-
ricrete), which in turn overlays weathered
bedrock (Gordon and Lewis, 1980). Without
anthropogenic intervention, the scarp preserva-
tion potential within this soil profile might be
expected to be relatively high, at least on a
time-scale of decades.

This is certainly the case for the ~100 m
long section of the 1968 Meckering surface
rupture that was fenced off as a geological mon-
ument shortly after the event. The original scarp
height at this location was in the order of 1.5 m
(fig. 2a). Thirty-four years later some of the fine
structural detail has been lost, but the scarp
remains a remarkable feature in the landscape
(fig. 2b). This good state of preservation is in a
large part due to the resistant nature of the fer-
ricrete horizon defining the scarp at this site.
Elsewhere, farming activities, principally plough-
ing, have destroyed all evidence for the former
existence of the scarp. This is also the case for
the Calingiri and Cadoux scarps.

The Marryat Creek and Tennant Creek
scarps occur in deeply weathered arid lands of
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Fig. 2a,b. Images of a section of the 1968 Meckering
scarp, looking south. a) Captured in 1970, and b) cap-
tured in May 2002. Scarp preservation has been as-
sisted by the durable ferricrete and weathered bedrock
layer exposed in the hangingwall. Note the rolling to-
pography of farmland in the background.
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very low relief. Bedrock outcrop is very rare.
The average annual precipitation is less than
300 mm, most of which is delivered in the
summer months during often violent storms
(Bureau of Meteorology, 2001). In contrast to
the Meckering area, the soil profile in these
regions is characterised by up to tens of me-
tres of alluvium and colluvium overlying deep-
ly weathered bedrock (Coats, 1963; Connor,
1978; Machette et al., 1993). The ground sur-
face is sparsely populated with woody herbs
and grasses, typically of the genus’ Acacia and
Spinifex. During dry periods, over-grazing by
cattle and rabbits leaves the ground surface very
prone to erosion by wind and during storm e-
vents. The scarp preservation potential within
this soil profile might be expected to be rela-
tively low because of the significant depth to
durable bedrock.

This suggestion is apparently borne out
by repeat topographic data collected from
the Marryat Creek scarp in 1986 and 1990.
Comprehensive levelling data collected soon
after the event in 1986 record a maximum ver-
tical offset of 0.9 m (Bowman and Barlow,
1991), whereas four years later a maximum oft-
set along the same section scarp of only 0.6 m
was measured (Machette et al., 1993). Despite
this rapid degradation, Machette et al. (1993)
reported that scarps, small ground ruptures and
other surficial features were still evident along
much of the rupture length after 4 years. How-
ever, erosion and the action of cattle had de-
stroyed most evidence for lateral slip and other
fine structural features. A similar intensity of
scarp degradation was reported from the
Tennant Creek scarp two years after its forma-
tion (Crone et al., 1993). Due in large part to
extreme remoteness, neither scarp has been vis-
ited recently.

The above discussion has important impli-
cations for where paleoscarps might be pre-
served in Australia. In general, the arid regions
of Australia are deeply weathered and bedrock
is often covered with a significant veneer of
unconsolidated sediment. Scarp preservation
potential in these areas is low, especially where
a significant portion of the local rainfall is
delivered by intense storms. The Mount Nar-
ryer scarps in Western Australia (fig. 1) may be
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a good example. Available evidence suggests
that the topographic expression of these scarps
has been erased in under one hundred years (see
next section for more details; Williams, 1979).
That scarps do not appear to be preserved in
deeply weathered areas also implies very low
long-term slip rates on individual structures, else
bedrock would be brought to the surface and tec-
tonic relief maintained. In contrast, regions where
shallow sediments overly a duricrust and/or
bedrock appear to have relatively good scarp
preservation potential. The documented occur-
rence of paleoscarps in Southern Western
Australia (e.g., Lort River, Hyden, Merredin), and
on the Eyre Peninsula in South Australia (e.g.,
Ash Reef, Roopena) supports this observation.

2. Paleoseismological investigations
in Australia

Figure 1 presents a map of Quaternary and se-
lected historic fault scarps that have been investi-
gated in more than cursory detail. Characteristics
of the activity on each feature are summarised in
table I.

The first trenching investigation of a sus-
pected Quaternary fault in Australia was in 1973
(McCue, 1973). The objective of the study was
to determine whether the then recently iden-
tified Lort River scarp (Thom, 1972) in West-
ern Australia was a fault scarp, or related to flu-
vial processes. The investigation arose as part
of the considerable interest in determining how
common surface ruptures were in Australia fol-
lowing the Meckering 1968 surface rupture.

Evidence to suggest that the 40 km long and
2 m high Lort River scarp was indeed a fault
scarp, and a relatively recent addition to the land-
scape, was provided by aerial photography over
the area. Several small streams are clearly trun-
cated, and have ponded against the scarp. The
trench log produced by the study clearly shows
that the scarp relates to an easterly-dipping
reverse fault with about 2 m of vertical displace-
ment (fig. 3; McCue, 1973). The former ground
surface, rich in laterite nodules and likely of
Tertiary age (¢f. Thom et al., 1977), could be
traced back under the overthrust block. No
attempt was made by the investigators to take
samples for dating. However, the thick accumula-
tion of unconsolidated fine white sand overlying

East

Z_possible-

0 T ~~fault plane_ -~

scarp line

fine white sand
|:| fine brown sand

West

see inset

zone of weathered
laterite nodules

[ ] weathered granite

Fig. 3. Sketch of the ground profile revealed on the southern wall of a trench excavated across the Lort River

Scarp in Western Australia (modified after McCue, 1

973).
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the scarp suggests an age of Late Pleistocene or
older.

Several years later, two northeasterly trend-
ing fault scarps were identified in the Mount
Narryer region of Western Australia during
routine geological mapping (Williams, 1979;
Williams et al., 1983). The westerly scarp is
approximately 30 km long and has little associ-
ated relief. The easterly scarp is ~ 13 km long
and was reported to have a west-side-up relief of
around 1.2 m. Both scarps are extremely degrad-
ed, and were identified on the basis of the promi-
nent vegetation lineaments associated with them.
It was originally though that the scarps might
relate to the 1941 Meeberrie earthquake as the
epicentre for this event occurs less than 50 km
to the south west — less than the uncertainty in
the epicentre location. However, the results of
dendrochronological analysis of Acacia sp.
trees growing in colluvium related to the scarp
were used as evidence to link the scarps with
reports of a significant earthquake which was
felt in the Geraldton area in 1885 (Williams,
1979). It has been estimated from felt reports
(Everingham and Tilbury, 1972) that the local
magnitude of the 1885 event was in the order
of 6.5. Because of the sparse population of
Western Australia at that time, the epicentral
location of the earthquake is very poorly con-
strained, so a definitive link cannot be made on
seismological grounds.

In the early nineties Australia became the
target for integrated studies of surface-faulting
earthquakes in stable continental regions be-
cause half of the known historic cases of sur-
face-rupturing earthquakes in such regions of
the world have occurred in Australia. As men-
tioned in the previous section, investigations
were conducted of the surface ruptures produced
by the 1988 Tennant creek earthquake sequence
(Crone et al., 1993, 1997), the 1986 Marryat
Creek event (Machette et al., 1993; Crone et al.,
1997), and the 1968 Meckering event (Crone et al.,
1997). Some evidence was revealed at the former
two localities for pre-historic surface rupturing
earthquakes at the site of the historic events.

Two trenches excavated across the western
arm of the main arcuate Tennant Creek scarp
(Crone et al., 1993) revealed the presence of a
Late Quaternary scarp buried by aeolian sand
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deposits. The vertical relief on this prehistoric
scarp is at least equal to that of the contemporary
scarp at those sites (~ 0.8 m), which formed con-
sequent to the second earthquake event in the
sequence (Mg 6.4, Choy and Bowman, 1989).
This scarp was not reactivated during the 1988
events, and could not be directly dated. How-
ever, thermoluminescence dating of the lower
layers of the overlying sand deposits suggests
that accumulation of this sediment began ca. 50
ka (Crone et al., 1993; Hutton et al., 1994).

Most evidence for prehistoric (Pleistocene)
movement on the Marryat Creek scarp has been
removed by erosion (Machette et al., 1993). How-
ever, trenching revealed that the contemporary
scarp exploits a 10-15 m wide zone of pervasive
shearing and alteration in the granite bedrock.
Only selected planes in this zone were reacti-
vated in the 1986 event, suggesting that the
earthquake reactivated faults that probably have
a long history of recurrent movement. A
2-5 m high linear ridge at the southern end of
the scarp may relate to a portion of this postu-
lated movement (McCue et al., 1987; Crone
et al., 1997). The age of the oldest surficial sed-
iments overlying inactive strands of the fault
zone, which provide a minimum age for penul-
timate surface faulting, was estimated visually
to be in the order of 100 ka (Machette et al.,
1993; Crone et al., 1997).

A cursory investigation of a trench excavated
through the Meckering scarp as part of a sympo-
sium on «Recent Intraplate Seismicity Studies»
(Gregson, 1990) revealed no obvious evidence for
earthquake-related features predating the 1968
event (Crone et al., 1997). However, Gordon and
Lewis (1980) noted that parts of the 1968 ruptures
are marked by abundant quartz fragments, pro-
viding circumstantial evidence that the scarps
exploit an ancient mineralised fault zone. Further
evidence that the scarp follows an ancient line
of weakness is provided by the course of the
Mortlock River, which has an arcuate shape
which parallels the 1968 scarp for 12 km at a dis-
tance of about 1.5 km (Gordon and Lewis, 1980).
This geometry was established prior to the 1968
surface rupturing event. The Meckering trench
was not logged or interpreted.

International interest in Australia’s Quaternary
fault scarps continued in the late nineties with
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paleoseismological investigations being conduct-
ed over the Hyden scarp in Western Australia,
and the Roopena scarp in South Australia
(Crone et al., 2003). The detailed results of
these studies have not yet been published, but
preliminary results of optically stimulated lumi-
nescence dating suggest at least two surface
faulting earthquakes occurred on the Hyden
scarp, at 30 and 50 ka, and three surface fault-
ing earthquakes occurred on the Roopena scarp,
at 30, 100, and 150-200 ka (Mike Machette,
pers. com.). Estimates of ~140 ka were made
for the age of basal sediments within small
scarp-related lakes occurring at the foot of the
Roopena scarp (Hutton et al., 1994), which is
consistent with the age of the oldest event pos-
tulated by Crone et al. (2003). The total vertical
displacement across the 30 km long Hyden
scarp, distributed amongst the two events, is in
the order of 2.5 m. Approximately 3.9 m of ver-
tical displacement must be distributed amongst
the three postulated Roopena scarp events (cf.
Miles, 1952; Dunham, 1992). There is also the
suggestion of significant lateral displacement on
the 28 km long Roopena scarp.

The 30 km long and more than 5 m high Lake
Edgar Fault scarp in Southwest Tasmania was
identified as a fault scarp in the 1960°s (Carey and
Newstead, 1960; fig. 1). The first trench excavat-
ed over the scarp was part of an investigation into
the feasibility of the Lake Edgar Dam project
(Roberts et al., 1975). However, it was not until
the nineties that a paleoseismological investiga-
tion was conducted (McCue et al., 1996; Van
Dissen et al., 1997; McCue et al., 2003). The
paleoseismological study re-occupied the original
dam project trench, which was excavated near the
centre of the scarp where the vertical displace-
ment is in the order of 2.5 m. The trench excava-
tion provided evidence that the fault had generated
at least two surface-faulting earthquakes. Geomor-
phological evidence was used to suggest that these
events were of Quaternary age, the youngest event
having occurred within the last 20000 years. Each
event is associated with a vertical displacement in
the order of 2.5 m. An attempt to provide better
constraint on the time of faulting using the radio-
carbon technique proved unsuccessful.

Despite the apparent age of the Lake Edgar
scarp, and a high local annual rainfall by
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Australian standards (~ 2000 mm, Bureau of
Meteorology, 2001), the feature is still a sharp
break in the land surface (McCue et al., 2003).
This characteristic can in a large part be attrib-
uted to the peat-dominated soils displaced
by the faulting (¢f. Williams, 1977, Kiernan,
1990). The competence of these materials is
demonstrated at the site of the McCue et al.
(2003) investigation, where the walls of the 4 m
deep trench have remained standing for 30
years, even through the trench is permanently
half-filled with water.

In mid-2001, a consortium led by Mike Den-
tith from the University of Western Australia
retrenched the Hyden scarp 4 km to the south of
the Crone et al. (2003) trench (Clark et al.,
2001a,b). The soil profile at the site of the
trench consists essentially of a mantle of aco-
lian sand overlying a ferricrete layer that had
been disrupted by reverse faulting (fig. 4). The
vertical displacement across the various fault
strands depicted in fig. 4 is ~ 2.5 m. It is appar-
ent that subsequent to the last faulting event,
and prior to the deposition of the sand, the fer-
ricrete surface has undergone significant ero-
sion. Stratigraphic evidence that might have
revealed the number of surface faulting events
that the structures in the trench reflect has
therefore been removed. However, preliminary
optically stimulated luminescence ages on sam-
ples from the base of the sand layer suggest that
the last faulting event at this locality occurred
prior to 90 ka. It is therefore not clear at this
early stage of the study how the structures
revealed in this trench relate to those exposed in
the Crone et al. (2003) trench.

There is a wealth of paleoseismological infor-
mation yet to be recovered from the geomorpho-
logical record of Australia. Many references have
been made in Australia’s geologic and geomor-
phic literature to post-Tertiary faulting (e.g., Vict-
orian scarps, Hills, 1960 — Cadell Scarp, Harris,
1938 and Bowler and Harford, 1964, 1966 —
Australian scarps in general, Twidale, 1968 —
Wilkatana Scarp and other Flinders Ranges and
Mount Lofty Ranges scarps, Williams, 1973 and
Sandiford, 2003 — Merredin Scarps, Chin, 1985 —
Gell River Fault, Roberts et al., 1975 and Mc-
Cue et al., 2003 — Tatura Scarp, Tickell and
Humphrys, 1987 — Palmer Fault, Bourman and
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Fig. 4. Grid map of the ground profile revealed on the southern wall of a trench excavated across the Hyden

scarp in Western Australia (after Clark et al., 2001b).

Lindsay, 1989 — Avonmore Scarp, Cherry and
Neivandt, 1995 — Barrow Creek Scarp, Crone
et al., 1997). These accounts generally focus on
observations of fault scarps, changes in drainage
such as ponding against scarps, and stream diver-
sion, and make no attempt to associate the fea-
tures with pre-historic earthquakes.

3. Discussion: towards a better basis for seis-
mic hazard assessment

3.1. What has been learned about Australian
seismicity, and surface faulting earthquakes
in particular?

3.1.1. Magnitude versus scarp length and height
relations

The largest known earthquake to produce a sur-
face rupture in Australia in historic times was the
1968 M 6.8 Meckering event, which produced a
scarp 37 km long. Similarly, the 1988 M 6.3-6.7
Tennant Creek events produced approximately 32
km of surface rupture. There are pre-historic scarps
yet to be fully characterised that are significantly
longer than those produced by historic surface rup-
turing earthquakes (up to 50 km, table I), and pre-
sumably relate to larger or multiple events.

Relationships were developed for estimating
the magnitude of pre-historic events based upon
the lengths and heights of the seven Australian his-
toric scarps (McCue, 1990). Because of the small
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sample-space these relationships are not statisti-
cally robust, and must therefore be treated with
caution. However, the McCue (1990) relationships
are comparable to similar relationships derived
from reverse faults worldwide (e.g., Wells and
Coppersmith, 1994; fig. 5, table I), and further-
more appear to be indicative of several charac-
teristics that distinguish Australian surface rup-
tures, or at least those from the central and western
regions of Australia.

There is some indication that for a given event
magnitude, surface ruptures in Western and Central
Australia tend to be longer and involve greater dis-
placements than those in the world data set. This
finding is counter-intuitive, as one might expect
that rupture planes in intraplate areas would be
compact because of the inherent strength of cold,
thick crust. The January 2001 My, 7.6 Bhuj earth-
quake is perhaps an extreme example of a compact
rupture, being only 40 km long by 36 km deep
(Arch Johnston, personal communication).

The reason why this might be so has not been
studied in detail and is largely beyond the scope of
this contribution to answer. However, it is tempting
to speculate that a combination of high shear stress
at shallow depth (as suggested in Section 1.1) com-
bined with the stress regime becoming less com-
pressive with depth (there is an indication from in
situ stress data that this might be the case, Hillis
and Reynolds, 2000; Richard Hillis personal com-
munication, 2002), might be responsible. In this
scenario, hypocentre nucleation would be favou-
red at shallow depth, and downward propagation
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of ruptures along a given structure would be hin-
dered by a progressively less favourable stress
regime. Alternatively, a barrier to downward
propagation of a shallowly nucleated rupture
might be provided by the gross geological struc-
ture. For example, a seismic reflection profile
across the seismogenic zone in south western
Western Australia (Dentith et al., 2000) revealed
that shallowly dipping near-surface structures
favourably oriented for failure in the prevailing
east-west stress field sole into a sub-horizontal
detachment surface at 8 km depth.

Because there have been no historic surface
ruptures in Eastern Australia it is not possible to
estimate the magnitude of the events which formed
pre-historic scarps with any confidence. However,
if one were to apply magnitude versus rupture
length relationships of the kind presented by
McCue (1990) and Wells and Coppersmith (1994)
to the longest known scarps (e.g., Cadell, Avon-
more) events of around magnitude seven, or slight-
ly above, are obtained (table I). There are no indi-
cations in the known geomorphic record that
events of a magnitude discernibly greater than this
have occurred.

3.1.2. Reactivation and recurrence

Several of the scarps discussed in previous sec-
tions preserve evidence for multiple Quaternary

1097

displacement episodes (table I). In addition, there
is evidence that many historic and pre-historic
surface ruptures exploit ancient fault systems, or
zones of weakness. The Lake Edgar Fault is per-
haps the best example of both these characteristics.
Prior to its two Quaternary reverse faulting episodes
(McCue et al., 2003) the structure is thought to
have been active in the Paleozoic as a strike-slip
fault, with more than 12 km of right lateral slip
(Carey and Newstead, 1960, Roberts et al., 1975).
Similarly, abundant quartz float in the vicinity of the
Meckering and Calingiri surface ruptures was taken
as evidence that the ruptures occurred along lines of
ancient weakness (Gordon and Lewis, 1980).

Direct evidence for reactivation was seen in
one of the two trenches excavated across the Mar-
ryat Creek scarp, where multiple fault strands not
activated in the 1986 event were recorded with-
in the Proterozoic crystalline bedrock underlying
Quaternary sediments (Machette er al., 1993).
These older fault strands do not displace the Qua-
ternary sediments, and are not associated with sig-
nificant relief on the bedrock/sediment interface.
An attempt to provide a minimum age for the
penultimate event by dating the lowermost Qua-
ternary sediments (based upon Ca++ accumu-
lation in the soil) produced equivocal results, but
with the suggestion that the sediments began accu-
mulating in the order of 100 ka.

Parts of the 1988 Tennant Creek scarp also
show direct evidence for pre-historic surface
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faulting. The 0.8 m high buried scarp exposed
in two trenches excavated across the western
Lake Surprise scarp was interpreted to reflect a
reactivation of a pre-existing fault zone (Crone
et al., 1993, 1997). Luminescence dating of un-
faulted sediments overlying the paleoscarp, sug-
gest that it formed more than 50 kyr before the
1988 scarp (Crone et al., 1993). In apparent con-
tradiction to the paleoseismological evidence,
there is anecdotal historical evidence to suggest
that one or two large (M > 67?) earthquakes
occurred in the vicinity of Tennant Creek as
recently as 1883 (McCue, 2001). However, it is
not known whether these events activated parts
of the future 1988 scarp, or occurred on another
as yet undiscovered fault in the region.

Although the data are still few, there appears to
be a pattern emerging where surface rupturing
earthquakes in Australia occur preferentially on a
few pre-existing and often ancient faults. These
faults seem to be quiescent for long periods of time
between surface rupturing events, in the order of
tens of thousands to a hundred thousand years or
more (cf. Crone et al., 1993, 1997; Johnston et al.,
1994, figs. 4-8). The preliminary data from the
Hyden and Roopena scarps (Crone et al., 2003;
Mike Machette personal communication, 2002)
support this interpretation. The data on reactivation
of Australian surface rupturing faults are too few to
meaningfully assess whether they demonstrate the
successive occurrence of events of similar dis-
placement, generating ‘characteristic’ magnitude
earthquakes (cf. Schwartz and Coppersmith, 1984).
However, paleo- and historic scarps of equal height
at Tennant Creek (Crone et al., 1993), and evidence
that the two Quaternary events on the Lake Edgar
scarp both produced displacements of 2.5 m
(McCue et al., 2003), suggest that the concept of
‘characteristic event’ may have some merit in the
Australian context.

It is noteworthy that while it appears that long
time intervals separate surface rupturing earth-
quakes Australia-wide, the expression of this seis-
micity in the landscape is very different from east
to west. Western and Central Australia is char-
acterised by very low relief (e.g., fig. 2b) and
modest fault scarps that relate to one, or only
a few events (e.g., Crone et al., 1993, 1997,
Machette et al., 1993; Clark et al., 2001a,b).
The indication is that after a limited number of
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events, the fault systems lock-up and seismicity
migrates elsewhere. In contrast, the eastern high-
lands in Victoria and New South Wales, and the
Mount Lofty and Flinders Ranges regions of
South Australia, are characterised by scarps with
much greater relief and upon which many events
are likely to have occurred (e.g., Twidale, 1968;
Tokarev et al., 1998; Sandiford, 2003). This is a
fundamental property of Australian seismicity
which is yet to be satisfactorily explored. The
implications for seismic hazard assessment are
obvious, and are further discussed in a follow-
ing section.

3.1.3. Segmentation

There is no conclusive evidence that Australian
intracratonic faults rupture in a segmented fashion.
However, several lines of circumstantial evidence,
including both geometric/geologic and seismolog-
ical arguments, suggest that segmented behaviour
may occur on a limited number of fault systems.
For example, Crone et al. (1993) postulate that the
Tennant Creek Fault System is capable of seg-
mented behaviour. These authors suggest that the
topographic low known as Lake Surprise, which
coincides with an area where the 1988 net cumula-
tive offset was small, reflects a segment or rupture
boundary in the sub-surface. The discovery of evi-
dence for prior surface rupturing on only one part
of the 1988 scarp may reflect the postulated seg-
mental behaviour.

It is noteworthy that the 1970 Calingiri surface
rupture occurred 70 km to the northwest of the
1968 Meckering rupture. The dominant structural
grain in the area is NW-SE (e.g., Myers and
Hocking, 1998; Whitaker and Bastrakova, 2002).
Hence, it is conceivable that these localities both
occur on a single structural discontinuity, which
ruptures in a segmented fashion. A similar pattern
is potentially emerging at present from the Cadoux
area, 90 km to the northeast of Meckering. Fol-
lowing the 1979 Cadoux surface rupture seismici-
ty in the area rapidly decayed to a background rate
marginally higher than before 1979. This period of
relative quiescence was broken in September 2001
by an M; 5.0 earthquake, located less than
30 km to the NW of the Cadoux rupture, again
along the regional structural grain (cf. Myers and
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Hocking, 1998; Whitaker and Bastrakova, 2002).
Since that time, over 18000 earthquakes have been
recorded in the area by Geoscience Australia (Leo-
nard, 2002). Four of these events have been of
magnitude five or greater, but none have produced
a known surface rupture. The epicentres of these
events describe a trend to the northwest of the
September 2001 epicentre, again parallel to the re-
gional structural grain.

The geometric alignment of discrete pre-his-
toric scarps can also be suggestive of segmental
rupture behaviour. For example, the Gell River
Fault lies 40 km to the north along the strike of
the Lake Edgar Fault. The intervening ground is
characterised by an abundance of ultramafic rocks,
which McCue et al. (2003) postulate may act as a
rupture barrier. The authors suggest that this litho-
logical boundary could force the Lake Edgar and
Gell River faults to rupture independently.

In the Echuca area of Northern Victoria exist
three collinear but separately mapped faults.
South to north they are the Mount Ida/Colbin-
abbin, Echuca South and Cadell faults (Bowler and
Harford, 1966; Cochrane et al., 1995). The latter
two are associated with Quaternary scarps. The
Cadell Fault has the larger vertical maximum dis-
placement of about 10 m, compared to 3-4 m for
the Echuca South scarp. Very little is known about
the rupture history of these structures, including
whether they rupture independently or together.
The difference in scarp height would suggest that
the former possibility is typically the case, but
simultaneous rupture cannot be excluded.

The above discussion provides an indication
that fault segmentation is a phenomenon that
should be considered in the Australian context. At
present the data are too few, and the links too cir-
cumstantial, to draw conclusions that may be re-
garded with any confidence.

3.2. Comparison of the Australian setting with
surface rupturing SCR earthquakes else-
where

Few SCR faults have been studied in detail,
and only eleven worldwide are known to have
produced historic surface ruptures, the most
recent being the 1993 My, 6.2 Killari (Latur)
event in India (table I). Discussions of Australian
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surface ruptures in the context of known surface
ruptures in other SCR regions have been pre-
sented by Crone et al. (1993, 1997), Machette
et al. (1993) and Johnston et al. (1994). Al-
though conclusions are based upon only a few
faults, consistent patterns are emerging.

Quaternary surface ruptures on SCR faults
often exploit ancient faults or fault zones. Paleo-
seismological investigations of many Australian
fault scarps (table I), the Meers Fault in the
U.S.A. (Crone and Luza, 1990), and the
Ungava Fault in Canada (Adams et al., 1991,
1992), reveal the presence of pre-existing fault
strands that were not activated during the latest
surface rupturing event.

SCR faults are also characterised by very low
long-term slip rates (e.g. Crone et al., 1997)
reflecting the low strain rates in SCR crust
(Johnston et al., 1994). Evidence from the Meers
(e.g., Crone and Luza, 1990) and Cheraw faults
(Crone et al., 1997) in the U.S.A. suggest that
activity is also highly episodic, with periods of
activity numbering one or two events being sep-
arated from prior activity by intervals that may
be up to 100 kyr or more. The amazing se-
quence of three surface rupturing earthquakes in
eleven years (1968-1979) in the southwest of
Western Australia suggests that episodic activity
might also be the norm in Australia. However,
more paleoseismological information is
required to be confident of this interpretation,
as there is some indication, proposed in this
review, that faults in Central and Western Aus-
tralia are abandoned after one or two surface
rupturing events.

A characteristic that is particularly pertinent
for hazard assessment is that SCR surface rup-
turing faults are not typically associated with
historic seismicity. The Tennant Creek, Mar-
ryat Creek, Ungava and Killari events occurred
in areas of low perceived seismic hazard (e.g.,
GSHAP report, Giardini, 1999), revealing the
limitations of relying solely on the record of
instrumentally recorded seismicity for hazard
assessments. Furthermore, because SCR events
are infrequent, and often not flagged by con-
temporary seismicity, the populations of SCR
regions are generally poorly prepared, so even
relatively small events can and have been ex-
tremely damaging (e.g., the 1989 Newcastle
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event and the 1993 Killari event). The hazard is
compounded by low attenuation of seismic en-
ergy in continental interiors (e.g., Hanks and
Johnston, 1992). For example, it has been cal-
culated that an earthquake in the New Madrid
seismic zone of the Eastern U.S.A. may have up
to twenty times the damage area than a compa-
rable event in San Francisco (Hamilton and
Johnston, 1990).

The 2001 My, 7.6 Bhuj event in India acts as
a warning for those attempting to reconstruct
histories of seismicity on SCR faults from pa-
lacoseismological information. That the rupture
ensuing from this large event did not break the
ground surface, nor even approach within
8-9 km of the surface (Arch Johnston, person-
al communication) casts doubt on the validity
of all estimates of paleoseismicity based upon
fault scarp length and height in SCR regions (cf.
McCue, 1990; Wells and Coppersmith, 1994).

3.3. The future: improving seismic hazard
assessment

The recognition that geologic data from
active faults can provide an important input to
probabilistic seismic hazard analysis is well
established. The current hazard maps for the
Western United States (Frankel et al., 1996),
and for New Zealand (Stirling et al., 1998,
2002), incorporate 500 and 350 well-quantified
active faults as earthquake source zones respec-
tively. The Stirling er al. models in particular
show an overwhelming dominance of active
fault sources over distributed seismicity sources
in controlling the hazard for return periods of
475 and 1000 years.

The methodology underpinning the incor-
poration of geologic data into the hazard mod-
elling process is reasonably robust for plate
margin areas where slip rates on the major
faults are large and the recurrence intervals for
significant or ‘characteristic’ (¢f. Schwartz and
Coppersmith, 1984) events are in the order of
hundreds of years. However, applying these
methodologies to SCRs, with very low slip rates
and return periods on active structures in the
tens of thousands of years, has proved more
problematic. Several different approaches have
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been adopted in the Central and Eastern Unit-
ed States in order to allow for a contribution
to the hazard from active intracratonic faults
(e.g., EPRI, 1988; Frankel, 1995; Frankel et al.,
1996). In the New Madrid area and the Wabash
Valley in Southern Indiana and Illinois, the
geometry of faulting is not well characterised
and no surface ruptures are known. The recur-
rence rates for large events in these areas has
been estimated based upon paleoliquefaction
studies (e.g., Johnston and Schweig, 1996; Ober-
meier et al., 1992), while a characteristic mag-
nitude event is derived from historical data (e.g.,
Johnston, 1996a,b). In the hazard modelling
process, rupture areas are synthesised using
semi-empirical models and the constraints im-
posed by the geologic data. The combination of
~ 500 year recurrence intervals and characteris-
tic magnitude events in the order of 7.5 to 8.0
results in these features contributing sig-
nificantly to the hazard for the longer return pe-
riods (e.g., 1000 and 2500 years, Frankel et al.,
1996).

Where Holocene fault scarps are known,
for example the Meers Fault in Southwestern
Oklahoma (cf. Crone and Luza, 1990) and the
Cheraw Fault in Eastern Colorado (c¢f. Crone
and Machette, 1995), maximum magnitude
events are derived from the fault length using
relations such as those of Wells and Copper-
smith (1994). Recurrence intervals are based on
geologic measurements of slip rates. The recur-
rence interval is perhaps the most critical
parameter deciding the hazard posed by the ac-
tive fault source. For example, the Meers Fault
has an estimated return time for its ‘characteris-
tic’ event of 4000 years (Crone and Luza, 1990),
and so makes very little contribution even to the
2500 year return time hazard (Frankel et al.,
1996).

The most recent probabilistic seismic haz-
ard analysis of the whole Australian continent
was published in 1995 (AS1170.4; McCue
et al., 1998). This study does not include geo-
logic data from active fault sources, and so
relies fundamentally on the assumption that the
previously recorded distribution of seismicity is
indicative of where earthquakes will occur in
the future. In Australia, and in other intracra-
tonic regions worldwide, this approach has
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proved to be unreliable for the larger events.
This is mainly due to the order of magnitude
difference between the time interval separating
M > 6 events in a given region compared to the
time interval over which seismicity has been
recorded. As the database of paleoseismologi-
cal information grows in Australia, a critical
mass will be reached were active faults sources
may be used to enhance probabilistic seismic
hazard analyses for long return periods. The
data provided in this contribution provides
important insight into what data is likely to be
available in the Australian context, and what
methodologies should be employed to make
best use of it for hazard estimation. The most
important implications of what we presently
know, or can make an educated guess on, are
summarised below.

In Eastern and Southern Australia, there are
many fault scarps of known length and height
for which evidence of Quaternary movement
has been proposed. Perhaps the most easily
quantifiable of these are the faults that bound
the Flinders and Mount Lofty Ranges of South
Australia (¢f. Bourman and Lindsay, 1989;
Tokarev et al., 1998; Sandiford, 2003). On
these faults, which support displacements of up
to several hundred metres, the concept of recur-
rence of a characteristic event (cf. Schwartz and
Coppersmith, 1984) may be applicable. If slip
rates were to be quantified for these structures,
thus tying down long-term seismicity rates, the
faults themselves may be modelled as earth-
quake source zones, as has been done in New
Zealand (Stirling et al., 2002) and the United
States (Frankel et al., 1996). A similar strategy
could be applied to the Lake Edgar scarp in
Tasmania (c¢f. McCue et al., 2003), the Cadell
Fault in New South Wales (c¢f. Bowler and
Harford, 1964, 1966), and the many reportedly
active faults in Victoria (cf. Hills, 1960).

In contrast, the idea of recurrence of a char-
acteristic event may not be applicable to scarps
in Western and Central Australia. If the indi-
cations prove correct, and activity on these
scarps is limited to one or two events before the
system/segment is abandoned and seismicity
migrates elsewhere, it is not appropriate to
assign a characteristic magnitude event and use
ruptured Quaternary faults themselves as active
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source zones for hazard assessment. Instead, an
alternate approach similar to that used for the
New Madrid seismic zone (e.g., Frankel et al.,
1996) could be adopted. Rather than incorpo-
rating individual fault sources into the hazard
framework, average parameters derived from
faults in a region of concern could be assigned
to synthetic source zones whose geometry is
constrained by geologic data. Data from each
Quaternary/Holocene fault within the region of
concern could contribute towards defining
parameters such as the maximum likely magni-
tude event for the region (or possibly character-
istic event in some cases), typical source zone
geometry, patterns of migration in seismicity, re-
gional slip rates, and recurrence rates for sur-
face rupturing events. These parameters are ob-
tainable through paleoseismological investiga-
tion and have the potential to place important
constraints on probabilistic hazard models. The
immediate value of paleoseismological investi-
gation in Central and Western Australia will be
realised in the development of an understanding
of the behaviour of the faults in this large por-
tion of Australia.

4. Concluding remarks

The review of paleoseismological investiga-
tion presented in this contribution provides
important insight into the nature of Australian
intraplate seismicity, and a guide to how geolog-
ic data may be usefully incorporated in future
revisions of the Australian seismic hazard map.
Perhaps the most important realisation is that the
methodologies employed to include active fault
source zones into hazard assessment in New
Zealand (e.g., Stirling et al., 1998, 2002) and the
Western United States (e.g., Frankel et al., 1996)
may not be appropriate for the Australian con-
text. The limited data available indicate that Aus-
tralian active faults are typified by return periods
for surface rupturing events in the order of tens
of thousands of years or more (cf. Crone et al.,
1993, 1997, 2003; Machette et al., 1993). If
future investigations confirm this indication, each
fault, when considered in isolation, is unlikely to
contribute significantly to hazard for normal
structures (cf. the Meers Fault, Crone and Luza,
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1990). However, if other active faults are pre-
sent in a region, as is certainly the case in the
Flinders/Mount Lofty Ranges and in East-
ern Australia, then the hazard is proportionately
larger.

We put forward the hypothesis that the con-
cept of recurrence of a ‘characteristic’ magnitude
event on a single fault in the western and central
parts of Australia may not be applicable, as there
is no paleoseismological evidence, nor evidence
in the landscape, of more than a couple of surface
rupturing events on any given fault. In this con-
text, estimates of hazard must be driven by an
understanding of the patterns in migration of seis-
micity, and on an knowledge of the distribution
of potentially seismogenic faults. Faults active in
the Quaternary may not themselves contribute to
the hazard, but can provide critical information
on the long-term character of the seismicity in a
region. This information can provide useful con-
straints on probabilistic hazard assessments.

Paleoseismology is still in its infancy in Aust-
ralia. Many instances of known Quaternary faults
that could provide valuable information on the
character of Australian seismicity have not yet
been investigated in detail. Because of the sparse-
ly inhabited nature of the Australian continent it
is very likely that more Quaternary and younger
fault scarps will be found (in spite of high scarp
degradation rates over much of arid Australia).
Some of these may even relate to historic events.
The future will involve devising methodologies
to incorporate this geologic data into our hazard
models, as has been done successfully in New
Zealand and the United States. These methodolo-
gies will in part have to be uniquely Australian,
to match the distinct character of Australian seis-
micity. This is our challenge.
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