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ABSTRACT
The dominant high-frequency component of ground motion for most seismic events in Australia
comes from the crustal Lg phase that can commonly propagate efficiently to considerable distances
across the continent. Using results from recent tomography for the attenuation of Lg, we are able to
build the pattern of transmission of ground motion from events within the continent. The effects are
readily displayed in terms of a distribution of effective magnitude. The same approach can also be
used to look at the cumulative effects across the continent from 1840 to date as a useful complement
to other ways of assessing earthquake potential.
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Introduction

In the frequency range 0.5–2.5 Hz, the strongest part of the
ground motion for Australian earthquakes normally occurs
with the arrival of the Lg pulse. Such Lg arrivals are built up
from the superposition of crustal shear wave multiples
impinging on the surface beyond the critical angle, and have
a group velocity between 3.3 and 3.7 km/s (see, for example,
Kennett, 2002, Chapter 19). The Lg phase energy is distributed
across all three orthogonal components of ground motion
and can travel to considerable distances (Figure 1).

This frequency band (0.5–2.5 Hz) lies in the resonance
band for many buildings. One to two storey buildings have
resonant frequencies well above 1 Hz, while multi-storey
buildings of seven to 10 storeys have a resonance around
1 Hz. The resonant frequency depends on the mode of con-
struction, and local ground conditions, and decreases as the
height of the building increases. Consequently, the strong
ground motion associated with Lg is very significant for the
perception of the strength of an earthquake signal, e.g. by felt
reports from the public, particularly in the presence of amplifi-
cation by surface sediments.

For earthquakes with magnitude 4 or above, the Lg phase
is normally well recorded across available seismic stations in
Australia (Figure 1), but these stations can only sample a lim-
ited set of paths from the event (cf. Appendix Figure A.2a).
Wei, Kennett, and Zhao (2017) have used a wide range of
events and stations across Australia to characterise the propa-
gation of Lg on the continental scale. They analyse the seismic
wavetrain with a suite of narrow band filters to extract esti-
mates of Lg attenuation along each path. From the path infor-
mation, they produce maps of Lg attenuation as a function of
frequency, using a tomographic inversion for each frequency

band. Over 7000 paths are used for the best-sampled fre-
quencies. In the frequency band 0.5–2.5 Hz, the frequency
dependence of Lg attenuation is weak for nearly all the Aus-
tralian continent, and so an average attenuation map pro-
vides a good characterisation of the behaviour (Figure 2).

This spatially varying representation of the rate of decay of
Lg energy can be used to investigate the patterns of ground
motion produced by specific earthquakes, e.g. the 1988 Ten-
nant Creek events (Mw 6+) that were felt from coast to coast.
A useful way of summarising such patterns is via the concept
of an equivalent magnitude, based on the energy arriving at a
specific location (Kennett, 2001). This concept of equivalent
magnitude can be extended for multiple events to provide a
cumulative summary of the impact of events, as a useful ancil-
lary to regular hazard maps.

Energy distribution from an earthquake

The logarithmic magnitude scales for earthquakes can be
translated into measures of radiated seismic energy as sum-
marised by, e.g. Kasahara (1981). Thus, body-wave magnitude
mb is related to energy by

log Es ¼ 5:8 þ 2:4mb (1)

and surface wave magnitude Ms and moment magnitude Mw

to energy by

log Es ¼ 11:8þ 1:5Mw (2)

This means that we can make a ready conversion between
the seismic energy received at any particular location and an
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equivalent magnitude. We will track the way in which Lg
energy propagates across the continent from an earthquake
source, and represent the behaviour in terms of an effective
magnitude distribution as a function of position. The use of
effective magnitude (e.g. Kennett, 2001) provides a readily
visualised representation of the ground motion.

Lg wave propagation

In their study of Lg characteristics across the Australian conti-
nent, Wei et al. (2017) have used a specific crustal propagation
model for Lg, with geometrical spreading by the square root
of epicentral distance and integrated attenuation effects
along the path between event and station. The Lg amplitude
A(f, D) for a station at epicentral distance D and frequency f is
then represented as

Aðf ;DÞ / D�1=2exp �pf
Z
ray
ds Q�1 x; fð Þ =V

( )
; (3)

where V is the group velocity for the Lg pulse and Q–1(x, f)
describes the local attenuation of Lg. The expression for the
geometrical spreading D –1/2 is based on a model with a rela-
tively sharp transition from crust to mantle. The total attenua-
tion effect comes from the integral along the ray path
between source and station.

Wei et al. (2017) have used vertical-component Lg ampli-
tude observations for over 7000 source-station pairs to build
tomographic models of the distribution of Q(x, f) at different
frequencies, based on the representation in Equation (3). Any
structural effects produced by crustal variation will be
absorbed in the Q(x, f) model. This procedure also allows the
estimation of the frequency dependence of QLg, which is
weakest in the frequency band 0.5–2.5 Hz. The average QLg

for this band is illustrated in Figure 2. We see that much of
the Precambrian crust has a high QLg, i.e. a low attenuation,
with a strong contrast around 140�E to much lower QLg val-
ues, i.e. higher attenuation. The values of QLg recover some-
what in the Lachlan Fold Belt. Strong Lg attenuation is
associated with the Canning Basin and the Pinjarra Orogen.

Figure 1. Record section of seismograms from the mb 5.2 event on 8 July 2016 near Kalgoorlie in Western Australia, showing the prominent arrival of the Lg phase
at stations out to 800 km from the event.
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Lg is quite sensitive to changes in crustal structure and, in
the presence of strong gradients in crustal properties, can
shed energy into the mantle, where it travels as the faster Sn
phase (see, for example, Kennett, 2002, Chapter 20). With the
simple representation of propagation effects, such structural
loss will appear as enhanced Lg attenuation. It is likely that
the rapid decrease in crustal thickness to the east of 140�E
contributes to the low average QLg in this area.

The contrast in Lg attenuation between the east of Aus-
tralia and the centre and west is reflected in the nature of seis-
mograms in these areas. In the Appendix, we illustrate the
differences in propagation characteristics with seismograms
from the 2012 Ernabella mb 5.2 event in central Australia that
was well recorded across the continent (Appendix Figure A.1).

We also show the strong distortion of the amplitude distribu-
tion from the 2016 Mw 5.8 event in central Australia (Appendix
Figure A.2), associated with the differing efficiencies in
propagation.

Recovery of ground motion

Now that we have a representation for Q(x, f), we can use
Equation (3) to predict the way in which Lg energy spreads
out from a source. We assume that the initial energy E0 is
determined by the magnitude of the source, and then apply
the propagation formula. The energy in the Lg wavetrain is
simply the square of the amplitude, so that the geometrical
spreading depends on D–1, and the attenuation rate is also

Figure 2. Mean QLg distribution for the frequency band 0.5–2.5 Hz (from Wei et al., 2017). More attenuative regions are shown in gold and the least attenuative in
blue. The main tectonic divisions of the continent are also marked: AF, Albany–Fraser Orogen; Ar, Arunta Block; Am, Amadeus Basin; Ca, Canning Basin; Cp, Capricorn
Orogen; Cu, Curnamona Craton; Er, Eromanga Basin; Eu, Eucla Basin; Ga, Gawler Craton; Ge, Georgetown Inlier; Ha, Hamersley Basin; Ki, Kimberley block; La, Lachlan
Orogen; Mc, MacArthur Basin; MI, Mt Isa Inlier; Mu, Musgrave Orogen; NE, New England Orogen; Of, Officer Basin; Pi, Pilbara Craton; Pj, Pinjarra Orogen; T, Tennant
Creek Inlier; and Yi, Yilgarn Craton.
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squared:

Eðf ;DÞ ¼ E0D
�1exp �2pf

Z
ray

ds Q�1 x; fð Þ =V
( )

; (4)

There is some variability in the group velocity of Lg, with
faster propagation in the west and centre of the continent,
but this is a much smaller effect than the influence of crustal
attenuation. Because we recombine the geometrical spread-
ing and the attenuation terms, any deviation from the simple
spreading relation will be fully accounted for in the energy
estimate in Equation (4).

To track the energy in the Lg ground motion from a source,
we consider a simple representation with ‘observation points’
at the centre of each 0.5� £ 0.5� pixel. For a given earthquake
source, we calculate the ray path and distance to each observa-
tion point and evaluate the attenuation term for the path from
Equation (4). We use the average QLg distribution for the 0.5–
2.5 Hz band on the continent to provide a measure of the total
effect on Lg. For all offshore regions, we use QLg of 250, since
it is rare for events off the coast to overcome the structural bar-
riers to generate significant Lg arrivals on the continent.

Since we are using the same propagation model as
employed for the tomographic study, Equation (4) should
give a good representation of the way that Lg energy, and
thus ground motion, spreads out from the source.

For the examples, we work with the moment magnitude
Mw and calculate the initial energy E0 from Equation (2). The
next step is to convert the energy at a pixel centre into an
effective magnitude using the inverse of Equation (2):

M ¼ log E � 11:8ð Þ= 1:5 (5)

We can think of the effective magnitude as translating the
local ground motion into an equivalent local (shallow) event.
An equivalent formulation may also be made in terms of mb

(Kennett, 2001).
We then plot the distribution of effective magnitudes from

the event as a function of location (as in Figure 3), and the
logarithmic scaling helps to provide a convenient visual repre-
sentation of the effects of spreading and differences in propa-
gation efficiency. In the absence of any geographic variation
in QLg the contours of equal magnitude would simply be
small circles centred on the event. When we allow for the
effects of attenuation in the 0.5–2.5 Hz frequency band, we
find that these contours are distorted (Figure 3).

Comparison of events

The nature of the energy distribution after Lg propagation
varies significantly depending on where the event is located
relative to the distribution of QLg. In Figure 3, we contrast the
behaviour for four different event locations, and in each case
we use an event with Mw 6.0 so that we can make a direct
comparison of behaviour.

Event (a) is placed at Tennant Creek, NT, where three Mw6+
earthquakes occurred in January 1988 within a 12-hour

period. Event (b) is located in southern Adelaide at the site of
the ML5.5 event in 1954.

Event (c) is placed at the site of the 1968 Meckering earth-
quake in Western Australia, which also produced a notable
surface scarp. Event (d) is located at Lithgow as a representa-
tive of the class of events that have occurred on the edges of
the Sydney Basin.

For the Tennant Creek event (Figure 3a), the contours close
to the source are approximately circular, since this is a region
with uniformly high QLg. However, considerable north–south
stretching soon becomes apparent, and then the efficient
propagation to the southwest through the cratonic compo-
nents extends the zone of moderate ground motion well into
Western Australia. The low QLg east of 140�E rapidly mutes
the ground motion travelling towards the southeast. The
higher QLg through the North Australian craton to the George-
town inlier sustains ground motion propagating to the north-
east. The Lg model predicts perceptible energy reaching
Cairns and Perth, compatible with the felt reports, particularly
since amplification in the Perth basin is expected from the
low velocity sediments.

A strong contrast between propagation patterns to the
west and east is seen for the Adelaide event (Figure 3b), since
it lies close to the division between high and low QLg. Energy
penetrating into the cratons is efficiently ducted into Western
Australia and the Northern Territory. Energy propagating
towards the east and northeast encounters the barrier of low-
ered QLg with the effect that the spacing of the effective mag-
nitude contours becomes much tighter.

The energy distribution from the event at Meckering
(Figure 3c) has a more pronounced north–south elonga-
tion close to the source, with a broad spread into central
Australia through the lower attenuation zones. The Lith-
gow source (Figure 3d), by contrast, gives effects largely
confined to the southeast of the continent, since the low
QLg zone to its west blocks propagation of the Lg phase
energy.

Comparable calculations can be made for events at
other locations across the continent. We can produce an
effective magnitude distribution for a source in places
where so far no earthquake has occurred, such as much of
northeastern Australia. We can thus generate a library of
scenarios in which the spatial variation of energy attenua-
tion in propagation is taken into account. This simple
scheme for transmitting ground motion from a source
makes no allowance for local site effects such as amplifica-
tion above low-velocity sediments, but local modulation of
the energy distribution could readily be included if suitable
information were available.

We have used a set of Mw 6.0 events in Figure 3 to allow
direct comparison between the ground motion propagation
effects from the different events. However, for events of this
size, the spectrum of the radiated energy can change to more
rapid drop off at higher frequencies within the 0.5–2.5 Hz
band. Fortunately, the dependence of Lg attenuation on fre-
quency is weak across this band, so the presence of this cor-
ner frequency (see, for example, Kasahara, 1981) will not have
a major influence on the pattern of ground motion. For most
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Australian events, the corner frequency will lie above 2.5 Hz
and so have little effect.

Cumulative energy release

A further application of this simple approach is to look at
cumulative energy release over a span of years as a function
of effective magnitude. For a given time period, we consider
each 0.5� £ 0.5� pixel, sum the seismic energy for all events,
using estimated magnitudes, and then place this effective
source at the centre of the pixel. This energy is then propa-
gated to all other pixels using the Lg propagation model.
This process of energy consolidation and propagation to
other pixels is carried out for all pixels containing any events.
The total received energy in a pixel is added to any source
energy. The composite energy is then converted to an

effective magnitude. As in the individual earthquake studies,
we have set QLg to 250 for offshore events. In general, this
appears to work well but might overestimate attenuation on
the NW Shelf.

The effective magnitude distribution is usually dominated by
a few large events, but in some instances there are sufficient
moderate size events to sustain a significant effective magni-
tude. Records for Australia start in 1840, but for the earlier peri-
ods, the catalogues are undoubtedly incomplete; nevertheless,
the larger events should be registered. Magnitude estimates are
also somewhat suspect for the pre-instrumental period. We
have used the long-term catalogue and have endeavoured to
convert all available events to a commonMw scale.

We use the energy formulae in Equations (1) and (2) to
convert mb values, and empirical relations for ML and dura-
tion magnitude.

Figure 3. Comparison of the effective magnitude distribution across the continent for four events with assigned magnitude Mw 6.0: (a) near Tennant Creek, NT;
(b) near Adelaide, SA; (c) near Meckering, WA; and (d) at Lithgow, NSW.
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Figure 4. (a) Display of all the events in the catalogue used with symbols scaled by magnitude and colour-coded for depth. (b) Cumulative effective magnitude dis-
tribution for all events over the time period 1840–2016.
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The full suite of events in the catalogue is displayed in
Figure 4a, with events scaled by their assigned Mw values. In
Figure 4b, we show the cumulative energy result across the
continent for the same period 1840–2016. The strong influence
of the largest events and events clusters is readily apparent,
e.g. the late 19th-century activity off northeastern Tasmania.

Despite the continuing activity in the Flinders Ranges,
there is only a modest concentration of magnitude near Ade-
laide, by no means comparable with the southwest seismic
zone in Western Australia. The combination of the Tennant
Creek events, and their aftershocks, and the events in the
Simpson Desert in the 1940s give a distinct concentration in
the Northern Territory. This has been augmented in recent
years with a number of events in central Australia, so that
over time, we may see a more distinct east–west band
emerge in the cumulative energy distribution. The energy
concentration just behind the southeastern seaboard of the
continent does not connect into Queensland. However, such
gaps might well be erased by future moderate-size events.

Discussion and conclusions

The uneven distribution of seismic stations across Australia
means that direct empirical observations of ground motion are
at best patchy, whereas the ground motion estimator from Lg
attenuation exploits extensive coverage of the continent to pro-
vide information in locations without either events or stations.
The Lg attenuation model has been built from vertical-compo-
nent records, but the equalisation of Lg amplitudes across all
components after a few hundred kilometres of propagation
means that the ground motion estimator can be equally applied
to the horizontal components. We have worked in terms of
energy, represented by equivalent magnitude, but this can also
be used as a proxy for the square of peak ground velocity.

By representing each earthquake in terms of its radiated
energy, we are also able to combine the ground motion
effects from multiple events. This means that we can, for
example, build up a cumulative response to events occurring
over a period of time. This can help to provide an indication
of background hazard in areas that have not experienced
recorded events.

The estimates of ground motion we are able to produce
include the major effects of crustal variation but make no
allowance for local conditions. Where detailed information is
available, local amplification factors, accounting for sediments
etc., can be readily applied to the energy results.
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Appendix: Contrasts in Lg propagation

The Lg attenuation maps indicate a major difference between
the low attenuation domain (high Q) in central and western
Australia and much higher attenuation (lowered Q) in much of
eastern Australia. These differences are apparent in the
observed seismograms, particularly for events in central Aus-
tralia where propagation paths sample both domains. As an
example, we show seismograms from the 2012 Ernabella SA
event in Figure A.1. We have segregated the seismograms into
(a) an azimuth window of 190�–10� for paths largely into Pre-
cambrian domains and (b) 10�–190� into the Phanerozoic east.
The Lg phases for the western paths are both more prominent
and of a higher frequency than their eastern counterparts.

The dichotomy can be further illustrated through contours
of ground motion (Figure A.2). We consider the central Austra-
lian event of 20 May 2016. We use the recordings across the
Australian network to provide an empirical ground motion
distribution and compare that with the predictions from the
Lg propagation patterns.

For each station, we have removed the instrument response
and band-pass filtered the seismograms in the band from 0.5
to 2.5 Hz to give vertical ground motion in nanometres. These
values are then interpolated to provide an estimate of the dis-
tribution of ground motion across the continent (Figure A.2a).
The absence of stations close to the actual source means that
the maximum apparent ground motion is displaced to a
nearby station. For the rest of the continent, the irregular distri-
bution of stations also has a strong influence on the shape of
the contours. Nevertheless, we see a strong indication of the
differences in propagation efficiency, with more rapid decay of
ground motion amplitude to the east than in the west. The dif-
ference is particularly pronounced for the well-sampled eastern
sector, where amplitudes are rather low.

In Figure A.2b, we present the distribution of effective
magnitude for this source location. For comparison with
Figure 3, we have again used an Mw 6.0 initial source. Now we
have full continental coverage and are not dependent on the
locations of available stations. The more efficient propagation
to the west is evident. The general configuration of predicted
ground motion in Figure A.2b fits well with the point results
in Figure A.2a, particularly when we note the distribution of
stations. For example, the north–south stretching of the iso-
seismals in Figure A.2b near the West Australia/Northern Terri-
tory Border occurs mostly where there are no stations
available.
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Figure A.1. Record sections for Australian stations for the mb 5.4 Ernabella earthquake in central Australia (23 March 2012: 26.12�S, 132.12�E, depth 4 km), with
superimposed travel times. A band-pass filter with corners at 0.25 and 6 Hz has been applied to emphasise the higher-frequency character of the seismograms. (a)
Stations in the azimuth range 190�–10� with paths crossing mostly Precambrian domains, and (b) Stations in the azimuth range 10�–190� with paths crossing
mostly Phanerozoic domains.
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Figure A.2. Ground motion for the mb 6.1 event in central Australia (20 May 2016: 25.58 S, 129.8 E, depth 2 km). (a) Contours of vertical ground motion in nano-
metres for the frequency band from 0.5 to 2.5 Hz using available stations across Australia, and (b) predictions of equivalent magnitude using the Lg propagation
model.
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