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Abstract

Geoscience Australia has produced a draft National Seismic Hazard Assessment (NSHA1S),
together with contributions from the wider Australian seismology community. This paper provides
an overview of the provisional peak ground acceleration (PGA) hazard values and discusses
rationale for changes in the proposed design values at the 1/500-year annual exceedance probability
(AEP) level relative to Standards Australia’s AS1170.4-2007 design maps. The NSHA18 update
yields many important advances on its predecessors, including: consistent expression of earthquake
magnitudes in moment magnitude; inclusion of epistemic uncertainty through the use of third-party
source models; inclusion of a national fault-source model; inclusion of epistemic uncertainty on
fault-slip-model magnitude-frequency distributions and earthquake clustering; and the use of
modern ground-motion models through a weighted logic tree framework.

In general, the 1/500-year AEP seismic hazard values across Australia have decreased relative to
the earthquake hazard factors the AS1170.4-2007, in most localities significantly. The key reasons
for the decrease in seismic hazard factors are due to: the reduction in the rates of moderate-to-large
earthquakes through revision of earthquake magnitudes; the increase in b-values through the
conversion of local magnitudes to moment magnitudes, particularly in eastern Australia, and; the
use of modern ground-motion attenuation models.

Whilst the seismic hazard is generally lower than in the present standard, we observe that the
relative proportion of the Australian landmass exceeding given PGA thresholds is consistent with
other national hazard models for stable continental regions.
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INTRODUCTION

Damaging earthquakes in Australia are considered low probability but high consequence events.
Woodside and McCue (2017) provide an excellent synopsis of the history of seismic design and
code development in Australia, through to the current Standards Australia Structural design actions,
part 4: Earthquake actions in Australia, (AS1170.4-2007). The objective the AS1170.4-2007 is to
‘provide designers of structures with actions and general detailing requirements to protect life and
property from earthquakes’ (Standards Australia, 2007). The seismic hazard factor Z in the Standard
is represented as the peak ground acceleration (PGA) values calculated on rock sites (AS1170.4 Site
Class B.) with a probability of exceedance of 10% in 50 years. This probability level is
approximately equivalent to a 1/500-year annual exceedance probability (AEP).

The AS1170.4-2007 seismic hazard factors trace their lineage back to the probabilistic seismic
hazard assessment (PSHA) of Gaull ef al. (1990). This was a landmark study for its time and was
developed based on scientific understandings and available data from the late 1980°s. The Gaull et
al. map was subsequently modified through a process of expert judgement (McCue, 1993) in
response to significant Australian earthquakes (notably the My 6.2, 6.3 and 6.6 1988 Tennant Creek
sequence and the deadly 1989 My 5.4 Newcastle earthquake) for inclusion in the then new design
standard AS1170.4-1993 (McCue et al., 1993). This assessment, compiled in 1991, reflected the
understanding of seismic hazard in Australia at the time and has provided a reliable assessment to
guide engineering design since its publication. However, with advances in our understanding of
earthquake characteristics in Australia and analogue tectonic regions, we should now consider
whether this map reflects our current understanding of ground-motion hazard for Australian
earthquakes.

Since the development of the 1991 hazard map, national-scale seismic source models have been
developed to support various national and site-specific probabilistic hazard assessments (e.g.,
Brown and Gibson, 2004; Hall et al.,, 2007). However, these models were not developed
specifically with building codes in mind. In 2012, Geoscience Australia (GA) developed a national
seismic hazard assessment that was intended to supersede the 1991 seismic design factors in the
Standard (Burbidge, 2012; Leonard et al., 2013; 2014). This assessment used modern probabilistic
methods, improved characterisation of tectonic region type and maximum earthquake magnitude
(Clark et al., 2012) and included Australian-specific ground-motion models (Somerville et al.,
2009; Allen, 2012), in addition to an earthquake catalogue augmented with an additional 20 years of
earthquake data (i.e., magnitudes and epicentres). Whilst a significant advance from its predecessor,
in terms of methods and data, the Standards subcommittee elected not to adopt the 2012-13 revision
of the NSHA to underpin seismic design provisions for AS1170.4 owing to the large uncertainties
associated with seismic hazard assessments in Australia (as with any stable continental interior), as
well as concerns that it did not reflect the view of the broader Australian seismological community.

Geoscience Australia has embarked on a project to seek broader community engagement and to
update the seismic hazard model for Australia through the National Seismic Hazard Assessment
(NSHA18) project. This paper summarises the development of the draft NSHA18, as prepared for
the consideration of inclusion into the updated Standard, AS1170.4-2018.

THE DRAFT 2018 NATIONAL SEISMIC HAZARD ASSESSMENT

Standards Australia and the BD—06—-11 Subcommittee — the subcommittee responsible for the
review and revision of the AS1170.4 — indicated a desire to update the 1991-era seismic hazard
factors for the forthcoming update to the Standard in 2018. In response to this request, GA initiated
a process to update the national seismic hazard model and solicited contributions from the wider
earthquake hazard community in Australia. Seismic source model proponents were invited to
develop and submit source models to be considered for inclusion in the NSHA18 under the
condition that the models were peer reviewed and published through Australian Earthquake
Engineering Society (AEES) conference proceedings, or within other reputable literature (e.g., Hall
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et al., 2007; Leonard, 2008; Cuthbertson, 2016; Dimas et al., 2016; Dimas and Venkatesan, 2016;
Griffin et al., 2016; Sinadinovski and McCue, 2016; Mote et al., 2017). This process not only
enabled the incorporation of epistemic uncertainty into the seismic source model in a more
comprehensive manner, but also provides the community with an opportunity to take ownership of
the final model. Through the NSHA18 project, GA also established a Scientific Advisory Panel
(consisting of national and international seismic hazard experts) to provide valuable and ongoing
feedback during the model’s development.

Candidate source models were assessed through an expert elicitation process (e.g., Aspinall, 2010)
that weighed the opinion of each expert based on their knowledge and ability to judge relevant
uncertainties. In total, 14 independent seismic source models were considered in the draft NSHA18
(Allen et al., 2017). Further seismic source models are intended to be used in the final model
development.

Leonard (2017) explores the variability amongst the seismic source models employed in the
NSHA18. In this manuscript, 24 sites are examined to determine the centre, body and range of
hazard curves resulting from each of the seismic source models. Leonard (2017) suggests that
epistemic uncertainty (i.e. uncertainty due to limited data and knowledge) has been
comprehensively sampled by the inclusion of the multiple seismic source models in the NSHA18.

Draft seismic hazard factors were originally submitted to BD-06-11 in May 2017 to comply with
Standards Australia’s public comment and publication timelines. There will be continued
refinement of these values until the planned completion of the NSHA 18 in June 2018.

The draft NSHA18 update yields many important advances over its predecessors, including:

e calculation in a full probabilistic framework (Cornell, 1968) using the Global Earthquake Model
Foundation’s OpenQuake-engine (Pagani et al., 2014);

* consistent expression of earthquake magnitudes in terms of moment magnitude, My;
* inclusion of epistemic uncertainty through the use of multiple alternative source models;
* inclusion of epistemic uncertainty on magnitude-recurrence distributions;

¢ inclusion of a national fault-source model based on the Australian Neotectonic Features
database (Clark et al., 2016);

* capturing the epistemic uncertainty on maximum earthquake magnitudes for both fault and area
sources through an expert elicitation workshop; and

* the use of modern ground-motion models, capturing the epistemic uncertainty on ground motion
through an expert elicitation workshop.

Figure 1 shows the draft peak ground acceleration (PGA) hazard map for a 1/500-year AEP on Site
Class B, as proposed by GA for the AS1170.4-2018. With the exception of small areas in the
Western Australian Wheatbelt and in eastern Gippsland, seismic hazard values at the 1/500-year
AEP across Australia have decreased relative to the earthquake hazard factors provided in the 2007
Standard — significantly in most localities. In general, the draft seismic hazard values across
Australia at the 1/500-year AEP have decreased, on average, by 63% relative to the earthquake
hazard factors provided in the 2007 Standard (Allen et al., 2017).

Seismic hazard for lower probability ground-motion exceedances were also calculated for the draft
NSHA18. Whilst the seismic hazard for the 1/500-year AEP is generally lower than in the present
AS1170.4-2007, the probability factor (k,), which scales the seismic hazard to different AEPs, is
significantly higher than those in the current Standard for lower probabilities of exceedance (Fig. 3).
The national average is k, = 3.3 at the 1/2500-year AEP (compared to k, = 1.8 in the AS1170.4—
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2007), meaning that the relative hazard multiplication factor at lower probabilities will lead to
higher design values relative to 1/500-year AEP factors.
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RATIONALE FOR CHANGES IN SEISMIC HAZARD

The preceding section indicated that the seismic hazard factors estimated from the NSHAI18 are
significantly lower at the 1/500-year AEP than those used in the AS1170.4-2007 and its
predecessors since 1991. In the intervening years, scientists have learned a great deal about
earthquake occurrence and their effects in Australia, as well as in analogue tectonic regions. For this
reason, it is prudent to update seismic design values in Australia based on the best available science
and methods. In this section, we outline the key elements of the NSHA 18 that have led to the large
differences in seismic hazard relative to the 1991-era hazard map (McCue et al., 1993).

1 Use of a national fault-source model

While hazard values have generally decreased relative to the AS1170.4-2007 hazard values, the
introduction of national seismotectonic seismic source models (Griffin et al., 2016) has led to an
increase in accelerations relative to pure seismicity-based source models. These effects are
particularly pronounced for localities near faults sources that have been assigned neotectonic
activity rates (Clark et al., 2016). Figure 3 plots hazard curves for four Australian capital cities
having varying contributions of hazard from the seismotectonic source models. It is interesting to
note, that while the city of Perth is located near the seismically active Southwest Seismic Zone, it
receives very little contribution to total hazard from nearby fault sources. Meanwhile, the cities of
Adelaide and Canberra demonstrate significant contributions from the seismotectonic fault source
model having an increase of PGA hazard at the 1/475-year AEP of approximately 40% relative to
seismic source models based on purely historical seismicity. Because the seismic hazard in
Melbourne is affected by the nearby distributed seismicity sources, the relative contribution of fault
sources to the total hazard is low (approximately 14%) compared to other localities.
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Figure 3: Mean PGA hazard curves for
four Australian capital cities showing the
influence of fault sources. Curves denoted
with “F” and “NF” indicate seismic
hazard estimates with and without
seismotectonic  fault-source  models,
respectively. Note: values from the
NSHAIS within this figure are in draft
form only and are likely to change prior to
the completion of the final model by June
2018.
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2 Adjustment of Local Magnitudes

One reason for the significant drop in seismic hazard is due to adjustments to catalogue magnitudes.
Prior to the early 1990°s, most Australian seismic observatories relied on the Richter (1935) local
magnitude (M) formula developed for southern California. At regional distances (where many
earthquakes are recorded), the Richter scale will tend to overestimate M; relative to modern
Australian magnitude formulae (Allen, 2010). Because of the likely overestimation of local
magnitudes for Australian earthquakes recorded at regional distances (Allen, 2010), there is a need
to account for pre-1990 magnitude biases due to the use of inappropriate Californian magnitude
formulae. A process was employed that systematically corrected local magnitudes using the
difference between the original (inappropriate) magnitude formula (e.g., Richter, 1935) and the
Australian-specific correction curves (e.g., Michael-Leiba and Malafant, 1992) at a distance
determined by the nearest recording station likely to have recorded any given earthquake (Allen,
2010). This process has largely decreased the magnitudes of those earthquakes recorded at regional
distances (approximately > 200 km). By virtue of the sensitivity and density of seismic
instrumentation prior to 1990, this process will, more often than not, reduce magnitudes of
moderate-to-large earthquakes, thus decreasing the annual occurrence rates of larger events (Fig. 4).

3 M;-My conversions

Another important factor determining the reduction in hazard is the conversion of catalogue
magnitudes such that magnitudes are consistently expressed in terms of moment magnitude, M.
Moment magnitude is the preferred magnitude type for PSHAs because it does not saturate with
magnitude (Kanamori, 1977) and all modern ground-motion models (GMMs) are now calibrated to
this magnitude type. Relationships between My and other magnitude types were developed for the
NSHA18 (Ghasemi and Allen, 2017). The most important of these is the relationship between M}
and My because of the abundance of local magnitudes in the Australian earthquake catalogue. The
preferred bi-linear relationship demonstrates that My is approximately 0.3 magnitude units lower
than M} for moderate-to-large earthquakes (4.0 < My < 6.0). Together, the M} corrections and the
subsequent conversions to My, effectively halve the number (and subsequently the annual rate) of
earthquakes exceeding magnitude 4.0 and 5.0, respectively (Fig. 4). This further affects the annual
occurrence rates of larger earthquakes.

4 Changes to Gutenberg—Richter b-value

The secondary effect of the M and My magnitude conversion is that it tends to increase the number
of small-magnitude earthquakes relative to moderate- and large-magnitude earthquakes. This acts to
increase the Gutenberg—Richter b-value (Gutenberg and Richter, 1944), which in turn further
decreases the relative annual rates of larger potentially damaging events (Allen ef al., 2017).
Ghasemi and Allen (2017) use an idealised earthquake catalogue with a h-value of 1.0 to show that
the application of the proposed M;-My conversion equation will lead to roughly a 30% increase in
b, with a subsequent decrease in hazard of around 30-40%. Increases in b-value relating to the
conversion of M; to My have been observed in other international studies (Edwards et al., 2010;
Wiemer et al., 2016; Deichmann, 2017).

5 Impact of combined magnitude adjustments

To test the sensitivity of factors 2-4 from above on seismic hazard estimates, a separate model was
generated using the same source zonations and ground-motion logic tree as used in the draft
NSHA18. However, the Gutenberg—Richter magnitude-frequency distributions were generated
based soley on an earthquake catalogue using original (unmodified) catalogue magnitudes, which is
a melange of magnitude types defined here as M,. Figure 5 (left panel) shows the ratio of this M,-
based hazard map with the draft NSHA18 at the 1/500-year AEP. This map shows that the proposed
catalogue modifications contribute to reductions in hazard by factors generally less than a factor of
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two on a national scale with some areas in central and eastern Australia showing hazard-reduction
factors greater than two.
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Figure 4: Cumulative number of earthquakes with magnitudes equal to or exceeding (left) 4.0 and (right) 5.0 for
earthquakes in eastern Australia (east of 135°E longitude) from 1900 to 2010. The different curves show different
stages of the NSHAIS8 catalogue preparation: original catalogue magnitudes, modified magnitudes (only local
magnitude modified), and preferred My (for all earthquakes).
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6 Use of modern ground-motion models

The final factor driving the reduction of calculated seismic hazard in Australia is the use of modern
GMMs. While seismologists in stable continental regions worldwide recognise the complexity in
characterising the likely ground motions from rare large earthquakes, more abundant ground-motion
datasets of moderate-magnitude earthquakes are emerging (e.g., Goulet ef al., 2014), as are datasets
of simulated earthquake ground motions (e.g., Goulet ef al., 2015). From these datasets, the
characteristics of near-source ground-motion levels and the rates of attenuation are becoming better
understood. The hazard levels for the AS1170.4—1993 map (McCue et al., 1993) were based on the
contours of the Gaull et al. (1990) peak ground velocity (PGV) maps, divided by a factor of 750 to
approximate PGA (e.g., Applied Technology Council, 1984). These attenuation relationships were
originally derived from the attenuation of macroseismic intensities (e.g., Modified Mercalli
Intensity, MMI) using available isoseismal maps for Australian earthquakes (Gaull et al., 1990).
The intensity-based attenuation relationships were subsequently converted to PGA and PGV using
MMI-to-ground motion conversions based on data from Papua New Guinea (Gaull, 1979).

Questions may arise as to whether modern GMMs used for seismic hazard assessments in stable
continental settings are reliable for large-magnitude earthquakes given that they are often developed
using simulated data, with few empirical ground-motion records to provide any constraint. In
contrast, there is a relative abundance of MMI data from Australian earthquakes (McCue, 2002) and
it may be possible for these data — and attenuation models developed from these data (e.g., Gaull et
al., 1990) — to guide the selection of GMMs in the Australian context. It is a complex problem that
unfortunately does not have a unequivocal solution. This is because it is difficult to readily compare
historical macroseismic information with modern ground-motion models in the absence of
appropriate MMI-to-peak ground motion conversions that are also based on Australian instrumental
ground-motion data (e.g., Cua et al., 2010). Macroseismic intensity data are also susceptible to site
effects and are scarcely observed on engineering bedrock (as usually required for building codes).
As a consequence, an indirect approach has been taken to assess the utility of the MMI data for
benchmarking instrumentally-based GMMs. As a general observation, we find that Australian-
specific GMMs are often consistent with active crustal GMMs at mid periods (i.e., those periods
that influence MMI assignments; e.g., Frankel, 1994) at distances less than approximately 100 km.
It therefore stands to reason that Australian MMI data should be consistent with active tectonic
MMI attenuation models (i.e., Allen et al., 2012) within a similar distance range.

Figure 6 shows intensity residuals (observed minus predicted) relative to several intensity prediction
equations (IPEs) as a function of moment magnitude for macroseismic observations from
Australian earthquakes (McCue, 2002). Intensity observations are limited to distances less than
100 km from the earthquake source in this analysis so that near-source effects can be better
assessed. The data have not been subdivided into eastern and western subsets. The upper two
pannels show residual plots for the Gaull ef al. (1990) eastern and western IPEs, respectively.
These subplots suggest that the Gaull ez al. (1990) IPEs tend to overestimate near-source intensities
for larger-magnitude earthquakes, particularly for the eastern Australian IPE. In contrast, an IPE
developed for active tectonic regions (Allen et al, 2012) performs quite well at near-source
distances relative to Australian MMI data. The Leonard (2015) IPE, developed for Australian
earthquakes, also compares well with the Australian MMI data.

Evaluation of the limited instrumental data indicated that the Gaull et a/. GMMs also tend to
overestimate recorded PGAs from moderate-magnitude Australian earthquakes, for eastern
Australia in particular (Ghasemi and Allen, in prep). Based on these analyses of independent
datasets and models, it can be inferred that the magnitude scaling and near source attenuation
characteristics of modern GMMs as used in the NSHA18 are generally appropriate for use in
Australian seismic hazard assessments.
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Figure 6: Macroseismic intensity residuals with respect to moment magnitude for (a) Gaull et al (1990) - Eastern
Australia; (a) Gaull et al (1990) - Western Australia; (c) Allen et al (2012) — Active Tectonic, and; (d) Leonard (2015)
— Australia. Macroseismic observations are limited to distances less than 100 km (hypocentral distance) from the
earthquake source. Magnitudes used in the Gaull et al (1990) IPEs are first converted to M| using the conversions of
Ghasemi and Allen (2017).

The NSHAI18 hazard values are consequently based on modern GMMs with improved
understanding of instrumental ground-motion source amplitudes and attenuation in Australia, as
well as in analogue regions. The PGAs predicted by these modern models, in general, are up to a
factor of two lower than the Gaull ef al. (1990) PGV-based relationships at distances of engineering
significance (generally less than 100 km). That said, the Gaull ez al. (1990) ground-motion model
for cratonic Australia generally predicts similar near-source PGAs to candidate GMMs considered
for the NSHA18. However, at larger distances, the lower rates of attenuation of each of the Gaull et
al. (1990) relationships yield accelerations up to factors of 10 higher than most modern GMMs
(Allen et al., 2017). This observation should be expected to produce much higher hazard values in
regions with low seismicity rates, in particular. Figure 5 (right panel) shows the ratio of the hazard
calculated using the Gaull ef al. (1990) GMMs relative to the preferred GMMs from the draft
NSHA18 (Allen et al., 2017). It can be seen that the Gaull et al. (1990) GMMs (PGV models
converted to PGA as per the AS1170.4-1993 map) result in significantly higher hazard across the
vast majority of the Australian landmass, with factors up to and greater than four in regions of
eastern Australia. This comparison goes part of the way to explain the differences between the
current AS1170.4 design maps and the draft NSHA18 calculations.

A comprehensive suite of sensitivity tests for the aforementioned advances in seismic hazard
modelling methods are currently being undertaken (and documented) to test against the approaches
taken by McCue et al. (1993). However, the resulting reduction in seismic hazard factors at the
1/500-year AEP nevertheless appear to be rational in light of the approaches discussed herein.

COMPARISON WITH OTHER NATIONAL MAPS

Given that this update of the NSHA has seen significant reductions in seismic hazard at the 1/500-
year AEP, it is prudent to explore how the new calculations compare to seismic hazard values in
analogue tectonic regions at comparable exceedance probabilities. Table 1 shows the relative
proportion of land area exceeded by different PGA thresholds with a 1/2475-year AEP for the stable
central and eastern component of the United States (CEUS; approximately east of 105°W) based on
the U.S. National Seismic Hazard Maps (Petersen et al., 2014). Also shown are the exceedance
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rates for the draft NSHA18 at the same probability level. In general, the relative areas of ground-
motion exceedance are surprisingly consistent at the 1/2475-year AEP level. The proportionally
larger areas of ground-motion exceedance at higher PGA thresholds (PGA > 0.2 g) in the CEUS is
largely due to the influence of the New Madrid Seismic Zone on the surrounding area; a region that
has hosted large historic earthquakes exceeding My 7.0 (Boyd and Cramer, 2014) and is modelled
to have short recurrence of approximately 500 years (Frankel ef al., 2012).

In contrast, the current AS1170.4-2007 design map defined for a higher probability of 1/500-year
AEP predicts proportionally higher ground-motion exceedances (in terms of area) than either of the
1/2475-year AEP maps at ground-motion thresholds less than 0.1 g (Table 1). Given the comparable
results for the low-probability CEUS (Petersen et al., 2014) and the draft NSHA18, it is of concern
that the comparatively high-probability AS1170.4-2007 design map yields higher exceedances at
any PGA threshold. Whilst it may provide appropriate design ground motions, this result suggests
that the existing AS1170.4-2007 design map may not accurately represent hazard factors with
1/500-year AEP as required by the Standard.

Table 1: The percentage of land area exceeded by different PGA thresholds with 1/2475-year AEP for the U.S. National
Seismic Hazard Maps east of 105°W (Petersen et al., 2014) and the draft NSHA1S8. Also shown are comparable results
for the current AS1170.4-2007 1/500-year AEP design map.

PGA Australia % CEUS % AS1170.4-2007

Levels Land Area Land Area % Land Area

(@) Exceedance Exceedance Exceedance

(1/2475 AEP) (1/2475 AEP) (1/500 AEP)*
0.02 88.3 96.1 99.7
0.04 63.7 65.0 83.0
0.06 45.7 43.8 66.5
0.08 30.2 30.5 471
0.10 21.6 22.7 18.7
0.14 11.6 13.2 0.6
0.20 2.5 6.8 0.0
0.30 0.6 3.4 0.0
0.40 0.3 1.7 0.0
0.80 0.0 0.5 0.0

* Uses the Global Seismic Hazard Assessment Program gridded seismic hazard (Giardini et al., 1999; McCue, 1999) as a proxy for
the AS1170.4 design factors (McCue et al., 1993).

CONCLUSIONS

This manuscript provides a brief summary of the development of the draft NSHA1S, and outlines
the rationale for the significant differences between the updated national assessment and that used
in the AS1170.4-2007 at the 1/500-year AEP. The new hazard assessment yields many advances on
its predecessors and uses the latest data and methods to enable a more comprehensive assessment of
Australia’s national seismic hazard and its uncertainties. A key attribute of the draft NSHA18 is the

inclusion of third-party seismic source models contributed by members of the Australian
seismological community.

Given the significant reduction in seismic hazard factors calculated for the draft NSHA 18 relative to
the existing AS1170.4 factors, there is a strong case for future construction codes to adopt lower-
probability ground-motion exceedances, such as the 1/2475-year AEP as used as the basis for
seismic design factors in other national design codes (Canadian Commission on Building and Fire
Codes, 2015; Building Seismic Safety Council, 2016). This would ensure an appropriate level of
seismic safety for new construction across most of Australia and its territories (minimum design
standards could still apply for some low-hazard jurisdictions).
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