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Abstract

We have developed models for the prediction of ground motion response spectra in
several regions of Australia for rock site conditions (V30 of 865 m/sec). In Eastern
Australia, we developed models for the Paleozoic Lachlan Fold Belt, and the Sydney
Basin that lies within it, and in Western Australia we developed models for the Yilgarn
Craton and the adjacent Perth Basin. The models are based on the broadband simulation
of accelerograms using regional crustal velocity models and earthquake source scaling
relations. For both the Lachlan Fold Belt and Yilgarn regions, we used comparison of
synthetic seismograms with the recorded seismograms of small earthquakes to test and
modify regional crustal velocity models. In Western Australia, we used the rupture
models of the 1968 M,, 6.6 Meckering earthquake and the 1988 M,, 6.25, 6.4 and 6.6
Tennant Creek earthquakes to constrain the scaling relationship between seismic moment
and rupture area. Other aspects of the source scaling relations were derived from our
scaling relations for earthquakes in eastern North America (Somerville et al., 2001). In
eastern Australia, the data available for historical earthquakes are insufficient to constrain
earthquake scaling relations, so we have used the relations for Western Australia as well
as the relations for the western United States (Somerville et al., 1999). We generated
suites of broadband ground motion time histories using these source scaling relations and
crustal structure models. These ground motion simulations were used to generate ground
motion prediction models for each region. These models were distilled into two separate
models: one for cratonic and the other for non-cratonic regions of Australia. The ground
motion models are compared with the model of Liang et al. (2008) for Western Australia,
with models for Eastern North America including Atkinson and Boore (2006), Somerville
et al (2001), and Toro et al (1997), and with the NGA models. The models are also
compared with ground motions recorded in Australia.
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INTRODUCTION

This paper describes source and ground motion prediction models for Australian
earthquakes. Given the sparsity of recorded strong motion data in Australia, we used a
broadband strong motion simulation procedure that can account for the known
earthquake source and crustal structure properties of this region. The strong motion
simulations used earthquake source scaling relations that are consistent with the source
parameters that we derived from large Australian earthquakes, and Green's functions that
are calculated from validated crustal structure models of Australia. This work, described
in more detail in Somerville et al. (2009), builds on previous work by Trevor Allen and
his co-authors listed in the References.



CRUSTAL STRUCTURE MODELS

Crustal structure models for the Perth Basin/Yilgarn Craton in southwestern Australia
and the Sydney Basin/Lachlan Fold Belt were investigated by reviewing the work of
Collins et al. (2003) and modeling teleseismic receiver functions, short period surface
wave dispersion and local waveforms. We determined crustal thickness and V,/V; (ratio
of P to S wave velocity) for selected regions by applying an /-k stacking algorithm. For
the Perth Basin/Yilgarn Craton area, the Moho is about 36 km deep and V,/V; is about
1.73. For the Sydney Basin /Lachlan Fold Belt, the Moho is about 40 km deep and V,/V,
is about 1.75. With V,/V; resolved, S wave velocity profiles were approximated based on
P wave velocity profiles from various seismic refraction/reflection studies.

For the Yilgarn Craton, we took advantage of abundant shallow seismicity in the
southwest seismic zone (SWSZ) which excites strong short period Rayleigh waves (R,),
and we used surface wave dispersion (0.5s-5s) to constrain the shallow structure of this
region. A 1 km thick low velocity zone (V; 3.15km/s) overlying crystalline basement (Vs
~3.5km/s) is required to explain the strongly dispersed R, wave. By modeling the details
of receiver functions, we found that the mid-crustal discontinuity is shallower than
indicated in previous studies, i.e., at a depth of 12-15km instead of 20-25km. Also, the
Moho seems to be fairly sharp. We also resolved the source mechanism and depth of the
2007/10/09 Katanning My, 4.7 earthquake, whose M,, value was obtained from long
period waves in this study, and, which is the largest earthquake in that region for 40 years.
This event is also very shallow (depth <3km) with a mostly dip-slip mechanism with
some strike slip, consistent with other major earthquakes in the Yilgarn Craton.

For the Sydney/Lachlan Fold Belt, we studied broadband waveforms of the 2003/12/11
My, 3.8 Moss Vale earthquake, whose Mw value was obtained from long period waves in
this study. We constructed synthetic seismograms based on a V, model from seismic
refraction and a Vs model from teleseismic modeling of V,/V,. By modeling the sP,,P
phase, we were able to determine the focal depth to be 6-8 km.

Based on measurements of shear wave velocities at shallow depths at rock sites in
Australia (Collins et al., 2006), we selected a V30 value of 865 m/sec to represent rock
sites in conditions in all of the crustal structure models that we used for ground motion
simulations, and so the ground motion prediction models presented below are for those
conditions.

EARTHQUAKE SOURCE MODELS

We generated finite fault rupture models of large Australian earthquakes, specifically the
1968 Meckering and 1988 Tennant Creek earthquakes (Table 1). The rupture models
were derived through the inversion of teleseismic waves, and, in the case of the
Meckering earthquake, geodetic and surface faulting data. Finite fault rupture models
have not previously been derived from any Australian earthquakes, although analyses of
surface geology and teleseismic waves have been used to infer the extent of the fault
ruptures that generated these earthquakes. We used the rupture models of these
earthquakes and other data to derive earthquake source models for use in strong motion
simulations. The scaling relation for rupture area used to represent the cratonic
Australian earthquakes was chosen to be consistent with the largest earthquake of the
Tennant Creek sequence and with the Meckering earthquake (Figure 1), and is given by:

Logio A=2/3log M, — 14.95



where A = rupture area in sq km and M, is seismic moment in dyne.com. This scaling
relation has a rupture area that is half that of earthquakes in the tectonically active
Western North America. This is similar to a scaling relation for Stable Continental
Region (SCR) earthquakes developed by Leonard (2008). The scaling of the cratonic
Australian earthquakes is compared with that of earthquakes in eastern North America in
Figure 1, which also shows estimates of the seismic moment and rupture areas of three
small eastern Canadian earthquakes that were derived from rupture model inversions
(Hartzell et al., 1994); the three New Madrid earthquakes of 1811 — 1812 (Petersen et al.,
2008); and the 1886 Charleston earthquake in the eastern United States.

For non-cratonic Australia, we do not have large enough earthquakes to derive finite fault
rupture models, so the scaling relations of these earthquakes are uncertain. Accordingly,
we used two scaling relations. The first assumes that the scaling relations of earthquakes
are the same as those in Western North America. The second assumes that the scaling
relations of earthquakes are the same as those in cratonic Australia.

Table 1. Fault Parameters of Cratonic Australian Earthquakes

Event M,x 10® | M, L W A
dyne.cm km km km®
Meckering 8.2 6.6 25 7 280
Tennant Creek #1 | 2.7 6.25 12 16 192
Tennant Creek #2 | 3.5 6.4 16 10 160
Tennant Creek #3 | 9.2 6.6 18 12 216
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Figure 1. Seismic moment and rupture areas of cratonic Australian earthquakes, and
comparison with data from Eastern North America and with several scaling relations.




GROUND MOTION MODELS

Ground motions were simulated using the hybrid method of Graves and Pitarka (2004)
and Graves et al. (2007), in which ground motions are computed separately in the high
frequency and low frequency ranges, and then combined into a single broadband time
history using matched filters. For low frequencies (below 1 Hz), we use complete
theoretical seismograms, whereas for high frequencies (above 1 Hz) we use a simpler
stochastic approach based on Boore (1983). Ground motions were simulated for
magnitudes from M,, 5 to 7.5 for six combinations of earthquake source and crustal
structure. One of these consisted of the cratonic source model and the Yilgarn Craton
crustal structure. The other five consisted of the cratonic source model in the Perth
Basin, and both the cratonic and non-cratonic source models in both the Lachlan Fold
Belt and the Sydney Basin crustal structure models. The Yilgarn Craton ground motion
model is quite different from the other five models, which are all quite similar to each
other.

The similarity in ground motions obtained in the same crustal structure using the two
different source models is attributable to a trade-off between the effects of the different
source dimensions and rise times. The cratonic earthquake source models have rupture
areas that are half those of the non-cratonic source models, which causes them to have
higher ground motions. However, the cratonic earthquake source models also have rise
times that are 1.86 times longer than those of the non-cratonic source models, equivalent
to a subfault corner frequency scaling factor that is 1.86 times lower, which causes them
to have lower ground motions. These two source effects approximately offset each other
for all distances and magnitudes. Using a stochastic ground motion simulation model,
Risk Engineering Inc. (2001) similarly found that, except for the effects of differences in
kappa, the ground motions for eastern North America (cratonic model) and western North
America (non-cratonic model) are similar for a given reference site condition.
Accordingly, we developed a model for non-cratonic Australia by combining the ground
motion simulations of the five non-cratonic cases whose ground motion models we found
to be similar. The crustal structures contained in the non-cratonic model, which include
the Lachlan Fold Belt, the Sydney Basin, and the Perth Basin, are considered to be
representative of non-cratonic Australia, especially its coastal margins. Both the cratonic
and non-cratonic earthquake source models were used in conjunction with the Lachlan
Fold Belt and Sydney Basin, while only the cratonic source model was used in
conjunction with the Perth Basin. Thus the relative weighs of the cratonic and non-
cratonic source models in the combined non-cratonic ground motion model are 60% and
40% respectively. It is considered that the Yilgarn Craton model is, to first order,
applicable to the Yilgarn Craton and other cratonic regions of Australia. It is considered
that the non-cratonic model is, to first order, applicable in all non-cratonic regions of
Australia. In particular, it is considered to be applicable to non-cratonic coastal regions,
including all of the state capitals of Australia. The parameters of these two ground
motion models are given in Tables 2, 3 and 4.

The cratonic ground motion model is quite similar to the model developed using Yilgarn
Craton data by Liang et al. (2008) model, and less similar to the models for stable regions
of eastern North America by Toro et al (1997) and Atkinson and Boore (2006), as shown
on the left side of Figure 2. The very large ground motions predicted by the cratonic
model at periods of 1 second and longer are due to surface waves that are generated by
shallow faulting and trapped in a shallow layer (1 km thick) of lower velocity rock; such
waves are prominently recorded in the Yilgarn craton. The non-cratonic ground motion



model is more similar to models for tectonically active regions such as Boore and
Atkinson (2008) than the Toro et al. (1997) model for tectonically stable eastern North
America, as shown on the right side of Figure 2, mainly due to the higher value of kappa
used in the non-cratonic model than in Toro et al. (1997). We used kappa values of 0.006
and 0.04 respectively with the cratonic and non-cratonic models.

The predictions of the non-cratonic ground motion model were compared with ground
motion recordings of the Mw 4.47 Thomson Reservoir earthquake of 26 September 1996
(Allen et al., 2000) that occurred about 135 km east of Melbourne (Figure 3). This
earthquake has a large number of recordings that span the distance range of interest. The
ground motion model was developed from simulations in the magnitude range of 5.0 to
7.5, so its use for a magnitude 4.47 earthquake involves some extrapolation. The shape of
the decrease in predicted ground motion levels with distance is generally consistent with
that of the data. The flattening in slope that occurs at 50 km in the model is consistent
with a flattening that is evident in the data, especially at periods of 1 second and longer.
In general, the level of the model predictions is consistent with that of the data, although
the model tends to overpredict the data for periods of 0.2 to 0.4 seconds. Overall, the
agreement between the model and the recorded data of this earthquake is quite good.
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Figure 2. Comparison of cratonic model response spectrum (blackline, left) and non-
cratonic model response spectrum (black line, right) with other ground motion models for
magnitude 6.5 and 7.5 earthquakes at a distance of 30 km. The vertical axis shows
response spectral acceleration in g’s as a function of period on the horizontal axis.
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Figure 3. Comparison of recorded spectral accelerations of the September 25, 1996
Thompson Reservoir earthquake with the predictions of the non-cratonic model. The
vertical axis shows response spectral acceleration in g’s as a function of distance on the
horizontal axis, for periods from 0.01 sec (PGA) to 4.0 sec.

Table 2. Form of the Ground Motion Models
forM<my, r<r

InSa(g) = ¢; + ¢2(M - m;) + csInR + ¢4(M - my) InR +csr + cg(8.5 — M)?

forM<m;,r>r
InSa(g) = c; + c;(M - my) + ¢;InR; + ¢4(M - m;) InR +csr + ¢c6(InR - In Ry) + c5(8.5 — M)2

forM>m;, r<r
InSa(g) = ¢; + ¢7(M - m;) + csInR + ¢4(M - my) InR +csr + cg(8.5 — M)?

forM>m;, r>r1
InSa(g) = c; + ¢7(M - my) + ¢;3InR; + ¢4(M - m;) InR +csr + ¢c6(InR - In Ry) + c5(8.5 — M)2

where
Sa(g) is spectral acceleration in g for rock sites having V30 of 865 m/sec
m, =64
I =50 km
h =6 km

R _ /rz E
Ri = r’+h?

M is moment magnitude in the range of 5.0 to 7.5
r = Joyner Boore distance in the range of 0 to 500 km



Table 3. Ground Motion Model for Non-Cratonic Australia

Period | C1 C2 C3 C4 C5 C6 Cc7 C8 o
PGA 1.03780 | -0.03970 | -0.79430 | 0.14450 | -0.00618 | -0.72540 | -0.03590 | -0.09730 | 0.5685
0.010 1.05360 | -0.04190 | -0.79390 | 0.14450 | -0.00619 | -0.72660 | -0.03940 | -0.09740 | 0.5684
0.020 1.05680 | -0.03920 | -0.79680 | 0.14550 | -0.00617 | -0.73230 | -0.03930 | -0.09600 | 0.5684
0.030 1.13530 | -0.04790 | -0.80920 | 0.15000 | -0.00610 | -0.76410 | -0.05710 | -0.09210 | 0.5681
0.040 1.30000 | -0.07020 | -0.83150 | 0.15920 | -0.00599 | -0.82850 | -0.09810 | -0.08530 | 0.5676
0.050 1.47680 | -0.09310 | -0.83330 | 0.15600 | -0.00606 | -0.86740 | -0.12740 | -0.09130 | 0.5670
0.075 1.70220 | -0.05160 | -0.80720 | 0.14560 | -0.00655 | -0.87690 | -0.10970 | -0.08690 | 0.5663
0.100 1.65720 | 0.15080 | -0.77590 | 0.13100 | -0.00708 | -0.77830 | 0.01690 | -0.05980 | 0.5659
0.150 1.94440 | -0.09620 | -0.75000 | 0.11670 | -0.00698 | -0.69490 | -0.13320 | -0.12530 | 0.5659
0.200 1.82720 | -0.06230 | -0.73430 | 0.11940 | -0.00677 | -0.64380 | -0.09570 | -0.11920 | 0.5669
0.250 1.74380 | -0.02530 | -0.72480 | 0.11950 | -0.00646 | -0.63740 | -0.06250 | -0.11650 | 0.5678
0.3003 | 1.80560 | -0.27020 | -0.73190 | 0.13490 | -0.00606 | -0.66440 | -0.17470 | -0.14340 | 0.5708
0.400 1.88750 | -0.37820 | -0.70580 | 0.09960 | -0.00589 | -0.58770 | -0.24420 | -0.21890 | 0.5697
0.500 2.03760 | -0.79590 | -0.69730 | 0.11470 | -0.00565 | -0.59990 | -0.48670 | -0.29690 | 0.5739
0.750 1.93060 | -0.80280 | -0.74510 | 0.11220 | -0.00503 | -0.59460 | -0.50120 | -0.34990 | 0.5876
1.000 1.60380 | -0.47800 | -0.86950 | 0.07320 | -0.00569 | -0.41590 | 0.06360 | -0.33730 | 0.6269
14993 | 047740 | 0.90960 | -1.02440 | 0.11060 | -0.00652 | -0.19000 | 1.09610 | -0.10660 | 0.7517
2.000 -0.25810 | 1.37770 | -1.01000 | 0.10310 | -0.00539 | -0.27340 | 1.50330 | -0.04530 | 0.8036
3.0003 | -0.96360 | 1.14690 | -0.88530 | 0.10380 | -0.00478 | -0.40420 | 1.54130 | -0.11020 | 0.8219
4.000 -1.46140 | 1.07950 | -0.80490 | 0.10960 | -0.00395 | -0.46040 | 1.41960 | -0.14700 | 0.8212
5.000 -1.61160 | 0.74860 | -0.78100 | 0.09650 | -0.00307 | -0.46490 | 1.24090 | -0.22170 | 0.8240
7.5019 | -2.35310 | 0.35190 | -0.64340 | 0.09590 | -0.00138 | -0.68260 | 0.92880 | -0.31230 | 0.7957
10.000 | -3.26140 | 0.69730 | -0.62760 | 0.12920 | -0.00155 | -0.61980 | 1.01050 | -0.24550 | 0.7602
PGV 507090 | 0.52780 | -0.85740 | 0.17700 | -0.00501 | -0.61190 | 0.80660 | -0.03800 | 0.6417
Table 4. Ground Motion Model the Yilgarn Craton, Australia

Period | C1 C2 C3 C4 C5 C6 Cc7 Cs8 g
PGA 154560 | 1.45650 | -1.11510 | 0.16640 | -0.00567 | -1.04900 | 1.05530 | 0.20000 | 0.5513
0.010 | 1.55510 | 1.46380 | -1.11460 | 0.16620 | -0.00568 | -1.04840 | 1.05850 | 0.20140 | 0.5512
0.020 | 2.33800 | 1.38060 | -1.22970 | 0.18010 | -0.00467 | -1.39850 | 0.95990 | 0.20130 | 0.5510
0.030 | 2.48090 | 1.37540 | -1.17620 | 0.17120 | -0.00542 | -1.38720 | 0.96930 | 0.19280 | 0.5508
0.040 | 2.31450 | 1.60250 | -1.12600 | 0.17150 | -0.00629 | -1.27910 | 1.07040 | 0.23560 | 0.5509
0.050 | 2.26860 | 1.55840 | -1.07340 | 0.14710 | -0.00709 | -1.08910 | 1.10750 | 0.20670 | 0.5510
0.075 | 1.97070 | 1.68030 | -1.01540 | 0.14560 | -0.00737 | -0.91930 | 1.18290 | 0.22170 | 0.5514
0100 | 1.71030 | 1.75070 | -0.99330 | 0.13820 | -0.00746 | -0.78140 | 1.29390 | 0.23790 | 0.5529
0150 | 1.52310 | 1.69160 | -0.96310 | 0.13330 | -0.00713 | -0.67330 | 1.22430 | 0.21020 | 0.5544
0.200 | 1.36830 | 1.57940 | -0.94720 | 0.13640 | -0.00677 | -0.62690 | 1.17760 | 0.18950 | 0.5558
0.250 | 1.40180 | 1.28940 | -0.94410 | 0.14360 | -0.00617 | -0.67070 | 1.05610 | 0.14590 | 0.5583
0.3003 | 1.45000 | 1.04630 | -0.94880 | 0.14760 | -0.00581 | -0.68700 | 0.94040 | 0.11040 | 0.5602
0400 | 1.44150 | 0.92820 | -0.91830 | 0.11320 | -0.00576 | -0.59520 | 0.86280 | 0.04060 | 0.5614
0.500 | 1.40380 | 0.69160 | -0.91010 | 0.13480 | -0.00557 | -0.62390 | 0.71230 | 0.00620 | 0.5636
0.750 | 1.50840 | 0.75800 | -0.99010 | 0.11260 | -0.00458 | -0.69040 | 0.68590 | -0.05630 | 0.5878
1.000 | 210630 | 0.38180 | -1.08680 | 0.07950 | -0.00406 | -0.90340 | 0.61850 | -0.18250 | 0.6817
1.4993 | 255790 | -0.84270 | -0.81810 | 0.07650 | -0.00220 | -1.35320 | -0.25440 | -0.46660 | 0.8514
2.000 | 2.39600 | -1.39950 | -0.70440 | 0.06770 | -0.00366 | -0.90860 | -0.64320 | -0.59600 | 0.8646
3.0003 | 0.96040 | -0.46120 | -0.70450 | 0.06450 | -0.00429 | -0.51190 | -0.16430 | -0.46310 | 0.8424
4.000 | 0.12190 | -0.06980 | -0.75910 | 0.08490 | -0.00374 | -0.41450 | 0.12350 | -0.39250 | 0.8225
5.000 | -0.84240 | 0.53160 | -0.79600 | 0.10330 | -0.00180 | -0.62130 | 0.53680 | -0.27570 | 0.8088
7.5019 | -1.92260 | 0.63760 | -0.81900 | 0.14550 | -0.00066 | -0.75740 | 0.69020 | -0.23290 | 0.7808
10.000 | -2.60330 | 0.59060 | -0.80940 | 0.16090 | -0.00106 | -0.68550 | 0.70350 | -0.22910 | 0.7624
PGV | 523440 | 1.58530 | -1.01540 | 0.21400 | -0.00341 | -0.91610 | 1.12980 | 0.14810 | 0.6606
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