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ABSTRACT

The in situ stress ¢eld of south-eastern Australia inferred from earthquake focal mechanisms and
bore-hole breakouts is unusual in that it is characterised by large obliquity between the maximum
horizontal compressive stress orientation (SHmax) and the absolute plate motion azimuth.The
evolution of the neotectonic strain ¢eld deduced from historical seismicity and both onshore and
o¡shore faulting records is used to address the origin of this unusual stress ¢eld. Strain rates derived
from estimates of the seismic moment release rate (up to �10� 16 s�1) are compatible with
Quaternary fault^slip rates.The record ofmore or less continuous tectonic activity extends back to the
terminalMiocene or early Pliocene (10^5Ma).TerminalMiocene tectonic activity was characterised
by regional-scale tilting and local uplift and erosion, now best preserved by unconformities in
o¡shore basins. Plate-scale stress modelling suggests the in situ stress ¢eld re£ects increased coupling
of the Australian and Paci¢c Plate boundary in the lateMiocene, associatedwith the formation of the
Southern Alps in NewZealand.

INTRODUCTION

It is widely recognised that continental in situ stress ¢elds
are the product of the interaction between tectonic forces
acting along plate boundaries, tractions at the base of the
plates and intraplate variations in density and rheology
(Zoback et al., 1989; Zoback, 1992; Lithgow-Bertollini &
Guynn, 2004). However, the relative control of each of
these factors exerts on the observed stress regimes in con-
tinental interiors remains poorly understood. Since the
con¢guration of plate boundaries is relatively well con-
strained, at least for the recent geological past, the neotec-
tonic record within continental interiors should provide
useful insights into the relative contributions of various
plate boundary forces and intraplate sources of stress. In
this contribution we focus on the neotectonic record in
south-eastern Australia with reference to the origin of the
stress ¢eld (Hillis & Reynolds, 2000).

One of the more intriguing features of the in situ stress
¢eld in the Indo-Australian plate is the disparity between
the maximum horizontal compressive stress (SHmax) or-
ientation and the absolute plate velocity azimuth; an ob-
servation that is at odds with the intraplate stress ¢eld
within other, relatively fast moving, continental plates
such as the North American and South American plates
whereSHmax is alignedwith the absolute plate velocity azi-
muth (Sbar & Sykes, 1973; Zoback et al., 1989; Richardson,
1992; Zoback, 1992).The main feature of the SHmax orien-

tations with the Indo-Australian plate is a broad arcuate
trend from N^S in India, through E^W from the central
Indian Ocean to the western Australian margin, to NE^
SW in northern Australia (Fig.1, Coblentz et al., 1998; Hil-
lis&Reynolds, 2000).This trend is nowwell understood in
terms of a balance between collisional torques along the
Himalaya and Papua New Guinea plate boundary seg-
ments (that resist plate motion) and the plate driving tor-
ques associated with subduction (‘slab-pull’), the cooling
ocean lithosphere (‘ridge-push’) and tractions induced by
the associated mantle £ow(Coblentz et al., 1995, 1998; San-
diford et al., 1995; Lithgow-Bertollini & Guynn, 2004).
Although this example illustrates the extremely important
role played by boundary forces in the Indo-Australian in-
traplate stress ¢eld (Coblentz et al., 1995, 1998; Sandiford
et al., 1995), there are other features of the intraplate stress
¢eld that remain enigmatic. In particular, the E^W to SE^
NWorientation ofSHmax in south-easternAustralia (Den-
ham&Windsor,1991;Hillis &Reynolds, 2000; Fig. 2) can-
not easily be understood in terms of the balance between
the plate driving forces and the collision zones along the
northern plate boundary that resist plate motion.

Two distinct hypotheses have been proposed for the
anomalous orientation of the in situ stress ¢eld in south-
eastern Australia. Coblentz et al. (1995, 1998) and, more re-
cently, Sandiford (2003a) have suggested that it relates to
interactions along the Paci¢c^Australian plate boundary
associated with the generation of the Southern Alps of
New Zealand. In contrast, Zhang et al. (1996) have argued
that broad E^W compression in eastern Australia results
primarily from the density structure associated with the
development of the eastern Australian margin, which
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exhibits a classic rift-related escarpment between the
Eastern Highlands and a narrow coastal plain bordering
the Tasman Sea (Fig. 2). Although the crustal density

structure beneath the Eastern Highlands must undoubt-
edly in£uence the local stress regime it seems unlikely to
account for the SHmax trends in southernVictoria and the
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Fig.1. Pattern of in situ stress in the
Indo-Australian and neighbouring
plates (after Zoback et al., 1989).
Symbols for generalised plate sources
of stress: RP, ridge push; SP, slab pull;
CC, continental collision.

Fig. 2. Distribution of seismicity
(Geoscience Australia earthquake
database), topography and selected
SHmax trends (after Hillis &
Reynolds, 2000) in south-eastern
Australia. OR, Otway Range; PPB,
Port Phillip Bay;MLR,Mount
Lofty Range. Boxes labelled Fig. 8,
Fig.9 and Fig.10 show the position
of Figs 8a, 9a and10a, respectively.
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o¡shore basins further south (including the Gippsland,
Bass and Otway Basins, Fig. 2), where there is no promi-
nent coastal escarpment. The hypothesis that the in situ
stress ¢eld in south-eastern Australia is primarily con-
trolled by Paci¢c^Australian plate interactions associated
with the generation of the Southern Alps of New Zealand
is testable inasmuch as the Southern Alps have formed
since the late Miocene due to an increase in convergence
and/or coupling between the Paci¢c and Australian plates
(Sutherland, 1996;Walcott, 1998).

In this contribution, we evaluate the role played by plate
boundary forces in the evolution of the stress state in
south-eastern Australia, using constraints provided by
the neotectonic and stratigraphic record and insights
gained from plate-scale stress modelling.The work builds
on earlier studies involving the authors that provided an
evaluation of the neotectonic record of south-easternAus-
tralia (Dickinson et al., 2001, 2002; Sandiford, 2003a), and
an analysis of the plate-scale stress distribution (Coblentz
et al., 1995, 1998; Reynolds et al., 2002), wherein the reader
can ¢nd far more detailed descriptions than provided here.
A useful context for understanding the neotectonic record
is provided by the modern-day deformation rates, and so
we beginwith a brief outline of constraints on the modern
day seismic strain rates.This is followed by a summary of
the results of numerical modelling of intraplate stress
within the greater Indo-Australian plate.We then brie£y
summarise observations outlined elsewhere (Dickinson et
al., 2001, 2002; Sandiford etal., 2003) showing that, despite
its remote positionwith respect to active plate boundaries,
the south-eastern part of the Australian continent con-
tains a surprisingly rich record of late Neogene tectonic
activity. This is followed by an outline of constraints on
the timing, orientation and amplitude of this neotectonic
activity. Finally we use these constraints to inform the de-
bate concerning the origin of the in situ stress ¢eld in
south-eastern Australia.

IN SITU STRESS AND SEISMICITY IN
SOUTH-EASTERN AUSTRALIA

The nature of the in situ stress ¢eld in continentalAustralia
is well documented by Hillis & Reynolds (2000), and here
we simply summarise the observations pertinent to the
south-east part of the continent (Fig. 2). Focal mechan-
isms for earthquakes in the Flinders Ranges yield a short-
ening direction of 83 � 301 (Greenhalgh et al., 1994; Hillis
& Reynolds, 2000). Using a formal inversion of six focal
mechanisms from the Flinders Ranges, Clark & Leonard
(2003) derived an SHMax azimuth of 821 in a purely strike^
slip stress regime. In the Eastern Highlands of Victoria
and southern New SouthWales, reverse focal mechanisms
de¢ne a SE^NW shortening direction (Gibson et al., 1981).
Clark & Leonard’s (2003) inversion of four Eastern High-
land earthquakes yields an SHmax azimuth of 3151 in a
purely reverse stress regime. Borehole breakout data from
two basins along the south-eastern margin are su⁄cient to

de¢ne a signi¢cant trend (Hillis & Reynolds, 2000). In the
Otway Basin (Fig. 2), the azimuth of SHmax derived from
breakouts is 136� 151, whereas in the Gippsland Basin
near the south-eastern corner of the continent (Fig. 2)
breakouts yieldSHmax azimuths of130� 201. Stress orien-
tation data from borehole breakouts in the Bass Basin, be-
tweenVictoria and Tasmania, are more scattered, and do
not yield a statistically signi¢cant trend.

The south-east part of continental Australia is one of
its most seismically active parts (Fig. 2), with a broad dis-
tribution of earthquakes up to �ML5 6.4 across a zone
�1000 km inwidth from the eastern seaboard to theGaw-
ler Craton in the west. Distinct concentrations in seismic
activity occur in the Flinders Ranges^easternGawler Cra-
ton region of South Australia (the Flinders Seismic zone,
FSZ), and in the belt trending from the west coast ofTas-
mania, through south-central Victoria, north-east
through the Eastern Highlands into southern New South
Wales (the south-eastern seismic zone, SESZ; Fig. 2).The
intensity of seismic activity in these zones contrasts con-
siderably with the intervening Murray Basin and the cra-
tons to the west.

Seismic monitoring in the FSZ is su⁄cient for a more
or less complete record down to local magnitude (ML) 3
over the last 30 years (Gaul et al., 1990). Sandiford et al.
(2003) provided quantitative estimates of seismic activity
based on the familiar Gutenberg^Richter recurrence rela-
tion (Gutenberg & Richter, 1944):

logðNÞ ¼ a� bM

whereN is the cumulative number of earthquakes greater
than magnitudeM.They derived a- and b-values of �3.0
and �1.0 for the Flinders Ranges (per 10 000 km2, per
year), implying relatively high degree of seismic activity
for a stable continental interior (Johnston, 1994a). In con-
trast, the seismically much quieter Murray Basin has an a
value less than 2, although Sandiford et al. (2003) note that
the low level of seismicity in this region introduces consid-
erable uncertainty in the estimation ofa that could concei-
vably be as low as1.7 for the basin as awhole or about 3%of
the activity rate of the FSZ. Following Johnston (1994b), we
can use these values to constrain the seismic moment re-
lease rate, from which we derive a notional seismic strain
rate.The total seismic moment is

M0 �
1
t

b 10ðaþdÞ� �
c� b

 !
10ðc�bÞMmax

� �

where t is the time span of the seismic record,Mmax is the
maximum-expected magnitude for earthquakes in the re-
gion of interest and c and d are factors that relate to the
conversion of magnitude scale to seismic moment (Hanks
&Kanamori, 1979):

logðM0Þ ¼ cM þ d:

In terms of the seismic moment, the seismic strain rate is
(Kostrov, 1974):
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exx ¼
1

2mn
M0

where m is the Young’s modulus (assumed here to be
8 � 1010Nm� 2) and v is the volume of crust in which the
seismicity occurs (we assume the seismogenic zone is
15 � 5-km thick, based on the knowledge that the great
majority of Australian earthquakes have epicentral depths
less than10 km,Gaul et al., 1990).

Since the majority of the moment is carried by the lar-
gest, most infrequent earthquakes, the main uncertainty
in the calculation of the seismic strain rates is the value of
Mmax (Fig. 3). For intraplate regions such as Australia with
a historical record of only 200 years, it is extremely im-
probable that this record encompasses an earthquake of
magnitudeMmax.The historical limit therefore provides a
lower bound on Mmax. The largest instrumentally re-
corded earthquake in south-eastern Australia isML � 6.4.
Elsewhere in AustraliaML46.5 quakes have occurred at a
number of widely distributed localities, with the largest
earthquake of magnitudeML5 6.8 (in 1941, near Meeber-
rie in Western Australia). On longer timescales we would
expect somewhat larger earthquakes, and thus the maxi-
mum earthquake-expected quake on geological timescales
could conceivably be greater than ML � 7.0. Assuming
Mmax5 7.0, the seismic strain rate is �10� 16 s�1 for the
FSZ (Fig. 3). The regional background deformation rate,
de¢ned in terms of seismicity of the Murray Basin, is less
than �10� 17 s�1 (Fig. 3). Uncertainties in the a and b
values,Mmax (� 0.25), the thickness of the seismogenic zone
( � 5 km) and Young’s modulus yields large uncertainties
in the seismic strain rate (of at least 50%).Our poor knowl-
edge of seismic e⁄ciency (i.e. the relative accommodation
of strain by seismic and aseismic mechanisms), imply
further uncertainty in translating seismically determined
strain rates to bulk crustal strain rates (Johnston, 1994b).
Nevertheless, these calculations provide an indication of
the sorts of fault^slip to be expected if the present-day
seismicity is indicative of longer-term geological strain
rates. For example, a bulk strain rate of10� 16 s�1 in uniax-
ial compression implies a total shortening of �250
mMyr�1across the �100 kmwide zone that encompasses
the FSZ, which could be accounted for an ensemble of be-
tween 5 and10 faults each accommodating between 25 and
50m of horizontal slip per million years.

INSIGHTS FROMPLATE-SCALE STRESS
MODELLING

As noted in the Introduction, the in situ stress ¢eld
throughout most of the Australian continent can be un-
derstood in terms of the interactions between the driving
and resistive forces acting on the Indo-Australian plate
(Coblentz et al., 1995, 1998; Sandiford et al., 1995; Reynolds
etal., 2002).The principal driving forces (see Fig.1) include
the so-called ‘ridge-push’ (associated with the long seg-
ment of ridges system along the southern boundary of the

plate) and ‘slab-pull’ (associated with the subduction of
oceanic lithosphere along its leading northern margin be-
neath Indonesia). The principal resistance is provided by
the various convergent boundaries that produce a net col-
lisional force acting on the plate particularly along the
Himalayan, Papua New Guinea and, to a lesser extent,
New Zealand boundary segments. The interaction be-
tween the driving and resisting boundary forces results in
a high-angle alignment between SHmax and the collisional
boundaries, resulting in broad arcs in SHmax through the
plate that converge on central-eastern Australia. In this
scenario, the E^SE orientation of SHmax in south-eastern
Australia re£ect its relative proximity to the New Zealand
‘collision’ (Fig.1).

Inasmuch as the intraplate stress ¢eld can be under-
stood in terms of present-day plate boundary con¢gura-
tion, we expect a priori that the stress ¢eld has evolved in
response to changes in the plate boundaries; speci¢cally
in response to changes in the magnitude and orientation
of the boundary forces acting on the plate margin. Conver-
gence across the New Zealand segment of the Indo-
Australian/Paci¢c plate margin has increasedmarkedly over
the Neogene, ultimately resulting in the ‘collision zone’
that has progressively built the Southern Alps starting
possibly as early as12Ma (Sutherland,1995, 1996), but cer-
tainly by6.4Ma (Walcott,1998).The details of convergence
can be reconstructed from relative plate velocity data.Here
we use the rotation pole information of Walcott (1998)
modi¢ed by Cande & Stock (2004).Vectors illustrating the
change in the relative plate motion between the Paci¢c and
Indo-Australian plates over the past 33Ma (Chron 13) are
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Fig. 3. Seismic strain rate estimates for the Flinders Ranges and
Murray Basin as a function of maximum-expected earthquake
magnitude (Mmax) ^ see text for discussion. Seismic activity data
are derived from Sandiford et al. (2003).The seismogenic crust is
assumed to be15 � 5-km thick.The grey shaded areas show the
preferred seismic strain rate estimate.The data for theMurray
Basin provide an upper bound to the seismogenic strain rate for
the basin as a whole. Uncertainties in the seismic activity rate in
theMurray Basin, stemming from the low levels of historical
seismicity suggest that the seismogenic strain rate for the whole
basin maybe as low as �30% of the rate shown here (i.e. order
10� 18 s�1).
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shown in Fig. 4. During this time interval the velocity of
Paci¢c plate relative to the Indo-Australian plate has in-
creased from about 23 to 41mMyr�1 and changed in azi-
muth from an orientation of about 2111 (measured
clockwise from North) to about 2501 (Fig. 4). The details
of the relative plate motion between the Paci¢c and Indo-
Australian plate at a location near the southern tip of the
South Island of New Zealand (approximately 1651E, 471S)
over the last 33Myr are listed inTable 2 and shown inFig. 5.
Between 33 and 6Ma, the boundary normal velocity, or
convergence, increased from less than 2 to �14mMyr�1.
From the past 6Ma, the convergence rate appears to have
stabilised at about 13mMyr�1 (e.g. NUVEL-1A plate ve-
locitydata;DeMets etal.,1994), although present-dayGPS
measurements (Drewes,1998) indicate a much higher pre-
sent-day convergence rate (23mMyr�1).The rotation pole
data for the early Neogene (19Ma) implies a convergence
rate of �9mMyr�1, equivalent to 70% late Neogene and
NUVEL-1A rate or 38% of the present-day GPS rate.

The potential impact of changes in convergence across
New Zealand on the orientation of the stress ¢eld in
south-eastern Australia, maybe evaluated using a ¢nite-
element analysis of the intraplate stress ¢eld.The reference
point for this analysis is provided by Reynolds et al. (2002)
who deduced the plate boundary force ensemble that
minimises the total mis¢t between the observed and pre-
dictedSHmax orientation across the entire Indo-Australian
plate (Fig. 6a, note that all stress magnitudes are measures
of the mean horizontal stress deviation from the lithostatic
reference state, averaged over a100-km-thick lithosphere).
It should be noted that this analysis takes a plate-scale
mis¢t measure between modelled and observed SHmax

trends. As such it does not necessarily match stress re-
gimes, and thus locally there are substantial discrepancies
between predicted and observed stress regimes. For exam-
ples, in the Flinders Ranges the focal mechanisms imply a
strike^slip stress regime, whereas theReynolds etal. (2002)
best- ¢t model predicts a reverse stress regime. Inasmuch
as our objective here is to show how SHmax trends maybe
in£uenced by changes in the forcing along a speci¢c (New
Zealand) plate boundary segment, the Reynolds et al.
(2002) best- ¢t plate boundary ensemble provides a useful
reference point, acknowledging that it may not necessarily
provide the best possible solution for the in situ stress ¢eld
in south-easternAustralia.This Reynolds etal. (2002) best-
¢t solution requires a compressional force of
3� 1012Nm�1 along the New Zealand Southern Alps
boundary segment (which encompasses the Puysegur
Trench and Macquarie Ridge). Figure 6b shows the pre-
dicted intraplate stresses computed with no force acting
across this boundary segment (with all other boundary
forces as computed by Reynolds et al., 2002). Figures 6 and
7 clearly show that plate convergence across New Zealand
is capable of inducing a signi¢cant rotation inSHmaxwith-
in south-easternAustralia. For the magnitude of the forces
considered here, theSHmax in the vicinity of theGippsland
Basin varies in orientation from N221E (in the absence of
the convergent force) toN461W(with a convergent force of

3 � 1012Nm�1). Imposing the New Zealand boundary
‘compression’ also increases the magnitude of SHmax by
almost 50% (seeTable 3).
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The way in which changes in convergence velocity
across a boundary such as New Zealand impacts on the
boundary force transmitted to the plate depends on the
nature of the coupling across the boundary. A simplest
possible scenario is a force,F, that scales linearly with con-
vergence rate, u, with the proportionality given by a cou-
pling coe⁄cient, c (i.e. F5 cu). We assume a relatively
high coupling coe⁄cient since about 12Ma, when the
building of the Southern Alps began (Sutherland, 1995).
Prior to 12Ma there is no direct evidence for the accumu-

lation of convergent strain in the form of mountain build-
ing, and hence the coupling is assumed to have been much
weaker. Since the details of the coupling are subject of
speculation, we approach the problem by considering
bounds on the plausible extent of the coupling.We consid-
er a lower bound with no coupling (c5 0Nsm� 2) and an
upper bound provided bya linear scaling of the convergent
velocities with the ‘best- ¢t’ force (c �3 � 106N sm� 2).
Plate rotation data summarised in Tables 1 and 2 indicate
that the early Neogene (19Ma) convergent velocity was, at
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Fig. 6. (a) Best- ¢tting predicted
intraplate stress ¢eld of the Indo-
Australian plateReynolds etal. (2002)
and (b) the predicted stress ¢eldwith
contribution of NewZealand
‘collisional’ plate boundary forces
removed. See Fig. 7 for more details
of the modelling of the south-
eastern Australian segment.
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most, 70% of the present-day velocity, and possibly as lit-
tle as 40% (depending on the merits of the NUVEL-1A
and GPS velocity ¢elds). Figure 7 shows details of the
modelled stress in south-eastern Australian for a range of
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Fig.7. Details of modelled stress in the
south-eastern Australian region.The
individual panels show the impact of
reducing the magnitude of the New
Zealand collisional force from125%
of theReynolds etal. (2002) present-day
‘best ¢t’ model in (a) to 0% of the
‘best- ¢t model’ in (f).The best- ¢t
solution is shown in (b). A stress scale
of 75MPa is shown at the bottom
centre. Stress magnitudes are
measured relative to the lithostatic
reference state, averaged over a
100-km-thick lithosphere.

Table1. Finite rotations of Australia relative to Paci¢c after
Cande & Stock (2004).

Chron
Latitude
(1N)

Longitude
(1E)

Angle
(deg.10� 7 yr�1)

GPS 65.7 2.9 10.7
NUVEL-1A 60.1 1.7 10.7
2A 58.8 4.3 10.73
3A 59.4 5.7 10.62
5 58.2 5.1 10.90
6 56.4 4.4 11.04
8 55.0 3.1 11.01
13 52.1 1.0 11.06

Table2. Summary of relative velocity data for Paci¢c plate
motion relative to the Australian plate for a position at 165.451E,
47.721S (near the southern tip ofNewZealand), based on rotation
pole data inTable1 (fromCande & Stock, 2004).

Age
(Ma) Azimuth

Bound
Ang

V
(mmyr�1)

Vp

(mmyr�1)

GPS 0 247.80 34.1 41.0 23.0
NUVEL-1A 0 236.80 23.1 32.0 12.6
2A 3 236.59 22.9 32.5 12.7
3A 6 239.09 25.4 34.0 14.6
5 10 234.34 20.6 33.0 11.6
6 19 230.47 16.8 30.5 8.8
8 26 228.04 7.7 28.0 3.8
13 33 217.84 4.2 23.5 1.7

Azimuth, the orientation of the relative platemotionvector (clockwise from
North); bound ang, the angulardi¡erence between the relative plate motion
vector and the current plate boundary;V, the absolute relative plate motion
velocity;Vp, the component ofV normal to the current plate boundary.
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compressive boundary forces acting across the New Zeal-
and boundary segment (from 125% to 0% of the ‘best ¢t’
present-day force).Themodelled stress magnitude and or-
ientation data for a location in the o¡shoreGippsland Ba-
sin (39.21S, 148.31E) are shown in Table 3. As summarised
in Table 3, at �70% of the present-day force, SHmax and
SHmin are almost indistinguishable. At less than 70% of

present-day force, the SHmax azimuth is in the NE quad-
rant, inconsistent with available in situ stress indicators.

The numerical modelling of the in situ stress ¢eld in
south-east Australia summarised above, shows the impor-
tance of tractions associatedwith coupling across the Paci-
¢c^Australia plate boundary segment encompassing the
New Zealand Southern Alps, the Puysegur Trench and

Table 3. Modelled stress parameters for a location in the Gippsland Basin (39.21S, 148.31E) as a function of the percentage of the pre-
sent-day ‘best- ¢t’ New Zealand boundary force (3 � 1012Nm�1, Reynolds et al., 2002).

% SHmax SHmin SHmax az spp stt tpt I1

125 � 31.0 � 19.4 128.6 � 23.9 � 26.5 5.6 50.4
100 � 25.7 � 19.0 134.1 � 22.2 � 22.4 3.4 44.7
75 � 21.0 � 18.0 157.1 � 20.6 � 18.4 1.1 39.0
50 � 19.2 � 14.1 14.1 � 18.9 � 14.4 � 1.2 33.3
33 � 18.7 � 10.0 21.8 � 17.5 � 11.2 � 3.0 28.7
0 � 18.3 � 3.6 25.7 � 15.5 � 6.4 � 5.7 21.9

All stresses inMPa and represent deviations form the lithostatic reference state averaged over a100-km-thick lithosphere. Negative values indicate
compressional stress.SHmax,maximumhorizontal stress;SHmin,minimumhorizontal stress;SHmax az, azimuth of maximumhorizontal stress measured
clockwise fromNorth;stt, resolved longitudinal normal stress; tpt, resolved longitudinal shear stress; I1, ¢rst invariant of the horizontal stress components.

Fig. 8. (a) Shaded topography of theMount Lofty Ranges highlighting the young, fault-bound nature of this landscape (see Fig. 2 for
location).The main range bounding faults are the: Para (PF), Eden-Burnside (E-BF), Clarendon (CF),Willunga (WF), Bremer (BF),
Palmer (PaF) andMilendella (MF) faults. (b) Outcrop of theMilendella Fault (location as shown in (a)). Reverse fault movement has
thrust Cambrian metasedimentary sequences above Quaternary outwash gravels ( �780 ka) and deformed and overturned early
Miocene limestone ( �20Ma, Bourman & Lindsay, 1988). (c) N^S cross-section through township of Adelaide modi¢ed from
Selby&Lindsay (1982) (location as shown in (a)) across the Para Fault block.The angular nature of theMiocene^Pliocene unconformity,
implies signi¢cant titling of the Para Fault block in the lateMiocene/early Pliocene. CF,ClintonFormation; SMS, SouthMaslin Sands;
BPF, Blanch Point Formation; CGF, ChimamenGully Formation; PWF, PortWillunga Formation; HCS, Hallet Cove Sandstone;
HC, Hindmarsh Clay.
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Macquarie Ridge. In the next section, we examine the late
Neogene record of tectonic (neotectonic) activity to estab-
lish whether geological record is consistent with the hy-
pothesis that the south-eastern Australian in situ stress
¢eld is controlled by changes in the Paci¢c^Australian
plate coupling during the late Neogene.

THE LATE NEOGENE FAULTING
RECORD IN SOUTH-EASTERN
AUSTRALIA

The late Neogene record of south-eastern Australia con-
tains abundant evidence for faulting.The intensity of this
faulting shows marked spatial variation correlating, to a
large extent,with the distribution of seismicity (Sandiford,
2003a). The most extensive faulting record occurs in the
Flinders andMount Lofty Ranges of South Australia, and
in southernVictoria, in upland systems such as the Otway
Range bordering the southern coastline (Fig. 2).

TheFlinders andMountLoftyRanges inSouthAustra-
lia are bounded by N^S to NE^SW trending fault scarps,
with the morphology of theMount Lofty Ranges in parti-
cular providing dramatic testimony to the role of active
faulting and formation of tilt blocks in shaping the large-
scale landscape (Fig. 8a). Exposures of the main range-
bounding faults bounding characteristically re£ect reverse
motion with a hanging wall of Proterozoic or Cambrian
metamorphosed basement above a footwall comprising
Quaternary conglomerates shed from the developing up-
land systems in the last �1Ma, and/or deformed late Pa-
laeogene to early Neogene sedimentary successions
deposited in the basins that now £ank the uplands (Fig.
8b). Fault^slip kinematics are consistent with structures

having formed in response to reverse stress regime with
SHmax trending between 0801E and1251E (Fig. 8a).The in-
ferred SHmax azimuths are similar to those inferred from
focal mechanism inversion (Clark & Leonard, 2003),
although the reverse-fault stress regime inferred from
known fault exposures contrasts the dominantly strike^
slip regime inferred from most focal mechanism solu-
tions.The cumulative post-Miocene displacement on the
fault network that forms the western front of the Mount
LoftyRanges is estimated to be �240m (Sandiford, 2003a).

On the northern £anks of the Otway Range, in south-
west Victoria, the remnants of an early Pliocene strandline
system rise �120m over a series of ENE trending faults
and monoclines to elevations of �250m (Fig. 9a and b).
These strandlines, and correlatives in the Murray Basin,
were developed during regression from an early Pliocene
sea stand approximately 65-m high above present-day sea
level (Brown& Stephenson,1991) and thus imply �200m
of uplift since the early to mid-Pliocene, accompanied by
faulting. Basaltic volcanism associatedwith valley incision
dates the faulting to 1^2Ma (Sandiford, 2003b), in re-
sponse to a stress regime with SHmax inferred to trend
�1501 clockwise from north (Fig.9a).
In the Gippsland Basin, in south-easternVictoria, fold

and joint patterns associated with late Miocene to early
Pliocene structuring imply an NNW azimuth for SHmax

(Barton, 1981), whereas in situ stress indicators have a NW
azimuth (Fig.10).This suggests the possibility of an antic-
lockwise rotation of �201 inSHmax since the onset ofNeo-
gene deformation. Total slip on fault systems at this time
exceeds 50m based on the missing early Neogene section
from beneath theMiocene^Pliocene unconformity. Many
of the structures shown in Fig.10 have continued to ampli-
fy through the late Pliocene into theQuaternary (Holdgate

Fig.9. (a) Shaded topography of theOtwayRange region in south-westVictoria, showing deformation of Pliocene strandline system (see
Fig. 2 for location). (b) Topographic pro¢le along strandline system (X Ŷ in (a)) showing a general rise of over100m, on the north-west
£ank of the Otway Range, across a set of fault traces. (c) Shallow o¡shore seismic section south of the Otway Range, showingMiocene^
Pliocene unconformity and folding of the underlyingMiocene section along a NE trending axis.
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et al., 2003), with a total lateNeogene structural relief esti-
mated to be several hundred metres.

The observations cited above suggest that the vertical
component of the slip rates on the major active faults
systems in south-eastern Australia exceeds several

10’s mMyr�1 with an upper limit of �50mMyr�1, aver-
aged over the last �5Ma. Such slip rates compare favour-
ably with the seismic shortening rates of the order of
�150mMyr�1 determined above. For example, range
bounding faults inMountLoftyRanges and southernVic-
torian uplands slipping at �20mMyr�1 on 601 dipping
planes would account for �30% of the required seismic
shortening.The active seismicity is quite widely distribu-
ted, especially across central-easternVictoria, suggesting a
broad zone of deformation is accommodating shortening
in addition to the regions outlined above.

STRATIGRAPHIC CONSTRAINTS ON
LATE NEOGENE TECTONISM IN SOUTH-
EASTERN AUSTRALIA

The Oligocene to mid-Miocene sections in south-east
Australian basins are dominated by cool-water carbonates
re£ecting the limited siliciclastic supply to the continental
shelves and low continental erosion rates. Changes in the
depositional regime at the Miocene^Pliocene boundary
are indicated by an in£ux of siliciclastic sediments that,
in most instances, unconformably overlie the older carbo-
nates (Fig. 8c). This unconformity is best developed in
near-shore and onshore positions, where the angularity is
typically less than 51 but locally up to 901. In St Vincents
Basin, bordering the western Mount Lofty Range front,
rotation on the Para Fault tilt block alone has excised
�100m of section prior to the Pliocene (Fig. 8a and c). In
theVictorian basins, theMiocene and older sediments un-
derlying the unconformity are commonly folded on NE^
SW to ENE^WSWaxes (Figs 9c and 10b, Dickinson et al.,
2002), re£ecting generation under stress regimes with or-
ientations similar to the in situ stress ¢eld.These relation-
ships unequivocally implicate deformation, uplift and
erosion of Miocene sediments prior to the Pliocene,
although erosion of missing section has been augmented
by contemporaneous eustatic sea-level changes, presum-
ably associated with the Messinian low-sea stand (Carter,
1978; Roy et al., 2000).

The timing of deformation is best constrained at local-
ities where the least erosion of the underlying succession
has occurred. In the Otway and Port Phillip Basins, the
age of the youngest underlyingMiocene succession is ap-
proximately 10.5^11.5Ma whereas the age of the oldest
overlying Pliocene section at these and other localities is
approximately 5.5^6.0Ma (Dickinson et al., 2002; Fig. 11,
Table 4). The onshore non-marine succession of the
Gippsland Basin, in south-easternVictoria, illustrates the
profound in£uence of lateNeogene tectonism on the sedi-
mentary regime in south-easternAustralia (Fig.10). In the
onshore Gippsland Basin, Oligocene andMiocene brown
coals underlie theMiocene^Pliocene unconformity, where
at least 50m of section has been locally removed in mono-
clinal structures that drape over basement reverse faults
(Barton, 1981). The very low siliciclastic content of the
brown coals implies very low continental erosion rates
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Fig.10. Structure of the Gippsland Basin, south-eastern
Victoria (see Fig. 2 for location). (a) Trace of major lateMiocene
to early Pliocene structures (after Barton, 1981). Grey bars are
the modelled SHmax trends for the ‘best- ¢t’model of Fig. 7b.The
in situ SHmax orientation is 130 � 201 (Hillis & Reynolds, 2000).
(b) Section across theYallourn monocline, in the LatrobeValley.
Approximately 50m of coal-bearing (light grey) early Neogene
section is missing from beneath the lateMiocene^early Pliocene
unconformity, beneath the PlioceneHaunted Hill gravels.

Fig.11. Stratigraphic sections from the Otway and Port Phillip
Basins that constrain the age of lateMiocene tectonism and
erosion (adapted fromDickinson et al., 2002). Details of the
strontium isotopic ages with errors are shown inTable 4.
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during the Oligocene and Miocene. In contrast, an in£ux
of quartz-rich gravels above the Miocene^Pliocene un-
conformity re£ects an amalgam of tectonic events across
the basin, as well as climatic changes that enhanced ero-
sion rates (Bolger, 1991).

Stratigraphic relationships in southern Victoria imply
signi¢cant generation of topographic relief in the terminal
Miocene. For example, around theOtwayRanges, as much
600^1000m of section has been removed frombeneath the
terminal Miocene unconformity (Dickinson et al., 2001,
2002). In comparison with the �200m relief generated
subsequent to the deposition of the Pliocene strandline
system (Fig. 9), this suggests a peak in tectonic activity in
the lateMiocene (Fig.11a).

The Miocene^Pliocene unconformity is generally ab-
sent from more seaward locations in the o¡shore basins.
An exception occurs in the o¡shore Gippsland Basin,
where anticlines initiated during early Eocene inversion
(Brown, 1986; Johnstone et al., 2001) continued to amplify
by as much as several hundred metres in the lateMiocene
(Dickinson et al., 2001). In the o¡shore Otway Basin, the
position of the shelf edge and submarine canyon systems
display a dramatic shift seaward at the Miocene^Pliocene
boundary (Leach & Wallace, 2001), presumably in re-
sponse to the combination of regional uplift and eustatic
seal-level falls. Inversion in the Gippsland Basin appar-
ently commenced in the early Eocene (at �52Ma), follow-
ing a period of mild extension along NW^SE trending
growth faults with NE^SW trending relay systems that
linked the growth faults providing the main control for
structural inversion (Johnstone et al., 2001).

DISCUSSION

The geological observations related to the active seismi-
city, and the Quaternary faulting and late Neogene strati-
graphic records discussed above point to widespread,
ongoing, low intensity neotectonic activity throughout

south-eastern Australia that has substantially modi¢ed
the landscape through the Quaternary and late Pliocene
in a number of regions (most notably in the Flinders and
Otway Ranges). Quaternary neotectonic structures yield
palaeo-SHmax trends consistent with the in situ stress ¢eld
as determined from active seismicity and bore-hole break-
outs. Older late Miocene^early Pliocene activity in the
Gippsland Basin, indicate the possibility of a slight antic-
lockwise rotation in SHmax, of about 201 to its present
south-eastern azimuth. This neotectonic activity can be
traced back to between 10 and 5Ma, where it resulted in
substantial, regional- scale tilting, now best preserved by
regional unconformities in proximal o¡shore basins.
These observations suggest that south-eastern Australia

Table4. Measured 87Sr/86Sr ratios and calculated ages of molluscan carbonate material from stratigraphic sections shown in Fig.11.

Location Stratigraphic height (m) 87Sr/86Srn SEw Age (Ma)z Lower age (Ma) Upper age (Ma)

Hamilton 2.9 0.709023‰ � 12 5.38 4.95 5.73
2.9 0.709020‰ � 12 5.46 5.04 5.77
2.9 0.709045‰ � 12 4.70 3.53 5.19
1.6 0.708853‰ � 12 11.23 10.61 12.08
0.8 0.708853‰ � 12 11.23 10.61 12.08
0.8 0.708844‰ � 12 11.57 10.91 12.61

Beaumaris 4.3 0.709036‰ � 12 5.03 4.23 5.45
2.8 0.709016‰ � 12 5.56 5.15 5.82
2.5 0.708995‰ � 14 5.90 5.64 6.10
1.7 0.708877 � 14 10.44 9.59 11.15
1.7 0.708827 � 13 12.49 11.42 13.48

nAll results are normalised to the SRM-987 standard5 0.710248 (Howarth &McArthur, 1997).
wAnalytical uncertainty represents two standard errors of the mean of �100 individual measurements and refers to the last two digits of the ratios.
zAge calculated using Look-up table version 3: 10/99 (Howarth &McArthur1997).
‰Analyses recalculated fromDickinson et al. (2002).
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preserves a neotectonic record of substantial displacement
in the terminal Miocene, followed by ongoing deforma-
tion, possibly at somewhat lower bulk strain rates (Fig. 12,
Dickinson et al., 2001, 2002; Sandiford, 2003a, b).The fact
that neotectonic activity contains a more or less continu-
ous record extending back to the latest Miocene connects
the south-eastern Australia record with the record of the
Southern Alps in New Zealand (Sutherland, 1996) and, in
a more general sense, the relative rotation data for the Pa-
ci¢c and Australian plates (Walcott, 1998; Cande & Stock,
2004). However, there is only a weak connection between
the timing of neotectonic activity in south-east Australia
and the Australian^Paci¢c plate convergence rates, as de-
duced from the palaeo-rotation data of Cande & Stock
(2004).These data suggest convergence rates increased by
less than 25% between the early and late Neogene at the
time (10^5Ma) south-eastern Australia began to deform
in a manner consistentwith the in situ stress ¢eld.The geo-
logical history of the Southern Alps testify to signi¢cant
changes in the coupling of the plates in southern New
Zealand in this same period, and we hypothesise that it is
the coupling between the Paci¢c and Australian plate mo-
tion, rather than convergence rate, that provides the major
control on the stress regime and associated neotectonic
strain ¢eld in south-eastern Australia during the late
Neogene.

At present, the only observations pertaining to the nat-
ure of the palaeo-stress regime in south-eastern Australia
prior to the late Miocene come from o¡shore basins
(Johnstone et al., 2001). These observations, which relate
to the timing of inversion of earlier formed growth faults,
imply a transition from normal fault to stike^slip or re-
verse-fault stress regimes in the early Eocene. As noted
by Sandiford et al. (1995) a critical change in plate con¢g-
uration occurred in the early Eocene, when termination
of spreading in the north-central Indian plates led to
amalgamation of the Australian and Indian plates. Prior
to this, the Australian plate was slow moving and bounded
to a large degree by mid-ocean ridges in a con¢guration
somewhat reminiscent of the modernAfrican andAntarc-
tic plates. As shown by Sandiford & Coblentz (1994) and
Coblentz & Sandiford (1994), such plate boundary con¢g-
urations are favourable to the development of extensional
stress regimes, although not necessarilywith stress magni-
tudes su⁄cient to engender extensional tectonics. The
asymmetric disposition of plate boundaries following this
amalgamation, more closely resembles other modern
‘compressional’ plates such as the North American and
South American plates. The hypothesised change in
south-easternAustralia at this time from a tectonic regime
characterised by mild extension to inversion further
corroborates the important role played by plate boundary
e¡ects in controlling the in situ stress ¢eld. However, in the
past when the magnitude of the plate boundary forcing
was lower, we might expect that sources of stress em-
bedded within the plate, such as those associated with in-
ternal density variations, imposed a relatively greater
spatial variability in the stress ¢eld.

The notion that the neotectonic record of south-eastern
Australia re£ects changes in the relative coupling of the
Australian and Paci¢c plates has a number of important
implications for understanding intraplate tectonics, as
brie£y summarised below:

1. It provides observational support for the results of nu-
merical models (Coblentz et al., 1995, 1998) that suggest
plate boundary interactions can propagate stresses
1000’s of kilometres across the interior of plates (see
also Zoback et al., 1989).

2. Conversely, it implies that the tectonic record of subtle
deformation in continental interiors can provide im-
portant insights into far ¢eld plate boundary interac-
tions. As shown here, intraplate deformation with
associated relief generation of the order of 100m can
potentially augment the record of plate margin interac-
tion, usually interpreted from regions much closer to
the active plate boundaries.

3. The suggestion for south-eastern Australia is that the
most substantial strain increments in intraplate set-
tings relate to the change in intraplate stress regimes
from one state to another. This is perhaps most easily
interpreted in terms of an initial phase of accelerated
deformation as pre-existing structures rearrange
themselves with regard to the new stress ¢eld. An alter-
native possibility that this ‘pulse’of deformation simply
re£ects the magnitude of the stress propagated into the
plate during a phase of slightly increased plate conver-
gence rates and associated coupling across New Zeal-
and is not supported by the palaeo-stress data from
the Gippsland Basin. Here, the evidence for an antic-
lockwise rotation of SHmax by �201 implies, if any-
thing, an increase in NewZealand forcing over time.

The distribution of historical seismicity across south-east-
ern Australia suggests that several factors are responsible
for localising active deformation. Along the eastern and
southern seaboards, in the SESZ, seismicity is concen-
trated in a zone �100^200 km inboard of the continental
edge. Importantly, this zone strikes across the N^S to
NNW^SSE structural grain inherited from Palaeozoic
crustal growth.As such itwould seem that the active defor-
mation is localised by crustal scale processes associated
with the formation of the present margin, rather than
something inherited from the Palaeozoic. This pattern
can be contrasted with the seismicity in the FSZ where
the belt of seismicity de¢nes a zone orthogonal to the pre-
sent margin, and parallel to the inherited structural grain.
Interestingly, this zone lies within a belt characterised by
anomalously elevated heat £ow ( �80mWm� 2) related to
exceptional heat-producing element concentrations in
Proterozoic basement rocks (Neumann et al., 2000).
Although it seems clear that seismicity here relates to fun-
damental weakness in the crust, it remains to be deter-
mined whether this weakness arises primarily from the
pre-existing structural anisotropy or elevated thermal re-
gimes associatedwith the high heat £ows.
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