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1 ABSTRACT: With a database of a century of recorded earthquakes in Australia, McFadden
and others (2000) demonstrated that the pattern of epicentres is not representative of a random
process at a high level of confidence. What then is the pattern and can it be explained by a
simple physical process? We looked at possible correlations of epicentres with topography and
geology, with potential fields such as gravity and geomagnetism reflecting deep and shallow
crustal structure, and with interpreted crustal element boundaries, with no positive outcome.

Surprisingly a simple artistic exercise presented us with a pattern of seismic zones which
seemingly accounts for more than 90% of epicentres of magnitude 4 or greater earthquakes. In
addition, all known and prehistoric Recent fault scarps are within the delineated zones as are the
only two known regions of Recent Volcanism in north Queensland and the Newer Volcanics in
the Victoria - South Australia border region. For more than a half a century geologists have
commented on the existence of continent-scale lineaments, many of which parallel or coincide
with our seismic zones.

A simple physical model that we have termed the Coulomb model seems to account for this
pattern of intraplate seismicity.

2 INTRODUCTION

Community safety from earthquake attack relies on the seismologists capability to model
the seismicity and predict the threat with some certainty, and on the engineers capability to
develop building codes to ensure buildings and infrastructure withstand the earthquake when it
happens. That safety also depends on society’s diligence in guaranteeing that the actual design
and construction are carried out in accordance with the code otherwise, as Bubb (pers comm)
says "the earthquake will find all those hidden flaws". This paper is concerned only with the
assessment of the geohazard and not with the question of what constitutes acceptable risk nor
with who polices the code.

A new joint loading code has been developed jointly for Australia and New Zealand
and one of its challenges is to reconcile high hazard interplate areas such as Central New
Zealand with low to moderate hazard intraplate areas such as Australia and Northwest New
Zealand. In the active parts of New Zealand the Plate Tectonic model provides a framework
for establishing earthquake source zones, whereas no model has yet been adopted which
explains the seismicity context of Australia. Large unexpected earthquakes have in the past
required hurried ad hoc modifications to the Australian hazard map.
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3 AUSTRALIAN SEISMICITY

A map showing the spatial distribution of earthquakes of (Richter) magnitude 4 or greater,
1897 - 2000 is shown in Figure 1. The data are from the AGSO World Earthquake database
which has been compiled by AGSO and state and international seismological agencies,
Central Queensland University, Primary Industries and Resources South Australia,
Seismology Research Centre, University of Tasmania, University of Queensland, the National
Earthquake Information Centre and the International Seismological Centre.

(size=(M*M)/3

Figure 1 Seismicity of Australia, 1800-2000, all events.

The largest onshore earthquake was the 1941 Meeberrie WA earthquake of magnitude Ms 6.9
and there have been 20 independent magnitude 6 or larger earthquakes in this 100 year sample
(on average one every five years or alternatively a return period of five years). Seven large
earthquakes since 1967 have ruptured the crust including the three large earthquakes near
Tennant Creek NT in 1988. Most of these caused little damage because of their large distance
from populated centres, the 1997 Mw 6.3 earthquake at Collier Bay WA is a good example,
200 km from the nearest town, 2000 km from the nearest city.

The two most damaging earthquakes to date were both of magnitude 5.6; at Adelaide
SA in 1954, and near Newcastle NSW in 1989, the latter the most destructive natural disaster
in Australia in the last 200 years. The major Ms 6.7 Meckering earthquake in 1968 must be
considered a near-miss for Perth. In a country that suffers damaging earthquakes relatively
infrequently, one magnitude 5.3 event per year on average, the combination of earthquake and
urban proximity is lethal, even for such moderate sized events. This is especially so in
Australia where few buildings have been designed to resist earthquakes and where the norm is
to build low rise (one to three storey) buildings of unreinforced masonry on soft foundations -
a vulnerable combination.
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4 CORRELATION OF EPICENTRES WITH CRUSTAL STRUCTURE

We have used the AGSO earthquake database to investigate the cause of Australia’s
intraplate earthquakes by correlating earthquakes with anomalies in crustal structure in both
the deep and upper crust. We have superposed epicentres (Figure 1) on AGSO’s geophysical
maps at continent wide scale of the gravity (Murray & others, 1997), magnetics (Tarlowski &
others 1996), topography (Milligan & others 1997) and interpreted crustal elements (Shaw &
others, 1996).

There is no obvious correspondence of epicentres with either the geophysical parameters or
interpreted structure. Areas of major gravity anomalies in the centre of the continent are not
associated with more frequent or larger earthquakes than compensated crustal sections in other
parts of the continent. A significant crustal conductor inferred by the magnetics (Chamalaun
and Barton, 1993) which may relate to a major crustal discontinuity is not reflected by the
seismicity and the same is true of the topography; mountains and basins are each as likely as
the other to attract earthquakes. Broadscale geological structure as summarised in the crustal
elements map does not seem to influence the location of epicentres either and some of Austra-
lia’s largest mapped faults such as the Darling Fault near Perth are quite inactive today.

5 CANDIDATE MODELS

Various suggestions have been made over the last 30 years to model the seismicity in terms
of Plate Tectonics (Cleary and Simpson, 1971), or at the other extreme to assume there is no
model and apply a uniform probability weighting for all sites in the continent.

The latest proposal (McCue, 1997) claims that there is a pattern in the epicentral distribu-
tion (Figure 2); a pattern of conjugate large-scale lineaments.
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Figure 2 Earthquake epicentres, 1900 — 2000, ML= 4.0, and shear zones
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The epicentres align into characteristic x-shapes oriented northwest and northeast
across the continent enclosing virtually aseismic blocks or domains. Three parallel sets of
NW/SE epicentre lineaments and four conjugate sets of NE/SW orientation can be identified,
the most conspicuous crossing the centre of the continent from about the central coast of
NSW to northwest WA.

What is surprising about the pattern of epicentres is their apparent independence of
the geological age or type of crustal rocks. The central northwest to southeast lineament
crosses from Mesozoic crust in the southeast through Proterozoic crust in the centre and
Archaean crust in the northwest.

The consequent zones encompass more than 90% of all recorded earthquakes of magnitude 4
or more, all the large earthquakes and all known paleo-events, and the Recent volcanoes.

The mechanisms of large Australian earthquake are mostly shallow dipping thrusts
with a near horizontal principal stress, a few strike slip mechanisms have also been
published, again with a horizontal principal stress direction. The azimuth of the principal
stress is approximately constant within domains but varies greatly from one domain to
another. In the southeast ol is oriented ESE, in central Australia NNE to NE and in
southwest Australia EW.

The X-shaped pattern of earthquakes reflects a failure mode in shear which is
frequently observed in soil and rock mechanics laboratories. This pattern is also seen in rose
diagrams of large scale lineaments and coastlines of Australia and the inferred intraplate
stresses can be simply related to plate boundary stresses. This model also explains how the
principal stress could vary from one region to another.

Such a pattern can be explained by simple Coulomb failure under north-south or east-west
compression of the continent. GPS measurements show that Australia is drifting north relative
to both Antarctica and Eurasia, the Australian Plate colliding in the north with the Pacific and
Eurasian Plate and in the east with the Pacific Plate. These boundaries are dominantly Benioff
or subduction zones. Ridge push dominates at its southern and western boundaries with the
Antarctic and African Plates. The few focal mechanisms of intraplate oceanic events south of
Australia are thrusts with a NNE principal stress direction, parallel to the plate motion.

The sense of faulting within the shear zones is determined by the amount of total
displacement; at low strains early in the process, a series of en-echelon shears develop with
classic conjugate features which can be seen at all scales from tectonic (basin and range type
structures) to earthquake faulting (mole track and sag ponds), to rock and soil mechanics testing
rigs. Tchalenko (1970) discussed this scale invariance comparing surface faulting pattern in Iran
with shear box experiments on London clay. As strains or displacements increase, the shears
rotate, becoming sigmoidal (Hills, 1972) then at large strains they join to form major linear
through-going faults like the San Andreas or X-shaped cracks in masonry walls.

In Australia the patterns of seismicity within the well-monitored zones have typical
en-echelon and sigmoidal shapes indicative of the youthfulness of the process (Figures 3 &4).

6 EVIDENCE FROM GEOMORPHOLOGY

Nearly 50 years ago Hills (1972) recognised and mapped geomorphic lineaments
crossing the Australian continent and concluded that these lineaments were fracture zones of
yielding in the basement. Not only did they influence the deposition of minerals (Hills,
1972) but they provided pathways for the influx of hydrocarbons. Sprigg (in Campbell et al,
1989) observed a major NNE trending zone or belt of en echelon faults extending from the
Adelaide region through the Cooper Basin to northern Queensland. This zone coincides
with one of our inferred shear zones, one that is not clearly delineated by recent seismicity
along its entire length.

Campbell and O’Driscoll (1989) used optically diffused imagery of BMR Bouguer
gravity data to highlight major continental lineaments criss-crossing the continent. One of
them, labelled G3, corresponds to Sprigg’s NNE fault zone, and others subparallel
lineamentsG5, G6 and R12 corresponding with our other three postulated NNE trending
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shear zones. Their G3 is one of a major conjugate set of lineaments which coincides with our
central WNW trending shear zone which is the one most clearly delineated by recent
seismicity.

It does appear that the earthquakes are occurring on a set of major incipient basement
fault zones that have fractured the Australian crustal fabric irrespective of the age or
composition of the rock. Time alone will enable seismologists and others to verify or reject
this model.

Figure 3 Seismicity of South Australia,
& e e 1960 — 2000, M =2.0 (left)
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Figure 4 Seismicity of Southwest Western Australia (right)
7 DISCUSSION

Previously we have tested models for earthquake hazard assessment using published
sources, recurrence relations and attenuation relations in a Cornell (1968) type analysis. The
case studies were for the uniform hazard model which distributes all known earthquakes
uniformly across the continent; and the past earthquake model in which earthquakes of the
past 50 years are assumed to be the sites of most of the earthquakes expected in the next 50
years.

The latter model of Gaull and others (1988) was modified by a committee (McCue and
others, 1993) for adoption into the current Australian Loading Code AS1170.4. The resultant
500 year ground acceleration varied across the continent from 0.03g in central western
Queensland, New South Wales and South Australia to 0.22 g near Meckering east of Perth
Western Australia. Most of the cities have a very similar earthquake hazard rating apart from
Hobart which is half that of the other cities.

The basic assumption that the past seismicity is the best guide to future activity has been
largely vindicated by the last decade of earthquakes but notable exceptions occurred even be-
fore the hazard map was printed; in 1986 at Marryat Creek SA Ms 5.8, 1987 Nhill Victoria
ML 4.9, and 1988 Tennant Creek NT Ms 6.3, 6.4 & 6.7 which all occurred where no previous
seismicity had been observed.

The uniform hazard model, an extreme model which is favoured by some engineers but
few seismologists was run through the hazard program. The computed 500 year ground
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acceleration was 0.04 g throughout the continent. Interestingly this level of ground
acceleration is considered low enough by US regulators that earthquake design can be
neglected. After Newcastle there would be few Australian engineers who would agree that
even basic earthquake design rules could be neglected everywhere.

The key to community safety is prevention of collapse rather than earthquake warning.
A significant constraint on earthquake engineers achieving this goal is cost minimisation
which can only be accomplished with some confidence if accurate modelling of probabilistic
earthquake risk is achieved. The model of Australian seismicity presented here is based on
past moderate to large earthquakes and retrospectively predicts where all large and 90% of
small to moderate Australian earthquakes have occurred in the last 100 years. It does not
predict the precise location or timing of the next event. The ultimate test of this model is time;
whether large earthquakes of the next century are constrained within the zones we have
defined on the pattern of large earthquakes of the last century.
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