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The state of stress within the Australian continent
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ABSTRACT. Fault plane solutions, seismicity and < in situ > stress measurements point to a predominantly compres-
sive state ofthe Australian continent. This stress is being relieved by brittle failure in the upper and middle regions
of the crust only. The orientation of the axes of maximum compression varies conside¡ably across the continent.
Most Australian earthquakes occur in tectonic provinces that range in age from Palaeozoìc to A¡chaean. There
is no evidence that these regions have been actively rejuvenated in more ¡ecent times. In eastern Australia much of the
seismicity is associated with the Lachlan Fold Belt which was cratonized by Late Palaeozoic time. Earthquakes
occur down to about 20 km depth but no recent surface faulting has been observed. Deep events fail predominantly
by thrust faulting and shallow events by strike-slip faulting. The seismicity is consistent with the superposition of a
local stress field caused by the erosion and rebound ofthe highlands, on a predominantly southeast-northwest regional
field Seismicity in South Australia is confined to the Cambrian Adelaide Geosyncline and its vicinity. Earthquakes
occur here at generally shallower depths than in eastern Australia. The predominant direction of the axis of compres-
sion is northeast-southwest. In western Australia the earthquake activity is diffuse and not obviously related with
major tectonic features. Seismicity here is well documented only in the Archaean Yilgarn Block where much of the
activity is very shallow and associated with surface faulting. This activity may also be the consequence of a local stress
freld. related to the nearby Perth Basin and Darling faull superimposed on a regional east-west field. That seismicity
occu¡s in these old structures reflects the relaxation of deviatoric stress associated with past tectonic upheavals.
As relaxation takes place at depth, the effective elastic thickness of the iithosphere is reduced and deviatoric stress
in the upper crust increases until failure occurs, possibly triggered by the imposition of the regional stress field. Where
non-hydrostatic stresses are greatest, as in the centre of the continent, levels of seismicity are exceedingly low. This
suggests that such regions are held in mechanical equilibrium by loading buoyancy, elastic and viscoelastic forces and
by horizontal compression. In the case of central Australia the required compression is approximately north-south.
The continent-wide stress f,reld could be associated with the plate tectonic movement of the Aust¡alian Plate or it
could be the result of temperature and density differences between continental and oceanic lithosphere. The observa-
tions and models suggest that this regional force is variable in azimuth with a magnitude of the order 100-200 MPa.
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INTRODUCTION

The study ofpresent and past stress states ofa continent
is of relevance to the understanding of a number of
tectonic problems that have been much discussed in
the recent geological and geophysical literature. These
problems include : (i) the interpretation of < in situ >>
stress measurements and intraplate seismicity, (ii)
the study of tectonic processes within the lithospheric
plate and along plate boundaries, (iii) the quantitative
evaluation of continental lithospheric rheology, and (iv)
the evaluation of driving mechanisms of plate tectonics.
Evidence for present and past stress states is of three
main types : (i) that based on geophysical and geological
field observations, (ii) that based on geòphysical model-
ling of tectonic processes in the lithosphere or of con-
vection in the mantle, and (iii) that based on laboratory
experiments of the rheological behaviour of lithospheric
and mantle rocks. The volumes of papers edited by
tilyss (1977) and Hanks and Raleigh (1980) contain

good examples of both the geophysical relevance and
observations of stress in the lithosphere.

Geological evidence includes the f,reld observations of
folding and faulting on both the micro- and macroscales.
The former includes induced microstructures, such as
changes in dislocation densities and grain sizês and
the recrystallization of grains along faults and in
kimberlite intrusions. Thç interpretation of these palae-
ostress indicators remains uncertain. For examplg
stress differences of i00-200 MPa (1-2 kbars) have been
determined from dislocation densities along fault zones,
but these yalues are þenerally 2-3 times larger than
estimates deduced from recrystallized grain sizes within
the same rock (e.g. Christie and Or4 1980).

Geophysical observational evidence includes < in
situ )) stress measurements, present and past evidence
of seismicity, the seismological evidence for faulting
and lateral variations in crustal structure, and the ana-
lysis of topography and gravity. The major difliculty
with the < in situ > measurements is that these are
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made near the surface so that they may not be very
representative of the state of stress in the crust, or
lithosphere, as a whole. Near surface < in situ )) measure-
ments usually result in inferred stress differences that
are of the order of a few tens of MPa but it is expected
that deeper in the crust these may increase several
fold (McGarr and Gay, 1978).

Seismicity is indicative of where stresses have concen-
trated so as to exceed the brittle failure limit of the crust.
However, because the strength of the crust is unknown,
earthquakes cannot be used to estimate the magnitudes
ofthe regional stress. Fault plane solutions can be used
to estimate the directions of the principal stresses bu!
because failure usually takes place along pre-existing
zones of weakness, the estimates of principal stress
directions from individual solutions may have errors
of up to 90o (the principal compressional stress need
only be in the same quadrant as the principal compres-
sional axis of the focal mechanism solution; see, for
example, McKenzie, 1969 ; Raleigh et al.,1972).Estima-
tes of seismic stress-drops inferred from crustal earth-
quakes indicate the change in the stress-state that occurs
at the time of the earthquake rather than the actual
value of stress (e.g. Hanks, 1977).

Analysis of gravity data gives information on stress
but only if specific mechanical models, such as a state-
ment on the nature of isostatic compensation, are
introduced. Even then, the deduced magnitudes of the
stresses are uncertain and rheology dependent (e.g.
Lambeck and Nakiboglq 1980). Estimates of minimum
stress-difference are obtained if the assumption of local
isostasy is made (Jeffreys, 1970) but if compensation
is regional the stress-differences may be several times
greater than these minima. Topography may better
represent past and present stress states - because
the load is more clearly defined - but the stress esti-
mates remain model dependent : on the mechanism
.by which the topography formed, on the state of isostasy
attained, on the crustal rheology and on past erosion
(e.g. Stephenson and Lambeck, 1984).Lateral variations
in crustal structure as observed by seismic refraction
and reflection surveys or from the analysis of travel-
time anomalies are also indicative of a non-hydrostatic
stress state. But even when such observations are
combined with gravity and topographic data it remains
diffrcult to separate the assumptions made about rheo-
logy from any statements on the stress state and tectonic
process itself.

Specific examples of geophysical modelling for the
stress-state include the analysis of passive loading of
the lithosphere by volcanic loads, sediments, ice or
water. In these cases a history of loading is required.
Observations that constrain the models include gravity,
deflections of the crust and the time-dependent beha-
viour of deformation. Less direct examples of geophy-
sical modelling for estimating tectonic stress include
the analysis of subduction tectonics and of sedimentary
basin formation by processes other than passive load-
ing. Here the resultant stress estimates are intimately
related to the assumptions made about the forces asso-
ciated with the geophysical process.

These brief introductory comments serve onlv to

indicate that the measurement and interpretation of
stress in the lithosphere, whether continental or oceanic,
is not unique. Only by combining the various lines of
evidence is a coherent picture likely to emerge, a picture
that should relate to the structure, evolution and
motion of a continent. These comments also serve to
illustrate that any statements that we make in this
paper about the stress within the Australian continent
should be considered as preliminary and that more
questions are likely to be raised than answers given.
Thereforg what we attempt t.o do is twofold. Firs!
we survey some of the geophysical evidence for the
present stress state within the continent and discuss
some of the implications of this evidence. Second, we
present some preliminary analyses of the stress state
associated with certain aspects of the present Australian
continental topography and gravity. Three topographic
and gravity features in particular will be discussed ;
the stress state implied by the large gravity anomalies
in the centre of the continent, the stress state near
the Darling Fault and Yilgarn Block in western Aus-
tralia and the stress state associated with the eastern
highlands.

OBSERVATIONAL EVIDENCE FOR THE STRESS
STATE IN THE CRUST

Seismicity

The first permanent seismograph stations were installed
in Australia early in the twentieth century and much
of the equipment operating from this time up to about
1960 was of relatively low gain and sensitive to low
frequency signals only. Instrumentation gradually im-
proved and from about 1960 onward events of Richter
magnitude M > 5 occurring anywhere in Australia
would have been located (Doyle and Underwood, i965).
The network of seismograph stations has continued
to improve (e.g. Cleary, 1,977), but there are still areas
of northern Queensland where earthquakes of magni-
tude 4 cannot be located. Thus only a very short record
of Australian-wide quantitative seismicity is available
at this time. Surveys have been given by Burke-Gaffney
(1951), Doyle et al. (1968); Drake (1974); and Den-
ham et al. (1979\. From these studies it becomes clear
that contrary to what is often supposed and despite
the fact that the land mass lies far from active plate
boundaries, the Australian continent is not particularly
aseismic. The largest recent event was the 1968 Mecker-
ing earthquake of magnitude Mr: 6.8 (Gordon" t97I;
Gordon and Lewis, 1980). Other large earthquakes
include an Mr:7.7 earlhquake which occurred off
the northwest coast in 1906 and an M, - 7.0 event
which occurred northeast of Geralton in western
Australia in 1941.

The known Australian seismicity is characterized by
three main regions of activity within each of which the
distribution of earthquakes is diffuse (fig. 1). The sou-
thern part of the eastern region is well covered from
about 1960 onwards and most events of magnit ude M > 3
would have been located after about 1965 (e.g. Jaeger
and Read, 1.969). 7 earthquakes of magnitud e M 
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have occurred in this region from 1959 to 1982. The
central region coincides apprôximately with the Ade-
laide Geosyncline in South Australia and a northward
extension into the Simpson Desert of the Northern
Territory. This northern part is the most active area
in Australia and at least five earthquakes of M"2 6
have occurred there in the last 100 years. The location
of the smaller (M" < 4) earthquakes in the central
region did not become possible until-about 1962 (Sut-
ton and White, i968). The third region includes much
of western Australia where only since about 1980 has
it been possible to locate events of magnitude 4 or
greater throughout the region. Much of the better
known seismicity in this region occurs in the south-
western regior¡ east of Perth, and is also referred to
as the southwest seismic zone (Doyle, l91l).

Southeastern Australia

The principal information on the seismicity of this
region comes from the network operated by the Aus-
tralian National University (ANU) since 1958. The net-
work has been gradually improved and now comprises
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Eastern
Region

16 stations, including three stations run by the Sydney
Metropolitan Water Board. It is supplemented by sta-
tions established in Victoria from 1976 by the Preston
Institute of Technology (PIT) (Gibson et al., l98l) and
by two stations operated by the Bureau of Mineral
Resources (BMR). The recorded seismicity from 1960 to
September 1983 is illustrated in figure 2ø. Some of the
smaller earthquakes located in Victoria by the PIT
network only have not been included. No attempt
has been made here to distinguish between mainshocks
and aftershocks and some of the clustering is a conse-
quence of aftershock sequences. Only reliably located
events, where a minimum of five stations were used to
determine the hypocentres, are illustrated. The loca-
tions of all events of M" ) 3 recorded from 1960 to
September 1983 are illustrated in figure 2b. Superimpos-
ed upon this distribution of seismicity are the station
locations and the limits beyond which events of magni-
tude less than 3 cannot, as a rulg be reliably located
from records at a minimum of 5 stations. In figure 2c
all events of M" < 3 located by the southeastern
network are illustrated.

The accuracy with which the earthquakes are located
varies considerably with their position and magnitude,
with the state of the network at the time of the evenl

fownsvil le

EARTHOUAKES WITH MAGNITUDE
4.O OR GREATER 1873-1980

. Magnitude < 5.0 1946 - Year of earthquake w¡th

O Magnitude 5.O-5.9 magn¡tude 6 O or greater

)Magn¡tude> 5.9

Figure 1
Earthquakes with magnitudes 4 or greater recorded in Aus*aliaîrom 1873 ta 1980. The year of the event is indicatedfor events of
magnitude 6 or greater.
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Figure 2
(a) Seismicity oÍ southeastern Australia from 1960-1983. (b) Earthquakes of magnituìle 3 or greater in southeastern Australia from
1960-1983. The topography of the highlands is iniJicated by the 500 anil 7500 m contours. The 1000 m contour is shown anly partly
( dotted line). This ilefines approximately the topographic low in the dividing range near 35o latitude. Elevations above 1500 m are
shaded. The 4000 m depth contour defines the lower edge of the continental shelf. Solid triangles refer to the seismograph network.
The lines I anil 2 ilefine the region beyond which magnitu¿le 3 events cannot be located from 5 or more stations. (c) Earthquakes of
magnituile less than 3. AIso indicateil are known surface faults anil the limits of the major basins and fold belts.
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and by the state of knowledge of the seismic velocities
of the crust and upper mantle. Using known quarry
blasts as a calibrator, it appears that epicentres of
events occurring within the perimeter of the network
are usually determined to within I 5 km, and that
these locations are not very sensitive to the adopted
crustal model. Events outside the network perimeter
are progressively less well determined as their distance
from the seismograph stations increases. Earthquakes

near the limits depicted in figure 2a have an epicentral
precision that is typically about 10 km. Accuracies of
these locations may be less satisfactory because of
systematic errors resulting from the simplicity of the
adopted twoJayer crustal model.
Depth determinations are much more problematical.
Typical uncertainties for events within the network
perimeter are 5 km with the better events having a
precision of 2-3 km. Figure 3 illustrates the depth

co,

o

YarB

' e Sychey
i  o {
x

'C+ Robertsor¡

o
o

o

^ x
" o o

o

x

c

*
.'t*

Picton

x

o
ô o

^ c
x

o
o o

x

i
4-itç x Dalton - Gunring

t t  o "
o o

o ô
o

x
x

x

&" ;.
I'" x<^ ' t
/ x  xv  x  x

v , ) ' o

o
@

xA

o

fMelboure

ô

o o
o
x
x

t r  M > s
O  4 < M < 5
o  3 ( M < 4
x  2 . 5 < M < 3
. M <2'5

" o

[]

Gippsland 
o

Talktlìgo-----_i=.-: .|

,;-Ì*åi_:;i. 
':* 

.

726



n
U

c

qo
o

o o

2\

t/2

\
IôoI
I
l "
I
þ

. 1 "
\

t t ¡ \

/l 
l-/

< - J q

\ o o
\ o

\ o

i;&n o
\ - - _

distribution of events for which the solutions for
depth, based on P and later phases, yield precisions
that are better than 2 km. The mean depth of all events
is about 11-12 km and is about the same for all magni-
tude intervals. As noted by previous investigators of
Australian seismicity (e.g. Doyle et al.; L968) few events
occur at depths greater than about 25 km and no event
can be attributed with any degree of certainty as
occurring in the mantle. The depth distributions are
suggestive of concentrations of seismicity at two
depths, near 6 km and near 15 km, with reduced
levels of seismicity in the interval 8-12 km. This may
reflect the presence of a low velocity layer in the crust
(e.g. Finlayson et a1.,1979), in which stress is released
partly by creep and partly by brittle failure. It may
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o  M > s
O / t<  M<5
o  3 ( M < ¿

l0O km

r50
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also indicate that stress differences in this part of the
crust are reduced, as would be the case if flexural
stresses are significant and the middle plane of the
effective elastic or viscoelastic lithosphere is near
10 km (e.g. Stephenson and Lambecþ 1984). It must be
remembered, however, that because of the uncertainty
of the depth determinations, and because of the depen-
dence of these depths on the chosen crustal model,
this distribution may be a consequence of the method
of analysis and this needs to be examined more closely
before either of the above interpretations can be
accepted. The horizontal distribution of seismicity
does not exhibit any dependence on depth : deep and
shallow events have essentially the same geographic
distributions.
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The seismicity of Victoria has been reviewed by Under-
wood (1972) and Gibson et at. (1981.). ievels of seis-
micity are greatest in the eastern part of the state
wherg apart from a concentration of activity in the
western part of the Gippsland Basin (frg. 2a) seismicity
remains diffuse. Any event of M" < 3 that occurs in
the western Gippsland Basin would not be recorded
on the ANU network but Gibson et al.'s results leave
no doubt that such events occur frequently both here
and in the region immediately to the north and east
of Melbourne.

The ANU network is capable of locating M,4 3
events for much of the Lachlan Fold Belt (f,rg. 2c) and
activity is relatively diffuse throughout the region.

New England
' Fold Belt

x  2 . 5 <  M < 3

,  M < 2 . 5

lO0 km

Seismicity in the New England Fold Belt to the north
is only poorly documented and the paucity of recorded
events in this region is probably more a consequence of
the lack of seismograph stations than of low levels of
seismicity. The Lachlan Fold Belt was shaped during
the Palaeozoic by intense folding and deformatior¡
by major igneous intrusions, and by volcanic activity,
and cratonized by Early Permian time. The New
England Fold Belt stabilized later, by Early Mesozoic
time. Subsequent tectonic activity in both fold belts
appears to have been minor.
Present-day seismicity does not exhibit any clear
relation with either the continental topography (hg. 2b)
or gravity. Nor is there a clear correlation with geology
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AII Magnitud.es

Figure 3
Depth distribution of earthquakes in southeastern Australia from 7960
to 7983 whose apparent depths are located to within 2 km.

or tectonic structure (fig. 2c). Nevertheless, some general
comments can be made.
(1) The M"2 3 events are distributed quite uni-
formly through much of the Lachlan Fold Belt. There
is a decrease in recorded activity towards the northwest
and offshore beyond the continental shelf. These
decreases do not appear to be a network effect since
the smaller events (M < 3) are observed out to about
the same distances (compare figs. 2b and 2c). There
is also a seismically quiet zone to the east of the southern
part of the Dividing Range (below Eucumbene in
frg. 2a). This was previously noted by Drake (1.974)
and again, is not a network effect.
(2) The M,"< 3 events (frg. 2c) have a very similar
geographic distribution to the larger earthquakes,
with similar areas where activity is lower than average.
Small events become proportionally less frequent in
the northern part of the Sydney Basin and in the Murrây
Basin and this is probably a consequence ofthe decreas-
ing radius of detectability at smaller magnitudes. In
several localities the levels of seismicity are much
greater than average. Some of these reflect aftershocks
of larger events (e.g. Picton and Robertson). Others
reflect induced seismicity such as that associated \/ith
the Talbingo Dam (Muirhea{ 1981) and possibly
the Eucumbene Dam (Cleary, 1977 ;Bock and Denham,
1983). Other areas of high levels of seismic activity
include the Dalton-Gunning, Crookwell and Young
areas which coincide approximately with the topo-
graphic low in the southeastern highlands (fig. 2b,
see also frg. 9 below). This region has had a consistent
record of seismicity since the first settlers arrived
(Burke-Gaffney, l95l; Cleary, 1.967),but no successful
explanation has yet been proposed.

(3) Some of the seismicity appears to be associated
with known faultg particularly those'occurring in the
Snowy Mountains (Cleary et al-, 1964; Bock and
Denharr¡ 1983). For most other seismic regions,
notably the Dalton-Gunning seismic zone, no obvious
correlation with faults has been found" other than
that regions of higher than average seismicity coincides
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approximately with regions where the density of
known surface faults is also greater (fig. 2c). Cleary
(1967) suggested that much of the activity occurs on
or at the edges of the abundant granite intrusions in
the Lachlan Fold Belt and many of the events do
appear to occur near granite outcrops. However, the
precision of their location is inadequate to determine
the nature of this association. What is curious is that
this relation is limited to the S-type granites; very
little seismicity is associated with the I-type granites
of southern New South Wales and eastern Victoria.
( ) The off-shore seismicity occurs largely within about
70 km of the shoreline, below the narrow continental
shelf and slope (see figs. 2b and 2e). The depths of
these events are typically in the range 1.6-20km below
sea level. It has not been possible to obtain fault plane
solutions for these events.

South Australia

Recent seismicity in southern Australia has been
discussed by Sutton and White (1968), Stewart et al.
(1973), Sutton et al. (1977), and McCue and Sutton
(1979). Much of the seismicity is conhned to the Ade-
laide Geosyncline and the adjacent gulf graben regions
(frg. 4). This geosyncline, formed during a prolonged
orogeny in Late Proterozoic-Cambrian timg consists
of a thick sequence of sediments that have been folded
down to depths of 5 km or more. Subsequent tectonic
activity appears to have been minimal. Much of the
seismicity has occurred in the Mt. Lofty-Flinders
Ranges part of the syncline, but this may be a conse-
quence of the restricted nature of the network prior
to about 1969. In that" year three additional stations
were set up in the northern part of the syncline and

Fig. 4

Seismicity from 1960-1983 in South Australia.

M 2,5-2.9
237 euents

depth depth

a  , l  < M < 5

O  À t > 5
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these indicated that there is considerable seismicity
in this region as well (Stewart and Mount, 1972).
To the south west the seismicity occurs predominantly
to the west of the Lincoln Fault on the Eyre Peninsula.

Seismicity within the syncline is generally shallow,
with more than 501 of zl located events being at
depths of less than 5 km (Stewart and Mount 1972).
These are also of small magnitude (M" < 3) and
appear to be confined mainly to the thick sedimentary
sequences folded into the syncline. They may therefore
reflect more a local response to a regional stress field
than the regional stress state itself. Events of M" > 3
occur down to greater depths but few events occurring
within the perimeter of the network of stations that
recorded the event are located at depths greater than
about 20 km. McCue and Sutton (1979) estimate an
average depth ofabout 10 km for such events recorded
in the two year interval of 1976-19'77.

Persistent seismicity of large magnitude (MrÞ 6)
has been recorded since 1900 in the Simpson Desert
in the south east corner of the Northern Territory
(Burke-Gaffney, 1951) (lig. 1). However, only a few
precise locations and two fault plane solutions are

available (Stewart and Denham, 1974; Everingham
and Smith, 1979). Ãny relation with deep crustal
structure is masked by recent sediments and the origin
of this activity remains an enigma.

Western Australia

The seismicity of western Australia has been discussed
by Everingham (1966) and summarized in Denham et al.
(1979). This area experiences the highest levels of
earthquake activity throughout the continent (fig. 1).
There does not appear to be a clear relation between
seismicity and the major tectonic features. For examplg
there is no known seismicity on the nearly 1000 km
long Darling Fault (total vertical throw - 10 km)
separating the Perth Basin from the Yilgarn Block,
even though movements on it have occurred continu-
ously since the Permian (fig. 5). The offshore seismicity
extends farther out to sea than it does along the eastern
and southern margins but the shelf and slope are also
much wider here and as elsewhere, much of the seis-
micity appears to lie below the shelf and slope region;
between the coast line and the 5000 m isobath.

Fig. s
Seismicity in the southwest seismic zone of
western Australia. Also illustrated are the
surJace Jaulting ( light lines) and the directions
of the compressive axes as determined for the
Cadoux, Calingiri and Meckering earthqua-
kes (heavy lines) andfrom < in situ ) stress
measurements (meilium lines). The maximum
< in situ > sfress is 23 MPa near Cadoux.
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Depth control on the earthquakes is very poor but the
surface faulting associated with the larger events in
the south-west seismic zone. as well as the isoseismal
patterns, indicates that most if not all of the earth
quakes here take place near the surface and in the
upper crust (e.g. Everingham et al., 1982).

Fault plane solutions

A number of reliable fault plane solutions have been
obtained for the larger earthquakes that have occurred
in Australia since about 1960. Solutions have also
been possible for some of the smaller events that
occurred within the regional networks. Figure 6
and table 1 summarize the results. In general, these
solutions point to compressive forces throughout the
continent (see, for example, Cleary, 1967 ; Fitch et al.,
1973; Mills and Fitch, 1,977 ; Denham et al., 1979)
but considerable variation in the directions of the
compressive axes does occur.

Reliable fault plane solutions for earthquakes in
New South Wales have been obtained by Mills and
Fitch (1977), Everingham and Smith (1979), Denham
et al. (1979,1981, 1982) and Bock and Denham (1983).
All solutions yield compression axes that are nearly
horizontal but whose azimtthal orientations vary
through about 90o, from northeast-southwest to south-
east-northwest (fig. 6a). The different azimuths may
be the result of faulting being controlled by the geo-
metry of pre-existing crustal faults or zones of weakness.

STATE OF STRESS WITHIN  THE AUSTRALIAN CONTINENT

Most deeper events, where the depth (D) is greater
than about 15 kr& are associated with thrust-faulting
mechanisms and most shallow events (D I 5 km)
indicate failure by predominantly strike-slip faulting
(table 1). The two intermediate depth earthquakes
near Bowning are indicative of strike-slip faulting
with a major thrusting component.

Earlier, Underwood (1967) had suggested that some
of the Dalton-Gunning earthquakes were the result
of tensional stress but his solutions were poorly cons-
trained and the more recent work has not confirmed
this interpretation.

Fault plane solutions for events in Victoria have been
discussed by Underwood (1972) and Denham et aI.
(1981). The 1977 Balliang event about 50 km to the
west of Melbourne (f,rg. 6b), is indicative of thrust
faulting at a depth of 21 km but the depth is poorly
constrained. Two nearby events in the Victorian
highlands yield quite different fault plane solutions.
A re-examination by Denham et al. (1984) of the 1966
Mt. Hotham event suggests that failure is by normal
faulting with a northeast-southwest tension axis (fig. 6a).
This represents the only well documented case of
tensional stress in the continent. The nearby Wonnan-
gatta event of 1982 indicated failure by thrusting with
a northwest-southeast orientation of the compressive
axis. Depths of the events are poorly determined but
both earthquakes are believed to have occurred in the
middle crust.

Table 1

Summary offautt plane solutions. All events except the Mt. Hotham are compressional.'l denotes thrust fault, SS strike-slip fa¡¿l¿, SS-T strike-slip with

a significant thrust component, N normal fault.

Earthquake location
Compressionr'åulr (or teniion) axis

Prane '(trend 
plúnge)

Year Magnitude Depth
ML km

Reference

Snowy Mountains New South Wales
Berridale
Middlingbank
Pilot
Suggan Buggan

59
7 l
76
8 1

] J

5
6
6

3
2
4
5

l 2
1 3

1 9
21

1 5
12

1 5
l t

2 l

7
?
5

10
1 5

5
1

1 5
l't

5.2
4.0
3.8
3.7

À 1

2.5
3.0
3.8
Ã ' )
4.8

5.6
5.5

4.6

5.5
5 .4
4.4

T
SS
T ?
SS

SS
SS

SS-T?
SS

SS-T
SS-T

327,tO
136,r4
326,8
95,1 0

262,12
77,24

320,5
271,t0
117 ?5

154,0

46,34
6 4 6

)1< ?
280,5

39,2
1  13 ,1
)q )  )5

181,1
125,O
) \ a  r 1
41,0
60,25

) 7 1  1 7

282,t6
218,24
7 ) \  A

Denham et al., l98l
Bock and Denhar4 1983
Bock and Denharn, 1983
Bock and Denharn, 1983

Denham et al., 198I
Denham et al., I98l
Denham et al.,798t
Denham et a1.,7981
Denham et al., l98l
Denham et al., 1981.

DenhanL 1980
Mills and Fitch, 1977; Den-
ham et al.,1980

Denham et al., 1982
Denham et al., 1982

Denham et a1.,7984
Denham et aI., L984
Denham et al., I98l

Stewa¡t and Denham, 1974
Everingham and Smith, 1979
McCue and Sutto4 1974
McCue and Suttorl 1974
McCue and Suttoq 1974

Denham et aI., 1980
Denham et al., 1980
Denham et al., 1980
Everingham and Smith, 1979

Dalton Gunnins Seismic Zone New South Wales
Dalton
Dalton
Dalton
Dalton
Bowning
Bowning

Sydney Basin New South Wales

7 l
73
74a
74b
77a
77b

Robertson
Picton

Appin
Appin
Victoria
Mt. Hotham
Wonnangatta
Balliang
South Australia
Simpson Desert
Simpson Desert
Quorn
Blinman
Melton
West Australia
Meckering
Calingiri
Lake Mackay
Halls Creek

o l
I J

8 1
Aftershock

T
T

T
T

N
T
T

SS-T
SS
SS
SS
ss

T
T
T
T

66
82
77

72
78
77
77
77

68
70
70
78

6.2
4.7
3.8
Á 1

4.0

6.9
5.9
6.7
6.2
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Fault plane solutions for South Australia have been
given by McCue and Sutton (1979) for 3 events in the
Adelaide Geosyncline, and by Stewart and Denham
(L974) and Everingham and Smith (1979) for two
events in the Simpson Desert. All solutions are indica-
tive of failure by strike-slip faulting irrespective of the
focal depth (Fig. 6b). The Adelaide Geosyncline solu-
tions are for events that are located below the sediments
and the three solutions give very similar northeast-
southwest azimuths for the axis of compression.
The Simpson Desert earthquake of 1972 has a fault
plane solution that is indicative of north-south com-
pression with failure along a steeply dipping strike-slip
fault (Stewart and Denham, 1974). A nearby event,
while not producing a good focal mechanism, did
yield a well constrained horizontal axis of compression
but with an azimuth that differs by nearly 600 from the
1972 event (Everingham and Smith, 1979).

Fault plane solutions for western Australia have been
published by Fitch et ø1. (L973), Everingham and Smith
(1979) and Denham et al. (1980). All events indicate
that failure occurred by thrust faulting irrespective of
the focal depth of the earthquake (table 1). Azimuths
of the compressive axes are again quite variable. The
two events in the Canning Basin in the northwest of
Australia are separated by only about 275 km and
yield compressive axes that differ by 90o in azimuth.
The solutions for the two events in the south-west
seismic zong the Meckering (1968) and Calingiri
(1.97L) earthquakes, are very consistent with each
other and with the evidence for surface faulting from
these and other events (e.g. Lewis et al., 1,98I; Gordon
and Lewis, 1980).

This brief summary of the fault plane mechanisms

Figure 6
(a) Fault plane solutions
for some southeast Austra-
lian earthquakes. (b) Fault
plane solutions for same
earthquakes in other
regions of Australia. In-
ward pointing arrows indi-
cate inferred direction of
principal compressional
stress in the horizontal
plane.

confirms that the predominant stress state within
the Australian continent is one of compression. There
are however, regional variations in the failure mecha-
nisms and the directions of the principal stress axes.
In south-eastern Australia" the near-surface faulting
is predominantly by strike-slip motion while the
apparently deeper earthquakes reflect failure by thrust
faulting. In South Australi4 failure is by strike-slip
faulting even for the deeper events. In contrast all
solutions for western Australia indicate failure by
thrust faulting from surface events to depths of 17 km.

The axes of compression lie along all possible azimuths
and this suggests that failure is partly controlled by
past geological structures. The different azimuths
obtained for the Hall's Creek and Lake Mackay earth-
quakes in the northern part of the Canning Basin may,
for example, be a consequence of a local stress field
associated with the basin and basin-margin super-
imposed upon a more regional stress field. Likewise,
the different azimuths obtained in eastern Australia
may be controlled by older faults or it may be the
result of a local, topographically related stress field
superimposed upon a regional stress field. The diffe-
rent azimuths for the two Simpson Desert earthquakes
are less readily associated with local structure, even
in the qualitative manner used for the other solutions.
One trend that does occur is that the compressive
axes are approximately perpendicular to the continental
margins for those events within a few hundred kilo-
meters of the margin. The compressive axes in southeast
Australia are predominantly east-west or northwest-
southeast, in South Australia they are northeast-
southwest, in the southwest they are again east-west,
and the Hall's Creek earthquake has a northwest-
southeast axis of compression.
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<( In situ > stress measurements

Since 1957 over 1500 measurements of < in situ >
stress have been made in Australi4 predominantly
using flat jacks and, since 1963, bore-hole overcoring
methods (Worotnicki and Denham, 1.976). Geophysi-
cally useful and reliable results are, however, few and
these have been summarized by Denham et al. (1979,
1980). These measurements are in general agreement
with the results from the fault plane solutions in that
(i) the predominant stress state is one of compressior¡
and (ii) there is considerable regional variation in the
direction of the compressive axis. In southeastern
Australia, the overcoring methods indicate that the
maximum principal stress is approximately east-west
in the western part of the Lachland Fold Belt and
more nearly north-south in the eastern part (see also
Gray, 1982). Local geological conditions and nearby
topography may strongly influence the total stress
field so that significant changes in stress may occur
from one locality to another. Analysis of stress induced
by topography of small slope (McTigue and Mei,
1981) indicates that surface horizontal stress variations
of up to 5-10 MPa may be expected in the neighbour-
hood of 1 km topography. Close agreement may there-
fore not occur between the < in situ r> measurements
taken at the surlâce and the principal stress orientations
deduced from the fault plane solutions for earthquakes
occurring at considerable depths below the surface.

< In situ )) stress measurements of up to 23 MPa
made near the Meckerine and Cadoux earthquakes
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in western Australia, a region of particularly low relief
show a much more consistent relation to the fault-
plane solutions, with both sets of results pointing to
east-west compression (fig. 5).

EVIDENCE FROM GRAVITY AND TOPO-
GRAPHY

Central Australian gravity anomalies

In the absence of expressions of active or recent tect-
onism, seismicity may be anticipated in regions where
stress differences depart significantly from a hydro-
static state, that is, in regions of large variations in
topography or gravity. The largest gravity anomalies
within continental Australia occur in the centre, where
changes of 200 mgals occur in a distance of less than
100 km (BMR, 1976). These anomalies are associated
with Late Proterozoic and Palaeozoic Basins and
with intervening uplifted arches (fi5. 7). Negative
gravity anomalies occur over the basins and positive
anomalies over the arches. The elevation is relatively
constant over the region as a whole and thiq plus the
density contrasts between the basins and arches,
contributes only a small amount to the observed
anomalies. Arrival times'of P-waves from teleseismic
sources are late at stations situated in the basins and
early at stations on the arches (Lambeck and Penney,
1984). This, plus the gravity observations, points to
sienificant low densitv and low velocitv material

tï'ü.tl
1977ht

Berr idole
t959
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below the basins and to high density and high velocity
material beneath the arches. The simplest interpre-
tation is in terms of an undulating Moho (Lambecþ
1983a, b ; Lambeck and Penney, 1984) and undulations
of about 20 km are predicted. The mechanism by
which this state evolved is believed to be one of crustal
folding through horizontal compression of an inho-
mogeneous viscoelastic lithosphere. The process is
facilitated by the erosion of the uplifting areas and the
deposition of sediments into the down-warps. As
bending stresses reach critical levels, major thrust
faults develop near some of the basin margins and these
are observed at several localities.

To develop and maintain this structure, the predominant
stress state must have been one of horizontal com-
pression with an approximately north-south azimuth.
The magnitude of the requisite stress to support the
present structure is difficult to evaluate since it is
dependent on the assumed rheology and effective
thickness of the lithosphere but a minimum value of
about 100-200 MPa appears to be necessary to maintain
a balance between the various forces operating (Lam-
becþ 1983ø).

The present basin structures evolved from Late Prote-
rozoic to Late Palaeozoic with only relatively minor
evolution having occurred since then. A regional
compressive stress must, therefore, have been in
existence since at least Carboniferous time in order
for the structure to be maintained against the buoyancy
forces. In the absence of such a compressior¡ the
basins would be uplifted and the arches would subside
until isostatic equilibrium was achieved. It appears
from the near surface geology and geomorphology
that there may have been a period of rebound of the
basins and this implies reduced overall compressior¡
subsidence of the arches and possibly a transport of
some sediments from the basins onto the blocks.
Evidence for this is seen in the outcrops of Mesozoic
and Tertiary erosion surfaces above the present Quater-
nary surface of the basins and in the down cutting of
rivers through some of the hills within the Amadeus
Basin. It would appeaq howevet that the compression
was again effective in Cainozoic time since rhany of
the Carboniferous and older faults appear to have
been reactivated over large distances and since many
Cainozoic structural features appear to be a conse-

Figure 7

Predícted crass-section of the
crust in central Australiafrom
the OIJìcer Basin in the south
to the northern Arunta Block
in the narth (from Lambeck,
1984). A hypothetical upper-
lower crust boundary, origi-
nally at a depth of 15 km, is
also ind.icated.

quence of a north-south compression (Burek et a1.,I978).

The largest stress-differences can be expected to occur
near the basin margins where the gravity gradients are
greatest. Yet despite the nearby location of two highly
sensitive seismometer arrays (at Alice Springs and
Tennant Creek), the recorded seismicity for the past
15 or 20 years is limited to a few small events possibly
located on some of the old faults to the north of the
Ngalia Basin. There seems to be no history of recent
faulting on the margins of the Amadeus Basin. In a
region where stress-differences are probably the greatest
that occur anvwhere in the continental Australian
lithosphere seismicity is insignificant.
The Simpson Desert earthquakes lie about 300 km to
the east of the Amadeus Basin and the direction of the
compressive axis for the L972 earthquake is in agreement
with what is implied by the structure to the west. Yet
there is no obvious reason why the earthquakes occur
here and not to the west where the inferred stress diff-
erences are much greater.

Darling Fault, West Australia

As first noted by Vening Meinesz (1948), substantial
gravity anomalies occur to the east of Perth in West
Australia. These coincide with the ancient Darling
Fault bounding the Archaean Yilgarn Block and the
Perth Basin. If this fault defines a near-vertical boun-
dary between crustal blocks of different thickness, then
the gravity anomaly Âg across the fault has an approxi-
mate amplitude of

LS - 2nG(p^ -  p") LH (1)

where G is the gravitational constant p* is the density
of the mantlg p" the density of the crustal and LH
the difference in crustal thickness of the two blocks.
The associated maximum stress difference ø*u* is
(Jeffreys, 1932).

o-u* ! þ* - p) S AH (2)

E¿
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where þ is the mean density and R the mean radius of
the Earth (see also Lambeck, 1980). For Âg in mgals

6^^*/ 0.23 A,g (mgal) MPa . (3b)

The Darling Fault separates the Yilgarn Block from
the Late Palaeozoic-Mesozoic Perth Basin. The change
in gravity across this fault is of the order of 100-120 mgal
with. the positive anomaly being on the Yilgarn side
of the fault. Then, with (p^- p") - 0.3 I cffi-3,
LH - 8-9 km according to (1) and this is similar to
what is observed on the fault (Jones, 1976). With equa-
tion (3) o*", ! 25-30 MPa.

In the absenQe of forces other than buoyancy, there
shouid be a tendency for the basin to be uplifting with
rnovement occurring on the fault, but nearly all of
the seismic activity lies some 50-100 km inland (Doyle
et al., 1.968; Denham et al., 1980) (fig. 5).

I[ through the passage of time, movement on the fault
is no longer permitted because of some annealing
process, the effect of the buoyancy force is to create
a more regional uplift involving the western limit of the
Yilgarn Block. Maximum compressive forces will
develop to the east of the Darling fault but more
important in magnitude will be the near-surface ten-
sional forces in the vicinity of this fault. The absence
ofevidence for the latter suggests that there is a regional
compressive force which annuls the local tensional
force in the basin but magnifies the local compressional
force on the Yilgarn Block (fig. 8). It may be fortuitous,
but where this maximum is predicted to occur by the
model is actually where compressive seismicity is
observed. The tensional force attains about 100-200 MPa
and the compressive force to the east of the fault does
not exceed 10 MPa. To prevent failure on the fault, the
regional compressional force must also be near 100-
200 MPa. Failure to the east then implies that the stress-
state within the crust is quite close to the limits at
which brittle failure occurs since the seismicity appears
to occur in an area where stresses exceed surrounding
values by less than 10 MPa.

Southeast Australian highlands

The major topography in Australia is the eastern
highlands which coincides with the more intensely
folded parts of the Lachlan Fold Belt of Palaeozoic
age. Many geologists view the landscape as one that is
considerably younger than this and have argued that
a peneplain existed in Late Mesozoic or Cainozoic time
which was subsequently uplifted to form the present
topography (e.g. Ollier, 1978; Wellmar¡ 1979). Ste-
phenson and Lambeck (1984) on the other hand, argue
that the highlands are an erosional residue of the Palaeo-
zoic orogeny and that the geomorphological evidence
for uplift is not so much indicative of a constructive
phase of mountain building as of a destructive phase;
that the uplift of the base of the highlands is occurring
in response to the unloading of the highlands by erosion.

The gravity data indicate that the highlands are nearly
in isostatic equilibrium. The maximum stress diffe-
rences that will occur in the underlying crubt and upper
mantle will therefore be of the order p"gh or greater.

Yilgorn

Block

<+

Figure I

Schematic model of the crust in western Australio across the Perth
Basin and Yilgarn Block. The buoyancy force results in uplíft of the
basin and in tensional stress near the basin surface and compression
stress in the Yilgarn Block.

Here p. is the density of the topography and å is the
elevation. For h - 1500 m, o^u* t 50 MPa. This
estimate corresponds to the state of local isostasy and
represents a lower bound, but if compensation is regio-
nal then the stress differences may be several times larger
than this. Most authors assume that it is the present-
day topography that controls the isostatic state of
continents (e.g. Lewis and Dormar¡ 1970; Banks
et al., 1977), but in the erosion-rebound model of
Stephenson and Lambeck (1984) it is the long term and
large scale erosion of topography that controls the
stress state and flexural deformations of old conti-
nental lithosphere (see also Stephensor¡ 1984). A
quantitative evaluation of this model is possible. In
particular, it is possible to predict the associated stress
state. In the model adopted here, and discussed at
length in Stephenson and Lambeck (1984), the litho-
sphere is taken as a linear viscoelastic solid whose elastic
and viscoelastic properties are characterized by an
effective flexural rigidity D and a relaxation time cons-
tant r. The topography created during the orogeny
is assumed to be in local isostatic equilibrium at the
time that the fold belt stabilized. Erosion of this topo-
graphy at any time I is assumed to be proportional to
the remaining topographic height at this time. From
a knowledge of the present topography and an assum-
ed erosion time constant the palaeotopography can
be computed and, starting with this and now extra-
polating forwards to the present, it becomes possible
to compute the stress state arising from the erosional
unloading the viscoelastic response of the lithosphere
to this unloading and the change in, buoyancy force.
Figure 9 illustrates the predicted horizontal surface
stress based on an assumption of continuous erosion
since the stabilization of the fold belt about 180 Ma ago.
The effective parameters used are D : 1023 Nm (equiva-
Ient plate thickness : 30 km), r - 25 Ma (equivalent
viscosity - I02s Pa s or 10'u p) and an erosion time
constant of 150 Ma. Surface stresses beneath the uplift-
ing areas are tensional but, due to the regional nature
of the rebound, become compressional at the peri-
phery. Stresses within the lower half of the plate will
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Figure 9
Present-day horizontal principal stresses resulting from the erosíonal
rebound madel of Stephenson and Lambeck (1984). No regional stress
Jìeld has been superimposed. Shaded areas rcpresent the predictednormal
faulting regimes. The cantours represent 750 m elevatíons.

be compressive beneath the elevated terrain. Stress
magnitudes are difÏicult to quantify with precision but
maximum values of 200 MPa are predicted for the
Victorian part of the highlands.

The stress model illustrated in hgure 9 is not wholly
satisfactory because it neglects the stress state associat-
ed with the continental margin. In particular, it does
not take into account the offshore deposition of sedi-
ments which load the ocean crust at the same time
that the continent is being unloaded by erosion. This
aspect of the erosion-rebound model will be discussed
elsewhere. The flexural stresses are a function of the
effective flexural rigidity and of the erosional and
viscous time constants as well as of the time at which
the erosion and rebound is assumed to become the
dominant landform shaping process. The general stress
pattern remains unchanged except that the position
of the line separating tensional from compressional
stress may shift inwards oÍ outwards from the topo-
graphic axis.

The erosion-rebound model explains adequately the
overall geomorphological and geological evidence for
the uplift that has occurred since at least early Caino-
zoic time, yet it does not explain the present-day
seismicity. Areas where the predicted stress differences
are greatest do not correspond with the regions of
greatest seismic activity (compare figs. 2 and 9). Further-
more, the predicted tensional failure in the upper crust
is not seen in the few available fault plane solutions
or < in situ > stress measurements. This discrepancy
can be overcome if a strong compressional force is
superimposed on the local stress field. This will, for
example, increase compressional stress in the southern
part of the Sydney Basin. It will also reduce or annul

the tensional stresses in the highlands immediately to
the west of the basin and result in increased compression
further to the west. Much of the seismicity in the upper
half of the plate would therefore be associated with the
flanks of the elevated region. This pattern should
reverse within the lower half of the plate where the
flexural stresses should be reduced in those flanking
areas and increased under the highland. Much of the
seismicity does occur on the flanks of the Dividing
Range $9. 2) but there is no clear difference between
the patterns of seismicity below and above about
10 km. This is possibly a consequence of the uncer-
tainty of the depth determination of many of the events.
Of some possible significance is that the depth distri-
bution of seismicity reveals a marginally reduced level
of activity near 10-12 km corresponding approximately
to the middle-plane of the plate.

I[ as we believe, the present topography is essentially
an erosional residue of the Palaeozoic orogeny, then
is it inescapable that the pattern of flexural stresses
illustrated in hgure 9 occurs. The magnitude of the
stresses are less certain, being model and rheology
dependent. The absence of evidence for tensional fai-
lure then requires the imposition of a regional stress
field, either one that is nearly uniform over the area
as a whole if it is associated with plate tectonics or one
that is variable if it is associated with different mecha-
nical and thermal properties of oceanic and continental
lithosphere. To remove the predicted tensional stresses
west of Sydney requires an almost east-west compres-
sion in central New South Wales, and a nearly north-
west-southeast compression in Victoria. In both ins-
tances this requisite force appears to be normal to
the coast line.
'We 

previously noted that the near-surface fault plane
solutions are predominantly indicative of failure by
strike-slip faulting while the deeper events failed by
thrust faulting. In the highland area all three principal
stresses due to erosion are tensional with the vertical
stress ø,, being the minimum. A uniaxial regional
stress may annul one of the horizontal erosional stresses
leaving o"" as the intermediate stress. Fault plane solu-
tions would, therefore, be strike-slip mechanisms. At
greater depth below the highlands the horizontal forces
are compressional while o,, remains tensional and
cannot be an intermediate stress. The fault plane solu-
tions are therefore consistent with the superpositioning
of a regional stress field on the erosion-rebound stress
field.

DISCUSSION : MORE QUESTIONS THAN ANS-
WERS

Much of the Australian seismicity is associated with
tectonic features of Palaeozoic or older age and there
is little evidence to suggest that these structures have
been activated in more recent times. Some activity
occurs in younger basins, particularly the Palaeozoic-
Mesozoic Gippsland Basin of Victoria. This activity
appears to be related more to the underlying basement
than to the basins themselves. Possibly here old faults
are being reactivated by the superpositioning of the
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basin-generated stress field on a more regional stress
f,reld. One possible interpretation of the seismicity in the
older provinces is that it is a reflection of the release
of tectonic stress by a slow migration of non-hydro-
static stress from the lower part of the lithosphere into
the middle and upper crust (e.g. Kusznir and Bott,
197'7;Lambeck and Nakiboglu, 1981). As the stresses
in the lower regions relax, the maximum stress diffe-
rences in the colder and elastic part of the upper crust
increase with time and this may lead to brittle failure
long after the introduction of the initial stress field.
Implicit in this argument is that continental crust that
has been subject to signiftcant tectonism is near a
critical stress limit for much of its history, and that
seismicity is initiated by the superposition of stress
fields that, in themselves, may be inadequate to pro-
duce failure. This additional stress f,reld could be
caused by sedimentation and erosion or by a change
in the global plate-tectonic stress regime.

Some support, albeit very tentativg for this concept
of stress relaxation comes from the depth distribution
of the seismicity. As emphasized above, depths for the
Australian seismicity are generally poorly determined
but there is a suggestion that seismicity decreases
in depth across the continent from east to lvest, corres-
ponding to increasing age of the major tectonic events.
In eastern Australi4 the depths of events are distribut-
ed fairly uniformly down to about 20 km (flrg. 3), although
there are no known events that have given rise to sur-
face faulting. In South Australia, the small magnitude
seismicity occurs predominantly at depths shallower
than about 5-10 km, but the larger events (M" > 3)
may occur more uniformly down to about 20 km depth.
In the southwest seismic zone all the evidence is con-
sistent with near surface failure. A closer examination
of the data is warranted, in particular as the above
suggestion contradicts the argument presented by
Chen and Molnar (1983), based on equally inadequate
evidence, for increasing depths of continental seismicity
with tectonic age. Chen and Molnar argue that, as the
lithosphere ages, it also strengthens and becomes more
supportive of greater stress-differences at depth. What
we suggest here is t}:'at, at least within the Australian
continent the present-day continental seismicity may
be the result of relaxation of stresses that were implanted
into the lithosphere at the time of tectonism, possibly
triggered by minor stress fields of more recent origin.
An interesting aspect of this proposition is that regions
of past tectonic activity may remain seismically active
long after the original tectonic event ceased. The upward
migration of stress may be sufficient to keep near-
surface faults active and so result in a distribution of
seismicity that follows zones of weakness in the original
structure. Such delayed stress build-up is predicted,
for example, by the erosional-rebound model of Ste-
phenson and Lambeck (1984) in which the combina-
tion of the erosion through time, plus viscoelastic stress
relaxation, results in maximum stress differences occur-
ring some 100 to 200 Ma after the initiation of the
erosional phase. Conceivably this offers an explanation
for the widespread but small-volume Cainozoic vol-
canism of eastern Australia.

Most of the better constrained solutions for earth-
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quake depths indicate an absence of seismicity in the
crust below about 20 km and no earthquakes have been
observed in the upper mantle. Models of tectonic
processes within the Australian continent indicate that
the effective flexural rigidity of the lithosphere is of the
order (1-5) 1023 Nm (Stephenson and Lambeck, L984;
Lambeck, I983a) and the corresponding equivalent
thickness of the layer is about 30-50 km. Stress-diffe-
rence estimates within this layer remain model depen-
dent but it appears inevitable that magnitudes of 50-
200 MPa occur in the lower crust and upper mantle.

That stress differences in the lower crust cannot be
negligibly small is also indicated by the inference of a
variable depth Moho in several parts of Australia (e.g.
Drummond, 1981; Lambeck and Penney, 1984) requir-
ing stress differences of the order of 50 MPa. The
implication is that these stresses in the lower crust do
not relax by brittle failure but by a creep process with
a very long time constant. This is largely in agreement
with present concepts of lithospheric rheology based
on laboratory results of a brittle upper crust and a
ductile lower crust (e.g. Brace and Kohlstedt, 1980).
That earthquakes do not appear to occur in the upper
mantle beneath the Australian continent suggests that
this part of the lithosphere is also ductile, or was ductile
in the past when temperatures were higher than today,
or that stresses there have already relaxed by brittle
failure in these relatively old cratons. Chen and Mol-
nar (1983) discuss some evidence for mantle seismicity
in other parts of the world and suggest that the upper-
most part of the mantle is relatively strong and that
deformation by brittle failure occurs therein. Possibly
what distinguishes the Australian continental seismicity
from that in the regions discussed by Chen and Molnar
is that, in the latter, tectonic processes are operating
today, primarily in the form of collisional tectonics.
In contras! the absence of deeper seismicity in the
Australian continent could mean that the shallower
activity is not predominantly the result of present-day
driving forces.

There are, however, some difhculties with this inter-
pretation. Firs! the predominant mode of failure near
the surface due to the stress relaxation and the readjust-
ment to erosion would be one of failure by normal fault-
ing. Second where the process is anticipated to be most
important, such as in central Australi4 present-day
levels of seismicity are also low. These difficulties can
be overcome if a regional compressive stress field acts
on much of the continent. Indeed. the evidence for the
predominant state of compression of the Australian
continent does suggest that there may be such a field
with the consequence that some of the local tensional
forces are cancelled and local compressive forces are
reinforced. Examples of where this is inferred include
the southwest seismic zone, the southeastern highlands
and the intracratonic basins of central Australia. The
nature of this regional compressional force remains
obscure. Several attempts have been made to interpret
both the stress held and the seismicity within the frame-
work of the plate tectonics hypothesis. Sykes (1970)
speculated that the seismicity in western Australia may
be part of a nascent subduction zone ; Cleary and Simp-
son (1971) suggested that the Indian-Australian plate
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Figure 10
(a) Principal horizontal stress in the lithosphere far model El (ridge
push only) of Richardson et al. (1979). Principal stress axes v)ithout
arrows iÌenote compressían. (b) Principal horizontal tleyiatoric stress
in the lithosphere for model E3l (ridge push, continental convergence,
slab pull anil yiscous drag on the base of the lithosphere) of Richardson
et al. (1979). Principal stress axes without arraws denote compression.
Axes with arrows denole tension.

is not a single entity but that the Australasian part may
consist of several plates whose boundaries are def,ined
by three broad zones of seismicity seen within the
continent; Fitch et al. (1973) argued that the litho-
sphere acts as an efficient stress guide such that the
seismicity within the continent reflects the response
of the continent to variable forces acting on the plate
boundaries.

Estimates of the stresses generated at plate margins are
little more than guesses and stresses associated with
density and structural anomalies within the plate inte-
rior are likely to be at least as important. The separation
of the local and regional stress f,relds remains proble-
matical as the above-discussed examples show. In the
east and west of Australia this regional field appears
to be predominantly east-west but it is more nearly
north-south in south and central Australia. This regio-
nal or global stress field must therefore exhibit some
azimuthal variation. Also, the superpositioning of a
regional stress could be at variance with the previous
argument, that the Australian continent is relatively
free from a contemporary force f,reld unless these stress
levels are below the brittle strength of the upper mantle.
Nevertheless, it is interesting that some of the models

given by Richardson et al. (1979) show remarkably
good agreement between predicted and observed direc-
tions of axes of maximum compression over the Aus-
tralian continent (lig. 10) if not always everywhere else.
Their model E1 (fig. 10a) drives the plates solely by a
ridge-push force and, in the region in question, the
horizontal deviatoric stresses are compressive. Similar
stress states are given by their models 827 and E3t
(fig. 10b) in which the plates are driven by different
combinations of ridge-push forces, forces at subduction
and continental convergence margins, and viscous
drag forces on the base of the plate.

The Richardson el ø/. models produce deviatoric
stresses that are of the order of 10 MPa or less but this
is a consequence of the adoption of nominal values for
the various forces. Boundary stresses are typically
set at about 10 MPa whereas Davies (1978) and Hanks
(1977) argue that these stresses are the order ofhundreds
of MPa. These latter estimates are of a magnitude where
they may support or annul the stress fields generated
by the local tectonic structure and generate seismicity
that may not otherwise occur. One of the important
aspects of these models is that they can reproduce regio-
nal variations in the orientation of the stress field that
are of comparable magnitude to those observed.

The Indian-Australian plate experiences higher levels
of seismicity than do other intraplate regions such as the
Antarctic and American plates. From an analysis of
plate motions, Minster and Jordan (1978) deduced a
compressional deformation of about 1 cm yr- 1 occur-
ring in a northwest-southeast direction across the
Ninety East Ridge. Weissel et al. (1980) also showed
from the deformation of recent sediments. that the
plate has been undergoing deformation since the late
Miocene, possibly in response to the changing boundary
conditions along the northern margin of the plate.
They suggest that an increase in resistive forces along
the Himalayan boundary could result in the transmis-
sion of horizontal compression into the plate interior
and that this could qualitatively explain the east-west
and northwest-southeast compressive directions in
western Australia.

We have not examined here the geological evidence for
the past stress state of the Australian continent but
there appears to be very considerable evidence that
suggests that compression was more the rule than the
exception since at least Palaeozoic time (e.g. Powell
et al., 1984; Burek et al., 1978), both before and after
the Mesozoic break up of Gondwanaland. If correct,
the ridge-push forces are unlikely to play a major role
in determining the overall stress field.

One plate tectonics force not considered in the Richard-
son et ø1. model is the stress associated with the
change in curvature of the Earth's surface as the
continents change latitude (Turcotte and Oxburgh,
1973). As a plate moves from high to low latitudes the
radius of curvature decreases and the associated north-
south stresses in the upper half of the plate should be
tensional near its centre and possibly compressional
near its edge. Magrritudes of these stresses have been
estimated to approach several kbars (Turcotte and
Oxburgh, i973). Dooley (1983) suggested that the Aus-
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tralian continent as part of Gondwanaland, may have
spent much of its time moving from low to high lati-
tudes and that this may explain the geological evidence
for the predominant compression in late Palaeozoic and
Mesozoic time. In more recent time the continent has
been moving equatorward, ye| compression remains
the dominant stress. The associated stresses postulated
by Turcotte and Oxburgh are based on elastic shell
theory. This is inappropriate for processes operating
on these very long timescales and the actual stress state
is likely to be much less than the above estimates.

In addition to the stress field associated with plate
tectonics there is the possibility that the regional
stress is in part an inherent property of the continent's
mechanical and thermal properties. This is suggested
by the observation that the compression axes are nearly
orthogonal to the coast line. Similar observations have
been made elsewhere; for example, along the Atlantic
coast of the United States (Zoback and Zoback, 1980)
and along the south and south-eastern shore of China
(Ding Yuanzhang per comm., 1983). The mechanism is
not the lateral structural contrasts between continent
and ocean as discussed by Bott and Dean (1972),
nor the flexure resulting from sediment loading (Wal-
cotl. 1972; Turcotte et al., 1977). Rather, a more appro-
priate mechanism may be the one proposed by Fleitout
and Froidevaux (1982) in which cold lower lithospheric
material, in this case the subcontinental lithosphere,
induces a strong regional compressive stress that is suffi-
cient to support near-surface loads. Fleitout and Froi-
devaux cite the geophysical evidence for such a cold
lower lithosphere under the European Alps in support
of their model. Similar evidence has not been found
under the eastern Australian highlands, but neither has
the limited geophysical data been examined with such
a model in mind for this or any other province of the
Australian continent.

CONCLUSIONS

The seismig and < in situ > stress measurements, as
emphasized by most previous writers on the subject,
provide overwhelming evidence for the predominantly
compressive state of the Australian continent, and that
this stress is being released by brittle failure only in the
upper and middle regions of the crust. Geological evi-
dence suggests that this compressive state may have
existed through much of geological time since at least
the early Palaeozoic.

The seismicity of Australia occurs in three main zones.
In eastern Australia it is associated primarily with the
most deformed parts of the Palaeozoic Fold Belt.
Seismicity occurs down to depths of about 20 km
and no events have been located with certainty in the
lower crust below the Moho at a depth of about 40-
50 km (Finlayson et aI., 1979). The South Australian
seismicity is restricted mainly to the late Proterozoic
Adelaide Geosyncline and most of the events occur in
the upper crust within the thick sedimentary sequences
folded into the syncline. The reasons for the seismicity
in the Simpson Desert remain obscure, particularly
because the solid geology is obscured by the Quater-
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nary cover which blankets the area. The seismicity of
western Australia is diffuse and is well documented only
for the southwestern area. Here, the activity is located
in the Archaean Yilgarn Block and there is no obvious
correlation with any major tectonic features.

Much of the Australian seismicity appeaß to delineate
broad zones of past weakness, such as the Adelaide
Geosyncline or the Lachlan Fold Belt. That seismicity
still occurs in these areas may reflect the relaxation
of stress-differences associated with these past tectonic
upheavals. As relaxation occurs at depth and the effec-
tive elastic thickness of the lithosphere is reduced,
deviatoric stresses in the upper crust actually increase
with time. During this relaxation process, however,
the lithosphere cools, viscous creep rates decrease, and
the layer increases in strength. It remains uncertain
which of the two competing effects dominates; the
migration of deviatoric stress into the upper crust or the
increase in strength of the lower crust with time. The
Australian data does suggest that the stress-differences
may ultimately exceed the strength of the crust and that
failure takes place long after the original teetonic pro-
cess occurred. Superimposed upon this relaxation
model will be changes in the ambient stress state induced
by changing surface loads such as erosion and sedimen-
tatior¡ or by changes in the plate tectonics regime
such as the changing boundary conditions along the
plate margin to the north of Australia. Relatively small
changes in the overall stress pattern could be enough
to trigger seismicity in regions where the relaxation
process has resulted in stress levels that are near the
critical failure limit.

It is curious that where the non-hydrostatic stresses are
greatest - as deduced from the gravity field - levels
of seismicity are exceedingly low. This indicates that
features such as the basin and arch of central Australia
or the Perth Basin and Darling Fault of western Aus-
tralia represent states of mechanical equilibrium be-
tween buoyancy, load, elastic and viscoelastic forces
on the one hand and horizontal compressive forces
on the other hand and that these last-mentioned forces
must be of the order of 100-200 MPa. In the model of
the Perth Basin and the Darling Fault the resultant
of the local and regional stress fields leads to maximum
compression in the Yilgarn Block, east of the fault
and this is where some of the major seismicity in western
Australia occurs.

The erosion of the eastern Australian highlands leads
to regional isostatic rebound and the associated stress
field can be evaluated quantitatively. The results are
tension near the surface of the central highlands and
compression near the surface on the flanks. At depth
this pattern is reversed with compression below the
highlands and tension below the flanks. Instead the
observed stress state is one of compression throughout
the upper crust. Again a regional compressive stress
must be invoked.

The nature of the regional compression remains obscure.
The observations and models suggest that the azimuth
of this compressive force is variable and that this force
may be nearly orthogonal to the coast line. Arguments
can be marshalled for and against a plate tectonics
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cause, where the compression is a consequence of forces
acting on the plate margins and on the base of the
lithosphere. Another possibility is that this regional
field is a consequence of thermal and mechanical
properties of old continents along the lines proposed
by Fleitout and Froidevaux (1982), particularly if the
compressive force has operated through much of geolog-
ical time as is suggested by numerous geological

observations. These assertions, like many others in this
paper, remain to be tested.
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