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Abstract Prior to the development of Australian-
specific magnitude formulae, the 1935 magnitude cor-
rection factors by Charles Richter—originally devel-
oped for southern California—were almost exclusively
used to calculate earthquake magnitudes throughout
Australia prior to the 1990s. Due to the difference in
ground-motion attenuation between southern California
and much of the Australian continent, many earthquake
magnitudes from the early instrumental era are likely to
have been overestimated in the Australian earthquake
catalogue. A method is developed that adjusts local
magnitudes (ML) using the difference between the orig-
inal (inappropriate) magnitude formulae (or look-up
tables) and the Australian-specific formulae at a distance
determined by the nearest recording station likely to
have recorded the earthquake. Nationally, these adjust-
ments have reduced the number of earthquakes ofML ≥
4.5 in the early instrumental catalogue by approximately
25% since 1900, while the number of ML ≥ 5.0 earth-
quakes has reduced by approximately 32% over the
same time period. The reduction in the number of
moderate-to-large-magnitude earthquakes over the in-

strumental period yields long-term earthquake rates that
are more consistent with present-day rates, since the
development of Australian-specific magnitude formulae
(approximately 1990). The adjustment of early instru-
mental magnitudes to obtain consistently derived earth-
quake catalogue is important for seismic hazard
assessments.
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1 Introduction

Earthquake catalogues are fundamental to probabilistic
seismic hazard assessments (PSHAs) in low-seismicity
regions where the seismic hazard is commonly
characterised by distributed seismicity source models
based upon the statistical analysis of catalogues (e.g.,
Bommer et al. 2015; Burkhard and Grünthal 2009;
Danciu et al. 2018; Gerstenberger et al. 2020; Grünthal
et al. 2018; Onur et al. 2020). These assessments can be
highly dependent on relationships between small-to-
large earthquakes (e.g., Gutenberg and Richter 1944)
from which earthquake rupture forecasts are generated.
The completeness of earthquake catalogues, together
with changes in observatory practice, delivers additional
challenges in ensuring the catalogue provides a consis-
tent representation of an earthquake’s size over time
(e.g., Bent and Greene 2014), making the estimation of
earthquake occurrence parameters highly sensitive to
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Article highlights
• Earthquake magnitudes from the early instrumental era are
corrected using Australian-specific attenuation corrections
• Nationally, these corrections have reduced the number of mag-
nitude 5.0 and larger earthquakes by about 32% since 1900
• These corrections yield earthquake rates that are more consistent
with present-day rates using modern observational techniques.

T. I. Allen (*)
Geoscience Australia, Canberra, ACT, Australia
e-mail: trevor.allen@ga.gov.au

/ Published online: 1 May 2021

J Seismol (2021) 25:899–920

http://crossmark.crossref.org/dialog/?doi=10.1007/s10950-021-10004-5&domain=pdf
http://orcid.org/0000-0003-3420-547X


these practices and frequently changing seismic network
configurations (e.g., Habermann 1986).

Modern probabilistic seismic hazard assessments re-
ly on earthquake catalogues consistently expressed in
terms of moment magnitude,MW. However,MW is still
not routinely calculated for small local events by many
regional or national networks (e.g., Allen et al. 2018b;
Bindi et al. 2019; Grünthal and Wahlström 2012;
Halchuk et al. 2015; Mueller 2019). The preferred mag-
nitude type calculated for small-to-moderate local earth-
quakes by Australia’s National Earthquake Alerts Cen-
tre is local magnitude, ML. This magnitude type is also
still commonly used for small-magnitude earthquakes in
regions that experience high rates of seismicity (e.g.,
Amato and Mele 2008; Hutton et al. 2010; Ristau et al.
2016; Uhrhammer et al. 2011). For use in seismic haz-
ard forecasts, magnitude conversion equations are often
applied to convert ML toMW. Unless these conversions
are time-dependent, they commonly assume that the
estimation ofML has been consistent for the observation
period.

Several workshops and reports in the past have pro-
duced recommendations for the calculation of earth-
quake magnitudes in Australia (e.g., Denham 1982;
McGregor and Ripper 1976). The primary advances in
the development of Australian-specific magnitude for-
mulae calibrated to the crustal attenuation rates of the
Australian continent occurred from the mid-1980s
through to the early 1990s (e.g., Gaull and Gregson
1991; Greenhalgh and Singh 1986; Michael-Leiba and
Malafant 1992; Wilkie et al. 1994). It is well document-
ed that prior to the development of Australian-specific
magnitude formulae, the Richter (1935, 1958) local
magnitude corrections—originally developed for south-
ern California—were almost exclusively used to calcu-
late earthquake magnitudes throughout Australia
(Leonard 2008; McGregor and Ripper 1976). To extend
Richter (1935, 1958) to larger distances, the corrections
developed by Eiby and Muir (1961) using New Zealand
data were sometimes applied (e.g., Denham et al. 1985;
McGregor and Ripper 1976). There was some recogni-
tion that attenuation rates in Australia were different to
California based on the larger “radius of perceptibility”
observed from Australian earthquakes (e.g., Drake
1974; White 1968). By contrast, ground-motion attenu-
ation in eastern Australia was also often considered to be
similar to California (e.g., Brown et al. 2001; Gibson
and Dimas 2009) and some seismic observatories con-
tinued to use local magnitude equations that are

appropriate for California (e.g., Bakun and Joyner
1984) until recent times. Therefore, when constructing
an earthquake catalogue for use in seismic hazard as-
sessments in Australia, hazard modellers must first iden-
tify differences inML estimation methods between seis-
mic observatories when combining different catalogues,
and ideally compensate for these differences in the
estimation of earthquake rates.

The local magnitude scale was originally proposed
by Richter (1935) as a quantitative method for estimat-
ing the relative size of earthquakes. It can be derived
following (Richter 1935, 1958):

ML ¼ log A−log A0 Δð Þ; ð1Þ

where the −log A0(Δ) distance correction term is scaled
such that for an earthquake of ML 3.0, the horizontal
peak trace displacement amplitude A = 1 mm recorded
at an epicentral distance Δ = 100 km on a standard
Wood-Anderson (W-A) torsion seismograph
(Anderson and Wood 1925). The distance corrections
proposed by Richter are based upon the decay of peak
ground displacement observed from shallow Califor-
nian earthquakes with respect to epicentral distance.
They comprise the average effects of both geometrical
spreading, and absorption through anelastic and scatter-
ing processes appropriate to southern California. While
there are some variations in the functions used to calcu-
late −log A0, many modernML formulae use the follow-
ing form:

−log A0 rð Þ ¼ n log r=100ð Þ þ K r−10ð Þ þ 3:0; ð2Þ

where r is hypocentral distance, and n and K are con-
stants to be determined through regression. The param-
eter n is analogous to the geometric spreading of body
waves in a homogeneous half space (e.g., Bakun and
Joyner 1984).

While Australian-specific local magnitude algo-
rithms were first developed as early as the late 1960s
(e.g., White 1968), regional, state and university net-
works did not universally adopt these algorithms, with
some authorities continuing to use Californian magni-
tude algorithms to the present day. Consequently, the
national catalogue contains a number of contributing
authorities with their own methods of magnitude esti-
mation. Californian algorithms are now well-known to
overestimate magnitudes for Australia for sites at re-
gional distances (i.e., r > 150 km). This means that
station magnitudes determined at these regional

900 J Seismol (2021) 25:899–920



distances are likely biased high, with this bias increasing
with increasing distance. The challenge for national-
scale seismic hazard assessments in Australia (e.g.,
Allen et al. 2018a, 2020), and potentially elsewhere, is
to first develop a catalogue of earthquakes with consis-
tently derived local magnitudes, which could then be
converted toMW for the calculation of earthquake rates.
Unfortunately, a direct conversion of early instrumental
ML estimates to MW is not possible for the Australian
earthquake catalogue because any such conversion
would be dependent on an event’s relative distance to
the seismic recording network, which itself varies in
time.

An unfortunate consequence with the passage of time
is the loss of original data and metadata that once
underpinned earthquake catalogues. Oftentimes, an
earthquake’s magnitude and location may be preserved
in a catalogue, but there is little information on the
provenance of these source parameters in terms of mag-
nitude algorithms, or even the original phase, amplitude
and period data. For example, in the comprehensive
International Seismological Centre Bulletin (Storchak
et al. 2020, 2017) for the period of 1900 to 1990, no
relevant period and amplitude data exist from which to
re-evaluate ML for earthquakes occurring within the
Australian continent and adjacent offshore region (more
than 5,900 earthquakes in total). This makes it challeng-
ing to reassess early instrumental data with modern
methods and algorithms. For the 2018 National Seismic
Hazard Assessment (NSHA18) of Australia (Allen et al.
2020), a pragmatic method was developed that adjusts
magnitudes using the difference between the original
(inappropriate) magnitude formula and the Australian-
specific corrections at a distance determined by the
nearest recording station likely to have recorded the
earthquake (Allen et al. 2018b). Herein, the method to
adjust earthquake magnitudes is summarised and its
impact on seismic rate models is described.

The intent of this manuscript is not to produce a
PSHA-ready catalogue—this is described in other
NSHA18 publications (e.g., Allen et al. 2018b)—but
to develop an interim catalogue where early instrumen-
tal local magnitudes are adjusted such that they are more
consistent with modern observational methods. The in-
terim catalogue can then be used to develop catalogue
magnitudes that are consistently expressed in terms of
MW. The need to use a uniform catalogue inMW for use
seismic hazard studies is well established in literature
(e.g., Grünthal and Wahlström 2003; Mueller 2019;

Weatherill et al. 2016; Youngs 2012). What is less well
established is the need to adjust early instrumental mag-
nitudes due to the use of inappropriate or inconsistent
magnitude algorithms. While the discussion is focussed
on the Australian situation, there are potentially other
regions in the world where similar problems in earth-
quake catalogues may exist and these should be consid-
ered for seismic hazard studies in those regions.

2 Demonstrating the problem

Given the sparsity of national-scale seismic monitoring
networks in stable continental regions (SCRs) like
Australia—where station-to-station distances can still
exceed 500 km—it can be difficult to identify potential
within-event biases in station magnitudes with distance
when only a few stations may be used. If within-event
biases can be identified, this is often the first symptom
that the selected ML relationship may be inappropriate
for the region in which it is being applied. Furthermore,
any discrepancies may only become obvious for events
that are large enough to be recorded over a wide distance
range. It is often only when data are made available from
dense local monitoring arrays (e.g., Peck 2016) that
distance biases in magnitude relationships can be iden-
tified and studied in detail.

Using an updated set of events from southeastern
Australia to that used in Allen (2012), within-event
station magnitude residuals (station ML–mean event
ML) are explored using the Richter (1935, 1958) and
Michael-Leiba and Malafant (1992)—developed for
eastern Australia—ML relationships. Figure 1a and b
show these residuals for all earthquakes with magni-
tudes between ML 2.0 and 5.6 (where the events are
categorised based on the mean magnitude determined
by the Michael-Leiba and Malafant relationship). Based
on these two subplots alone, the relative performance of
the two equations looks similar for distances less than
approximately 300 km. However, if only larger earth-
quakes with magnitudes between ML 4.0 and 5.6 are
considered (Fig. 1c and d), the southern California mag-
nitude relationship of Richter (1935, 1958) performs
poorly when assessed against eastern Australian data,
demonstrating considerable magnitude bias with dis-
tance (relative to the relationship-specific mean magni-
tudes). Figure 1c shows that individual station magni-
tudes can be up to, or exceed, 0.6 magnitude units above
the mean event magnitude at hypocentral distances from
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about 600 km. This effect is somewhat maskedwhen the
full magnitude range is considered (Fig. 1a) because the
more abundant smaller earthquakes are typically record-
ed by a proportionally greater number of near-field
recording stations (i.e., < 300 km) where the California
and Australian-specific local magnitude equations indi-
cate similar rates of attenuation (Allen 2010). For larger
earthquakes, California-based magnitudes have high
residuals—even for nearby stations—because the mean
event magnitude is determined from stations over a
wider distance range. By contrast, the use of magnitude
algorithms characterised for the attenuation behaviour
of the Australian continental crust (e.g., Michael-Leiba
and Malafant 1992) appear to generally perform well
over the full distance range considered in Fig. 1.

Historically, the Australian National Seismograph
Network, operated by Geoscience Australia and its
predecessors, has been very sparse relative to the
size of the continent, meaning that magnitudes of
larger earthquakes were, more often than not, deter-
mined from relatively far-field recording stations.
This potentially leads to the overestimation of mean
earthquake magnitudes due to the use of California-
based local magnitude relationships. If manifested in
earthquake catalogues, these biases can have a sig-
nificant impact on the estimation of earthquake

recurrence rates for seismic hazard assessments.
Consequently, we must consider methods to adjust
local magnitudes to account for biases through the
previous usage of inappropriate (i.e., California)
magnitude relationships.

3 Method

Because of the likely overestimation of local magni-
tudes for the majority of Australian earthquakes record-
ed at regional distances prior to the 1990s (approximate-
ly when Australian-specific algorithms were devel-
oped), there is a need to account for magnitude biases
due to the use of Californian magnitude formulae. The
method first introduced by Allen (2010) and updated
here corrects magnitudes using the difference between
the original (inappropriate) magnitude formula (e.g.,
Bakun and Joyner 1984; Richter 1935) and the
Australian-specific relationships (e.g., Gaull and
Gregson 1991; Greenhalgh and Singh 1986; Michael-
Leiba and Malafant 1992) at a distance determined by
the nearest recording station likely to have recorded the
earthquake. Figure 2 shows a schematic diagram of the
magnitude correction procedure.

Fig. 1 Example of distance biases in some local magnitude ML

formulae that have been used by seismic networks for earthquakes
in eastern Australia. Each subplot shows the within-event station
magnitude residuals (station ML–mean event ML) for well-
recorded earthquakes in eastern Australia (grey crosses). Subplots
a and b show theML residuals for magnitudes 2.0 ≤ ML ≤ 5.6 for
Richter (1935, 1958) and Michael-Leiba and Malafant (1992)

against hypocentral distance, respectively. Subplots c and d show
theML residuals for magnitudes 4.0 ≤ML ≤ 5.6 for Richter (1935,
1958) and Michael-Leiba and Malafant (1992), respectively. The
red squares indicate the median residuals in 20-km-wide distance
bins. The error bars represent the standard deviation of the
residuals
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The method considers a temporally varying seis-
mic network configuration based on known station
installation and decommission times. At distances
between approximately 50 and 180 km, it is ob-
served that Australian local magnitude formulae
are approximately consistent with Richter (1935,
1958). This is a similar observation to that found
in other SCRs (e.g., Saunders et al. 2013). How-
ever, at regional distances (where many earth-
quakes are recorded), the so-called Richter scale
overestimates ML relative to Australian formulae
(Allen 2010). Table 1 indicates the “legacy” (or
“historic”) local magnitude formulae that were as-
sumed to be used to estimate early instrumental
earthquake magnitudes (identified hereafter as
MLH) in the catalogue for each geographic region
defined in Fig. 3. The “target” formulae are also
provided, which are the formulae used in Geosci-
ence Australia’s present-day operations (Leonard
2008), also defined by the polygons in Fig. 3.

The general procedure for adjusting the legacy local
magnitudes MLH is outlined as follows:

1. Earthquake epicentres are grouped into three zones
that define the target magnitude equation to be
applied as defined in Fig. 3: Western and central
Australia (WCA), Southern Australia (SA) and
Eastern Australia (EA);

2. For each earthquake i, calculate the epicentral Δ
and hypocentral r distances to each recording sta-
tion j likely to have recorded the earthquake. This
uses known installation and decommission times
for all seismometers of any network in Australia

(Russell Cuthbertson, pers. comm., 2017; see data
and resources);

3. Identify sites used for magnitude recalculation using
the following hierarchical approach:

a. Select all sites between 50 ≤ r ≤ 180 km;
b. If condition a cannot be satisfied, select site

with minimum r, where 180 < r ≤ 1,500 km;
c. all stations with r < 50 km are ignored due to the

known poor performance of the Richter (1935,
1958) −log A0 correction factors relative to
commonly used local magnitude formulae at
near-source distances (e.g., Hutton and Boore
1987). The relative difference in −log A0 cor-
rection factors between Richter (1935, 1958)
and Hutton and Boore (1987), which are both
developed for southern California, are demon-
strated in Fig. 2.

4. Given the legacy local magnitudeMLH value, back-
calculate the expected earthquake peak displacement
amplitude at site j, log Aij assuming the correction
factors, −log A0,legacy, from the assumed magnitude
algorithm as determined from Table 1, i.e.:

log Aij ¼ MLH þ log A0;legacy Dð Þ ð3Þ

where D may be either epicentral distance Δ or hypo-
central distance r depending on the legacy algorithm;

5. Substitute log Aij values from Eq. 3 into the target
formulae to obtain revised magnitude estimates,
MLR:

Fig. 2 Examples showing the difference between the southern
CaliforniaML of relationships of Richter (1935, 1958) and Hutton
and Boore (1987) relative to the Australian-specific −log A0 ML

correction factors ofMichael-Leiba andMalafant (1992; MLM92)
with epicentral distance. Where the thick lines are above the
dashed horizontal line, ML is underestimated through the use of
the southern Californian magnitude correction factors, while mag-
nitudes are overestimated relative toMLM92 where the thick lines

are below the horizontal dashed line. The imposed magnitude
correction where the closest recording station is inferred to be
located 100 km from an earthquake’s epicentre (site 1) is zero.
Where the closest recording station is inferred to be located greater
than 500 km from an earthquake’s epicentre (site 2), the correction
would be −0.63 magnitude units [mu] assuming the historical use
of Richter (1935, 1958)
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MLR ¼ log Aij−log A0;target rð Þ ð4Þ

6. If more than one station is selected for event i in step
3a, calculate mean revised magnitude from Eqs. 3
and 4 assuming approximately consistent attenua-
tion behaviour between the legacy and target ML

formulae at distances 50 ≤ r ≤ 180 km.

For step 3 above, additional criteria are used to ac-
count for the likelihood of early instrumental near-
source seismic records being saturated by strong ground
shaking. Before the introduction of high-dynamic range
digital seismic recorders, recordings of large earth-
quakes at near-source distances would commonly satu-
rate, making the records unusable for magnitude esti-
mation. Anecdotal evidence from the 1989 ML 5.6
Newcastle (McCue et al. 1990) earthquake indicate that
the nearest seismograph to remain on scale was over
700 km from the epicentre. As such, for earthquakes
occurring prior to 1990, the following additional
judgement-based magnitude-distance criteria are used
to account for the likelihood of peak ground velocities
(PGVs) saturating during strong, near-source ground
shaking:

7.1 If 4.0 ≤ MLH < 4.5, ignore all sites r ≤ 75 km
7.2 If 4.5 ≤ MLH < 5.0, ignore all sites r ≤ 150 km

7.3 If MLH ≥ 5.0, ignore all sites r ≤ 250 km

These criteria for instrumental saturation levels were
evaluated relative to expected PGVs, simulated using
SMSIM (Boore 2002) and applying Australian-specific
attenuation parameters (Allen et al. 2007). These
modelled PGVs were assessed relative to known satu-
ration levels of early analogue seismographs (e.g.,
Peterson and Hutt 1981) and the saturation of early
digital seismic instrumentation used by Geoscience
Australia (and its predecessors). These assessments,
combined with the author’s observations from early
digital recordings, are in reasonable agreement with
the instrumental saturation criteria outlined above.

If no seismographs are identified in the aforementioned
procedure (steps 1–7) within pre-defined time periods in
Table 1, it is assumed that no stations were available from
which to adequately record earthquakes and calculate in-
strumental local magnitudes. The local magnitudes
assigned to these earthquakes are subsequently rescaled
according to a linear relationship between original MLH

and revisedMLR magnitudes developed from earthquakes
that do meet the criteria for correction (see last entry in
Table 1). Earthquakes that have alternative magnitude
types (e.g., magnitude of perceptibilityMP) are considered
to be equivalent to ML (McCue 1980) and are modified
according to this linear relationship.

It is worth noting that theML adjustment approach is
likely to represent a conservative re-evaluation of early

Fig. 3 Geographic regions for
the three local magnitude
formulae used in Geoscience
Australia’s present-day National
Earthquake Alerts Centre: WCA,
western and central Australia;
EA, eastern Australia; SA, south-
ern Australia. Epicentres of ficti-
tious earthquakes (E1–E8) to be
used in subsequent sensitivity
testing and uncertainty assess-
ment are also shown
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instrumental earthquake magnitudes because the nearest
recording station should have the smallest (negative)
correction—that is, the divergence of the legacy and
target magnitude corrections are the smallest. If the
divergence from all sites within the considered distance
range (1,500 km) was used in this calculation, it is
plausible for the magnitude adjustment to be significant-
ly larger than the ultimate adjustment applied. Given the
already significant adjustments applied to many earth-
quake magnitudes through the use of the nearest station,
a pragmatic decision was made to use the most conser-
vative adjustment for use in the NSHA18 catalogue
(Allen et al. 2018b), such that any adjustments would
have the smallest effect on seismic hazard estimates.

4 Effects on catalogue magnitudes

The impact of the local magnitude adjustments is both
spatially and temporally dependent. Two new magni-
tude terms are introduced to assess the effect of these
adjustments on the overall earthquake catalogue, where
preferred magnitudes may be some magnitude type
other than ML. These alternate magnitudes types are:

& MX: The original unmodified catalogue magnitudes
using the hierarchical logic to prioritise magnitude
types as outlined in Allen et al. (2018b). MX can be
described as a mélange of magnitude types, such as
MW, MS, mb and ML (MLH);

& MXR (revisedMLR): Original catalogue magnitudes,
but replacing MLH with MLR for those magnitudes
that are assumed to have been determined with
inappropriate local magnitude formulae.

Note that any further conversion to a catalogue uni-
formly expressed asMW for further use in PSHAs is not
considered here.

Given these two independent catalogues, Fig. 4
shows the cumulative number of earthquakes equal to
and exceeding magnitude 4.5 and 5.0 for earthquakes in
the combined EA and SA magnitude zones since 1900
using the NSHA18 declustered catalogue (Allen et al.
2018b). The WCA zone is excluded from this analysis
given the catalogue in this zone is less complete over the
period of interest. Based on these data, the adjustment of
local magnitudes represents an approximate 31% de-
crease in the number of earthquakes for M ≥ 4.5 (Fig.
4a) and an approximate 44% decrease of M ≥ 5.0

earthquakes (Fig. 4b) in eastern and southern Australia
since 1900. Nationally, the use of this magnitude ad-
justment method has led to a reduction of 25% ofML ≥
4.5 earthquakes since 1900, with a reduction of approx-
imately 32% of ML ≥ 5.0 earthquakes over the same
period. Also depicted in Fig. 4 are linear cumulative
seismicity curves that are fitted to the corresponding
catalogue curves for the post-1990 period only. These
represent activity rates inferred from magnitude esti-
mates made from digital records using Australian-
specific ML formulae, which should be unbiased. As-
suming there has been no significant increase in seis-
micity since the beginning of the twentieth century,
these lines should back-project to the origin. While not
intersecting exactly at zero, the projections for the ad-
justedmagnitude catalogue (MXR) most closely intersect
near the origin. In contrast for theMX original catalogue,
the intercepts are significantly larger than zero, which
would suggest that rates of moderate-to-large earth-
quakes reported in catalogues have decreased over time,
particularly since the development and adoption of
Australian-specific ML formulae. From Fig. 4, one
might also observe a significant drop in earthquake rates
from the mid-1930s to the mid-1950s, until the rates
increase again. This likely demonstrates a gap in cata-
logue completeness in eastern Australia around this
period of time. One may hypothesise and suggest, had
it not been for this gap in catalogue completeness, even
the back-projection of the revised MXR curves would
further overestimate the number ofMXR ≥ 4.5 andMXR

≥ 5.0 events, further suggesting that the magnitude
adjustments proposed herein may be conservative. The
cumulative trends in earthquake rates shown in Fig. 4
for the post-1990 period are not dissimilar to trends of
reduced rates of earthquakes demonstrated for modern
instrumental catalogues elsewhere in the world (e.g.,
Beauval et al. 2020; Rong et al. 2011).

Figure 5 shows the annual number of earthquakes
equal to or exceeding MX 4.5 for a declustered earth-
quake catalogue nationally since 1960 (Allen et al.
2018b). The average annual number of earthquakes
equal to or exceeding MX 4.5 before and after 1990
suggests that higher local magnitudes (MLH) were more
commonly assigned to moderate-magnitude earth-
quakes prior to the development of Australian-specific
local magnitude algorithms. For example, the unmodi-
fied catalogue gives an average of approximately six
earthquakes per year equal to or exceedingMX 4.5 prior
to 1990. By contrast, post-1990, MX ≥ 4.5 earthquakes
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occur at roughly half that rate (Fig. 5). Following the
correction of local magnitudes (MLR), the number of
revised magnitudes MXR ≥ 4.5 occurring annually prior
to 1990 is slightly greater than four. Two possible
conclusions can be drawn: (1) either this legitimately
demonstrates a period of higher earthquake activity
within the Australian continent over decadal time scales,
or (2) the methods implemented here have adjusted
potentially erroneous magnitudes, such that the pre-
1990 earthquake rates are more consistent with rates of
moderate events after 1990. The latter option appears to
be the most plausible assuming a Poisson (time inde-
pendent) process on a continental scale. Note that post-
1990, the average annual rates of MX and MXR being
equal to or exceeding magnitude 4.5 are almost identi-
cal, indicating that only minor adjustments have been
applied to the catalogue during this time period.

Figure 6 shows a map indicating the spatial change in
local magnitude ML using the adjustment process
outlined above for earthquakes occurring prior to
1990. This map generally depicts larger magnitude ad-
justments for earthquakes in more remote regions of
western and central Australia, a region that has

historically had sparse seismic monitoring infrastruc-
ture. It is noted that the larger early instrumental earth-
quakes within the catalogue typically demonstrate the
largest change in magnitude. There are two main rea-
sons for this observation: (1) seismic networks in the
past (particularly prior to the 1960s) had very limited
capacity to detect and locate small-magnitude earth-
quakes in remote areas of Australia, so only the larger
events are represented in early instrumental catalogues,
and (2) because the network was generally quite sparse,
there were often large distances between the earth-
quake’s epicentre and the nearest recording station. This
translates into a larger magnitude adjustment (see Fig.
2).

5 Extension to pre-instrumental earthquakes

For those earthquakes occurring prior to the develop-
ment and expansion of local and regional seismic net-
works across Australia (from approximately the 1950s;
Leonard 2008), it is assumed that very few stations were
available from which to adequately record earthquakes

Fig. 4 Cumulative number of earthquakes equal to or exceeding
magnitude a 4.5 and b 5.0 for earthquakes in the eastern Australia
(EA) and southern Australia (SA) zones since 1900 using the
NSHA18 declustered catalogue (Allen et al. 2018b). The different
curves show the original preferred magnitudes (MX) and preferred

magnitudes with modifiedML (MXR). The post-1990 rates for both
curves are back-projected to 1900. While not intersecting at zero,
the adjusted magnitude projections most closely intersect near this
origin. The grey shaded zone represents a time period where the
catalogue may not be complete at the specified magnitude level
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and calculate their magnitudes. Indeed, the magnitudes
of many earthquakes prior to the 1960s are likely to be
scaled by their felt radius. Many of the earthquake
magnitudes calculated using felt radii have been cali-
brated to events with instrumental (Richter 1935) mag-
nitudes (e.g., McCue 1980). The magnitudes of these
earthquakes are subsequently adjusted according to a
regression between the legacy and revised magnitudes
determined from post-1950 (to approximately 1990)
earthquakes (Fig. 7), where those magnitudes are con-
sidered to be equivalent to ML. Orthogonal distance
regression (e.g., Castellaro et al. 2006) between the
original MLH and revised MLR magnitudes yields the
following relationship:

MLR ¼ 0:90�MLH þ 0:09 ð5Þ

6 Effect of magnitude adjustments on earthquake
rates

This manuscript does not investigate the changes in
probabilistic hazard estimates due to the magnitude
adjustments. However, given earthquake recurrence sta-
tistics control hazard computations, particularly in dis-
tributed source seismicity models, inferences on the
likely changes to seismic hazard based on these magni-
tude adjustments can be explored. Gutenberg-Richter
magnitude-frequency distributions (MFDs) were fitted
based on the two catalogues: the MX-based catalogue
using unmodified magnitudes where the preferred mag-
nitude type may beMW,MS,mb,ML (MLH), etc., and the
MXR-based catalogue which is the same as above, but
uses the revised local magnitude, MLR. It is recognised

Fig. 5 Bar chart indicating the annual number of Australian
earthquakes equal to or exceedingMX orMXR 4.5 for a declustered
earthquake catalogue (Allen et al. 2018b). Blue columns represent
legacy magnitudes (usingMLH) while the orange columns indicate
revised local magnitudes (MLR) based on the ML adjustment
procedure above. Dashed horizontal lines indicate the average
annual number of earthquakes MX ≥ 4.5 for the periods before

and after local magnitude formulae are expected to have been
deployed in Australian seismological observatories in approxi-
mately 1990 (see Table 1). The shaded region between 1986 and
1992 represents the time period where the Australian-specific ML

equations currently in use at Geoscience Australia were developed
and published
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Fig. 7 Orthogonal distance
regression (ODR) between origi-
nal MLH and revised MLR

magnitudes

Fig. 6 Map of Australian
epicentres for pre-1990 earth-
quakes MLR 3.0 and above indi-
cating the change in local magni-
tude using the proposed adjust-
ment method. Changes most
commonly translate to a decrease
in magnitude. Thick black poly-
gons indicate the geographic re-
gions for the three local magni-
tude formulae as used by Geosci-
ence Australia and as defined in
Fig. 3 and Table 1. Note, not all
earthquakes mapped here use ML

as the preferred magnitude type
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that calculating MFDs using mixed magnitude types is
not best practice and the use of an MW-only catalogue
should be used in PSHAs. While not explicitly men-
tioned in literature, the use ofmixed magnitude types for
defining earthquake rates has, until recently, been com-
mon practice in Australian seismic hazard studies (e.g.,
Burbidge 2012; Cuthbertson 2016; Gibson and Dimas
2009; Gibson and Sandiford 2013; Leonard et al. 2014a,
2014b). As such, this practice is followed herein to
demonstrate the effects of the local magnitude adjust-
ments, prior to any homogenisation to MW. Further
discussion on the use of catalogues uniformly expressed
in terms of MW for hazard studies in Australia may be
found in Ghasemi and Allen (2017) and Allen et al.
(2018b).

The Gutenberg-Richter magnitude-frequency distri-
butions (MFDs) can be described by the relationship:

log10 N ¼ a–bm ð5Þ

whereN is the annualised number of earthquakes greater
than or equal to a magnitude m, where m is eitherMX or
MXR. The parameter a is the logarithm of the annualised
number of m ≥ 0 earthquakes, and b is a parameter that
determines the relative proportion of small to large
earthquakes (Gutenberg and Richter 1944). The annual
number of earthquakes equal to or exceeding m = 0, N0,
is given as:

log10 N 0 ¼ a: ð6Þ

An estimate of the changes to the earthquake rates are
calculated for two representative area sources that are
assumed to have had approximately uniform magnitude
completeness over time (Fig. 8). These area sources are
updated from Leonard (2008), with respective magnitude
completeness models presented in Allen et al. (2018b).
The MFD calculations used the Weichert (1980) maxi-
mum likelihood method. Because local magnitude is the
most commonly determined magnitude type for Austra-
lian earthquakes, particularly of small-to-moderate mag-
nitudes, these magnitude types will dominate the maxi-
mum likelihood earthquake rate calculations. Earth-
quakes that use MW, MS or mb as their preferred magni-
tude type are limited in number and are usually assigned
to larger magnitude earthquakes. In the NSHA18 earth-
quake catalogue (Allen et al. 2018b), non-ML magnitude
types represent approximately 6% of the events for earth-
quakes of MW ≥ 3.0 within continental Australia. As a

consequence, these other magnitude types will have little
impact on the calculated earthquake rates.

Figure 8 shows the difference in earthquake rates for
the two area source zones based on the use of the MX

(using MLH) and MXR (using MLR) earthquake cata-
logues described above. Gutenberg-Richter magnitude-
frequency statistics for the representative area sources
are provided in Table 2. For these two source zones,
there is little change in b-values between each of the two
catalogues. For historically well-instrumented regions
such as southeastern Australia (SEA; Fig. 8a), there is
little change in the overall earthquake rates from the
implementation of the magnitude adjustments. Howev-
er, the SEA source zone possessed a high number of
moderate-to-large-magnitude events in the MX-based
catalogue, with a “bulge” in the MFD centred around
MX 5.2. While there is little change in the Gutenberg-
Richter MFD between the two catalogues for this source
zone given the maximum likelihood regression ap-
proach, there is clearly a reduction in this bulge based
on the adjusted catalogue. For the cratonic Australia
(CA) zone (Fig. 8b), the Gutenberg-Richter activity rate
has reduced due to the sparser recording network (thus
larger negative corrections to magnitudes). However,
the b-value remains similar (Table 2). Note that many
of the larger earthquakes in this CA zonewere expressed
in magnitude types other than ML. Consequently, there
is little-to-no difference in the cumulative rates for
earthquakes of MX ≳ 5.6.

7 Magnitude adjustment uncertainty

Given Australia’s sparse recording networks relative to
the size of the continent, magnitude uncertainties—
defined of the standard deviation of the inter-station
magnitudes—are commonly larger than 0.3 magnitude
units, even in the era of modern digital networks using
local magnitude formulae calibrated to Australian crust-
al conditions (Fig. 9). Of particular note is the median
ML uncertainty calculated for the southern Australia
zone (Fig. 9d), which is approaching 0.5 magnitude
units. Therefore, it might be expected that magnitude
uncertainties for the early- and pre-instrumental eras are
likely to be even larger (e.g., Musson 2012), perhaps
even exceeding 0.5 magnitude units (e.g., McGuire
1993; Mueller 2019; Rong et al. 2011; Stucchi et al.
2013; Traversa et al. 2018). It is noted that the use of an
indiscriminate magnitude adjustment process as
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proposed herein adds additional, but unquantified un-
certainty to catalogue magnitudes, an already uncertain
parameter for many early instrumental events.

Because it is not often possible to access original
amplitude and period data recorded at each seismic
station to re-evaluate ML using modern techniques, the
abovementioned magnitude adjustment technique must
make assumptions about both the magnitude algorithm
used to determine the original magnitude and the con-
figuration of the seismic network over time. Further-
more, the technique uses only the nearest station likely

to have recorded the earthquake to determine the mag-
nitude correction. This assumption will be at a distance
where the differences between the legacy (−log A0,legacy)
and target attenuation corrections (−log A0,target) are
smallest (see Fig. 2).

One key assumption in the procedure described
above is that all seismic stations were operational
100% of the time from their installation until their
decommissioning. Furthermore, the stations used for
the corrections span multiple seismic networks, and
while there has been some sharing of phase picks and

Fig. 8 The difference in earthquake rates through the use of
alternative preferred magnitudes for the a southeastern Australia
(SEA) area source and the b cratonic Australia (CA) source. The

figure shows Gutenberg-Richter MFDs fitted assuming an MX or
MXR declustered catalogue. Note that the magnitude-recurrence
data fromMX orMXRmay superimpose each other in these figures

Table 2 Gutenberg-Richter magnitude-frequency parameters for alternative NSHA18-Cat preferred magnitude types for the southeastern
Australia (SEA) and cratonic Australia (CA) area sources described in Allen et al. (2018b)

Source zone Source area (km2) Magnitude adjustment type # Earthquakes passing completeness N0 b-
value

b-value uncertainty

SEA 741,284 MX (MLH) 667 10467 0.98 0.035

MXR (MLR) 641 6093 0.94 0.037

CA 7,496,441 MX (MLH) 1326 5043 0.73 0.018

MXR (MLR) 1153 5228 0.76 0.020

MX (MLH), original (legacy) preferred magnitude; MXR (MLR), original magnitude using revised ML (MLR). The b-value uncertainty is
equivalent to 1 standard deviation relative to the mean b-value
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amplitude data between seismic observatories, this prac-
tice was likely not consistent for every event across the
early instrumental era. Therefore, the magnitude adjust-
ments applied using the methods proposed herein,
which in many cases is based on the nearest seismom-
eter, may express some biases due to the assumption that
all stations were operable all of the time and that their

data were available to all seismic observatories in the
determination of the preferred earthquake magnitude.
The magnitude adjustment method was also largely
chosen because it would lead to the most conservative
(i.e., smallest) correction.

Using a suite of fictitious earthquake epicentres dis-
tributed across the Australian continent (shown in Fig.

Fig. 9 Histograms of local magnitude uncertainty calculated by
Geoscience Australia’s National Earthquake Alerts Centre from
May 2018 through December 2020 for earthquakes in a all ML

regions, b western and central Australia (WCA), c eastern Austra-
lia (EA) and d southern Australia (SA) for earthquakes of ML 2.5

and larger. The regions are defined in Fig. 3 and the number of
events (n) andmedian exð ÞML uncertainty for each region is shown
within each subplot
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3) and the known station installation and decommission
times, the variability and range of the magnitude adjust-
ments that could be applied over time is explored as-
suming that seismic networks were not always 100%
operable. For each fictitious epicentre, E1–E8, the “the-
oretical” number of seismic stations installed within
1,500 km of the epicentre, were identified for each year
between 1950 and 1990. To simulate the case where one
or more seismometers are not operable, the theoretical
number of seismometers that would have recorded the
event was reduced by between 65 and 95% (chosen

randomly). This also implicitly accounts for situations
where the theoretical stations may span different seismic
networks, and thus, the data may not be available for
analysis by any particular observatory. The “actual”
number of stations was then randomly drawn from the
known, time-dependent station list within the 1,500 km
range. The magnitude adjustments were subsequently
calculated for a hypothetical earthquake ofML 4.5 (i.e.,
stations of r ≤ 75 km are ignored) using the procedure
outlined in the Method section. For each fictitious
epicentre, E1–E8 and each year from 1950 to 1990,

Fig. 10 The mean magnitude adjustment and the range of adjustments (or standard deviation) over time for eight fictitious earthquake
epicentres shown in Fig. 3 (E1–E8) assuming seismic networks of variable up-time
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the seismometer selection process was repeated 1,000
times. Figure 10 shows the mean magnitude adjustment
and the range of the possible adjustments (i.e., standard
deviation about the mean) over time assuming seismic
networks of variable up-time. Commonly, the magni-
tude adjustment factor will start out being a large value
(i.e., greater than 0.5 magnitude units) during the early
instrumental era and reduce over time as seismic net-
works densified. In some cases (E1–E5), the variability
of the adjustment is low in the earlier years because
there are often no alternative stations within the
1,500 km range. As seismic networks become denser,
the range of potential adjustments for epicentres E1–E5
increases. The fictitious epicentres located in southeast-
ern Australia (E6 and E8) have the smallest potential
adjustments from the late 1950s (including the range of
adjustments) because dense seismic networks in this
region were established much earlier than in other, more
remote areas of the continent.

This sensitivity analysis was intended to explore the
potential uncertainty in the magnitude adjustment pro-
cedure introduced by assumptions in network configu-
ration over time. Based on the fictitious earthquake
locations shown in Fig. 3, the potential uncertainty in
the magnitude adjustment factor for earthquakes in Aus-
tralia varies both in time and in space, with the standard
deviation about the mean adjustment being about 0.3
magnitude units, or larger, in some cases. Therefore,
accounting for network up-time leads to yet further
uncertainties that should be considered in any magni-
tude adjustment.

8 Discussion

An earthquake catalogue with consistently derived mag-
nitudes through time is essential for seismic hazard
assessments, particularly in SCRs that have limited in-
formation on active faults and where distributed seis-
micity sources often dominate the hazard profile. While
moment magnitude has become the de facto magnitude
type used in seismic hazard assessments given its rela-
tionship to the physical rupture process and superior
performance over a broad range of magnitudes (Hanks
and Kanamori 1979), MW is not commonly calculated
for small-to-moderate earthquakes by many regional
and national observatories (e.g., Allen et al. 2018b;
Grünthal and Wahlström 2012; Halchuk et al. 2015;
Mueller 2019). In lieu of a consistently derived MW

catalogue, it is common to convert from other magni-
tude scales to MW for seismic hazard assessments. A
particular challenge for Australia is that theML relation-
ships used by national, state, university and private
seismic observatories have not been consistent over
time. This has led to an earthquake catalogue that pro-
vides inconsistent magnitudes for an earthquake of giv-
en energy release, both spatially and temporally. This
draws into question whether earthquake catalogues
based on sparse network recordings or felt report data
can be relied upon to determine accurate earthquake
recurrence statistics. This issue is explored below. Fur-
thermore, considerations for other data-poor regions are
also considered, as well as opportunities for future
improvement.

Are the adjustments worth it? As we have seen above,
there are still significant uncertainties in local magnitude
estimation for Australian earthquakes, even with mod-
ern instrumental networks where median uncertainties
exceed 0.3 magnitude in all regions of the continent
(Fig. 9). This raises broader questions around the pursuit
to include historical earthquakes, particularly pre-instru-
mental, in the characterisation of earthquake rates where
magnitude uncertainties are likely to exceed 0.5 magni-
tude units (e.g., McGuire 1993). Furthermore, any at-
tempts to adjust catalogue magnitudes to compensate
for the use of inappropriate magnitude formulae will
lead to additional uncertainty. Sensitivity testing of
these uncertainties suggest the uncertainty associated
with the adjustment of early instrumental local magni-
tudes may exceed 0.3 magnitude units, particularly for
early instrumental periods (Fig. 10). Combining these
uncertainties (given by root sum of the squares) may
thus lead to significant magnitude uncertainties for any
given earthquake.

In “data-rich” active tectonic regions, studies have
shown that the inclusion of poorer-quality magnitudes
from the early instrumental era diminishes the reliability
of earthquake recurrence estimates. For example,
Habermann (1986) demonstrated that changes in seis-
mic network configuration in California led to system-
atic changes in earthquake magnitude estimates over
time. The Habermann (1986) study did not attribute
these magnitude changes to limitations in the magnitude
algorithms in use at the time. Nevertheless, not account-
ing for the observed biases due to changing network
configurations will lead to biases in seismic rate esti-
mates. In another study, Bent and Greene (2014)
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identify a small change in network magnitudes for east-
ern Canada due to changes in the network configuration
over time. However, they concede this finding is not
statistically significant, suggesting that the chosen mag-
nitude algorithm used for local earthquakes (i.e., Nuttli
1973) is not markedly biased with distance.

Studies have shown that uncertainties in magnitude
estimation can lead to either positive (e.g., Kijko et al.
2016; Leptokaropoulos et al. 2018; Tinti and Mulargia
1985) or negative (McGuire 1993; Veneziano and Van
Dyke 1985) biases in earthquake rates. The direction of
the bias depends on whether earthquake magnitudes are
converted from another value (and how), or whether the
uncertainty is simply a function of the measurement
error of the magnitude type being considered (Musson
2012). However, these broad generalisations assume
that uncertainties follow a homoscedastic distribution
in space, time and magnitude, so the reality in the
underestimation or overestimation in earthquake rates
is likely to be more complex. Rhoades (1996) showed
that increasing uncertainty in magnitude estimation was
correlated to increasing magnitude in New Zealand.
Whenmapped to earthquake rate calculations, the larger
uncertainties for larger magnitudes lead to a flattening of
the Gutenberg-Richter magnitude-frequency recurrence
curve with lower b-values, and a consequent overesti-
mation of larger events (Rhoades and Dowrick 2000). In
the New Zealand case, the cause of magnitude variation
was not explicitly discussed by Rhoades (1996); how-
ever, it is plausible that such uncertainties could be due
to poorly calibrated magnitude correction factors that
are ill-equipped to capture the attenuation properties of
highly heterogeneous crust of New Zealand (e.g.,
Eberhart-Phillips et al. 2015; Rhoades et al. 2020).
Any such variability from poorly calibrated attenuation
models would be exacerbated for larger earth-
quakes that are recorded over a larger distance
range, with seismic waves sampling increasingly
complex crust of different attenuation characteris-
tics. While the Australian continental crust is less
heterogeneous than may be expected in plate
boundary settings, similar far-field variability in
ground-motion amplitudes and magnitudes may
be observed, particularly given the sparse record-
ing network. Uncertainty in the earthquake magni-
tude may be further exacerbated if a poorly cali-
brated magnitude algorithm is used.

In Australia, many of the pre-instrumental earth-
quakes are, by virtue of being widely felt by

communities, those that have been assigned with larger
magnitudes. Taking the findings of Rhoades (1996), we
may assume that the consideration of such events in the
estimation of Gutenberg-Richter statistics may lead to
an overestimation of earthquake rates for larger events.
This effect has been demonstrated in recent studies (e.g.,
Beauval et al. 2020; Rong et al. 2011) where the authors
find that the historical rate of seismicity exceeds that of
modern instrumental earthquake catalogues. While mi-
nor perturbations in earthquake occurrence commonly
occur at local or regional scales, it should be expected
that earthquake rates from modern data at continental
scales, or in regions where the seismicity has been
comparatively stationary in space and time (Allen
et al. 2020; Leonard 2008), are more consistent with
the true long-term rates of seismicity.

In regions that are comparatively “data poor”, it is
common for seismic hazard studies to take advantage of
pre-instrumental earthquake records to extend the ob-
servation period. However, we must also consider the
relative value, and trade-offs associated with these deci-
sions. Preserving the pre-instrumental earthquake record
is important and these events should be represented in
earthquake catalogues to provide a benchmark for mod-
ern seismic hazard studies. However, do the large un-
certainties on their magnitude estimations dilute the
quality of earthquake rate calculations that may be
achieved from the use of modern earthquake catalogues
alone, even for data-poor regions like Australia? While
this manuscript does not attempt to quantify this ques-
tion, it raises important issues around the inclusion of
such data and its benefits for long-terms seismic hazard
analysis. Therefore, we must consider whether the mag-
nitude adjustments proposed herein are worth
implementing given the existing uncertainties of mag-
nitude estimation for even relatively recent events. That
is, would the recurrence statistics benefit from only
using data from the modern instrumental era? Such an
approach is unlikely to achieve consensus in Australia in
the foreseeable future (e.g., Griffin et al. 2020). There-
fore, the use of the methods proposed herein is justified
given the likely overestimation of early instrumental
earthquake magnitudes, particularly for moderate-
magnitude events due to the use of inappropriate mag-
nitude formulae for earthquakes recorded at regional
distances. To that end, it is the author’s opinion that
the corrections undertaken herein yield more sensible
magnitudes for many early instrumental earthquakes in
the Australian catalogue. Furthermore, the rates of
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pre-1990 moderate-to-large earthquakes based on the
adjusted magnitudes are more consistent with current
earthquake rates (e.g., Fig. 4). Nevertheless, it is rec-
ommended that future research be undertaken to im-
prove the characterisation of pre- and early
instrumental earthquake magnitudes. This may re-
quire investigation into and digitisation of early paper
archives to retrieve primary source data, and the
review of earthquake source parameters based on
macroseismic intensity data (e.g., Griffin et al. 2019;
McCue 1980).

Considerations for other regions While the discussion
herein has focussed on the Australian situation, there are
potentially other regions in the world where similar
problems in earthquake catalogues may exist. In the
Western Canadian Sedimentary Basin (WCSB) region
for example, two recent studies (Babaie Mahani and
Kao 2019; Yenier 2017) develop updated local magni-
tude attenuation correction factors that suggest that the
use of Richter (1935)—as used for Natural Resources
Canada’s earthquake catalogue for western Canada—
tends to overestimate magnitudes by up to 0.6 magni-
tude units for some earthquakes. Yenier (2017) finds
that the standard Richter ML fails to capture the com-
plexity of the attenuation of observed groundmotions in
the WCSB, which are affected by critical Moho reflec-
tions (e.g., Burger et al. 1987), an effect that is also
observed in the attenuation of Wood-Anderson dis-
placement amplitudes in southeastern Australia (unpub-
lished work).

Given seismic hazard assessments in lower seismic-
ity regions are dependent on earthquake catalogues,
accurate estimates of local magnitudes are critical for
robust determination of Gutenberg-Richter magnitude-
frequency statistics. Biases mapped into magnitude for-
mulae can have a significant effect on these statistics as
they are likely to bias the magnitudes of larger magni-
tude events disproportionately more given they are re-
corded over a longer distance range (e.g., see Fig. 1).
The most recent generation of the Seismic HazardMod-
el of Canada (Adams et al. 2019; Kolaj et al. 2020) relies
on the 2010 Seismic Hazard Earthquake Epicentre File
(SHEEF 2010; Halchuk et al. 2015). This catalogue
assumes that MW = ML for onshore Western Canada
(Ristau et al. 2005). If earthquakes occurring in the
WCSB have been systematically overestimated owing
to the use of the Richter (1935), developed for southern
California, this may lead to the overestimation of rates

for moderate to large-magnitude earthquakes, potential-
ly leading to an overestimated estimate of seismic haz-
ard for that region.

While the Canadian case represents one example, the
use of inappropriate or poorly calibrated magnitude
formulae may be a consideration for other regions of
lower seismicity levels, particularly those that have been
sparsely instrumented over time.

Future challenges and opportunities To address ongo-
ing challenges for catalogue improvement, Geoscience
Australia is digitising printed and hand-written observa-
tions preserved on earthquake data sheets. Once com-
plete, this information will provide a valuable resource
that will allow for further interrogation of pre-digital
data and enable refinement of early instrumental
catalogues.

With the passing of some three decades since the
development of Australian-specific ML formulae cur-
rently used in observational practice, there is now a
relative abundance of high-quality digital waveform
data recorded from Australian earthquakes. These data
may be used to develop new, more accurate local mag-
nitude formulae that consider more complex propaga-
tion wave paths, such as critical reflections from the
Moho as observed in Fourier spectral analyses in eastern
Australia (Allen et al. 2007). With the continued im-
provement and densification of seismic monitoring in-
frastructure within Australia, the uncertainty in magni-
tude estimation may be reduced if combined with im-
proved local magnitude calculation techniques.

While this objective could be readily achieved with
modern datasets, there is a risk that another change in
magnitude estimationmethods may introduce yet anoth-
er step-change in Australian earthquake catalogues.
Therefore, any change in magnitude formulation must
be carefully documented and managed to ensure the
continuity of catalogue magnitudes, and its potential
flow-on effects to seismic hazard assessments.

Finally, legacy macroseismic intensity data (e.g.,
Everingham et al. 1982; McCue 1996; Rynn et al.
1987) may be reinterpreted to calculate MW-equivalent
magnitudes (e.g., Griffin et al. 2019) using modern
intensity attenuation methods that model the intensity
attenuation characteristics of the Australian continental
crust. These attenuation models would use data from
modern earthquakes with calculated instrumental mo-
ment magnitudes, and may consider amplification ef-
fects owing to seismic site conditions (e.g., McPherson
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2017). The consistency of macroseismic intensity ob-
servations collected over time should be explored to
ensure that the legacy data is consistent with the modern
data used to calibrate an Australian-specific intensity
attenuation model.

9 Conclusion

A pragmatic method has been developed that corrects
magnitudes using the difference between the original
(inappropriate) magnitude formula and the Australian-
specific corrections at a distance determined by the
nearest recording station likely to have recorded the
earthquake. The objective of revising magnitudes is
not to produce a PSHA-ready catalogue in terms of
moment magnitude, but to deliver an interim earthquake
catalogue that provides consistently derived local mag-
nitudes for the time period of interest.

Nationally, the use of this magnitude adjustment
method has led to a general reduction in the rates of
earthquakes, particularly for moderate magnitudes, re-
ducing the number of ML ≥ 4.5 earthquakes by about
25% since 1900, with a reduction of approximately 32%
of ML ≥ 5.0 earthquakes over the same period. Without
undertaking these corrections, the catalogue would com-
prise earthquake magnitudes determined from disparate
local magnitude equations for the same region, adding
significant uncertainty to earthquake recurrence calcu-
lations. This is particularly true for the recurrence of
moderate-to-large earthquakes in the Australian earth-
quake catalogue, which have likely been overestimated
due to the past use of poorly calibrated attenuation
formulae, which can yield highly variable station mag-
nitudes over a large range of source-receiver distances.
Therefore, these magnitude adjustments allow seismic
hazard practitioners to develop improved hazard assess-
ments based on catalogues that are less likely to overes-
timate rates of moderate-to-large earthquakes in
Australia.
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