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Abstract 16 

We investigate the 2021 moment magnitude (Mw) 5.9 Woods Point earthquake aftershock 17 
sequence (WPAS) in Victoria, Australia. WPAS Gutenberg-Richter b-values range from 0.76 18 
to 1.07 and depend upon the earthquake magnitude type used (Mw vs Ml) and minimum 19 
completeness magnitude (Mc).  The WPAS Modified Omori’s law p-value of 0.83~0.84 20 
suggests slower aftershock decay rates, while the modelled duration of the WPAS (7.5 to 40.4 21 
years) is consistent with estimated aftershock sequence durations in comparable continental 22 
intraplate settings. The high double-couple (>80%) of the mainshock and strong statistical fit 23 
of a sub-vertical plane to the aftershock cloud favour a structurally simple mainshock source 24 
fault. However, the delayed occurrence of the largest aftershocks (Ml 4.7, 4.2) and high 25 
proportion (~70%) of WPAS moment release sourced at distances > 1.5 km from the 26 
mainshock fault suggests aftershock activity on nearby structurally complex fault networks, as 27 
observed in other Australian sequences. 28 

Keywords: Woods Point Earthquake, Intraplate Earthquake, Statistical Seismology 29 

1 Introduction 30 

Aftershock sequences may be protracted in time and space and present numerous hazards to 31 
people, infrastructure, and landscapes (e.g., Quigley et al., 2016). In a typical earthquake 32 
sequence, the mainshock is associated with the largest seismic moment release (Shcherbakov 33 
& Turcotte, 2004) and the subsequent aftershocks (i.e., smaller-magnitude earthquakes in the 34 
time-and-space vicinity of the mainshock) may be triggered by a variety of static, dynamic, and 35 
post-seismic stress transfer mechanisms (Freed, 2005). The duration and behaviour of 36 
aftershock sequences have been linked to mainshock fault properties, crustal structure, 37 
tectonic setting (Stein & Liu, 2009), and other seismotectonic aspects (e.g., Ozawa & Ando, 38 
2021). Stable continental regions (SCRs), where tectonic slip loading occurs more slowly 39 
compared to interplate regions (Li et al., 2009; Stein & Liu, 2009), have been proposed to host 40 
long-duration (e.g., 102-103 years) aftershock sequences (Stein & Liu, 2009). Compared to 41 
active plate boundaries, the heterogeneous nature of the continental crust, including varying 42 
stress responses between the viscous lower crust, upper mantle, and less viscous upper crust 43 
(Hearn et al., 2002), combined with complex, interacting fault systems (Liu & Stein, 2016), 44 
complicates the prediction of stress transmission and aftershock sequences.  45 

Distinguishing aftershocks from background seismicity becomes increasingly challenging as 46 
aftershock rates decay with time. Aftershock duration estimates (i.e., the time it takes for 47 
seismicity to decay to background rates) and other seismic parameters (see methods below) 48 
are relevant for probabilistic seismic hazard assessments (Toda & Stein, 2018) and operational 49 
earthquake forecasts (Jordan et al., 2011).  50 

The 2021 Mw 5.9 Woods Point earthquake in Victoria Australia, stimulated an aftershock 51 
sequence (WPAS) including several local magnitude (Ml) ≥ 4 earthquakes (Figure 1) (Ninis et 52 
al., 2021). To enhance our understanding of SCR aftershock sequences, we calculate the 53 
parameters of the Gutenberg-Richter Law and Modified Omori’s Law, model the duration of 54 
WPAS, and compare the seismicity spatial distribution and monthly energy release with the 55 
pre-mainshock background seismicity. Additionally, we model several rupture planes based 56 
on the spatial distribution of the WPAS to assess the distribution of on-fault and off-fault 57 
aftershocks. 58 



 

 

 59 

Figure 1. Location of seismicity observed in the Woods Point region. Figure A displays the background 60 
seismicity recorded during the pre-mainshock stage (2000 to 2021) within a 50 km radius from the 61 
mainshock epicentre (-37.506°, 146.402°). Figure B shows the Woods Point Aftershock Sequence 62 
(WPAS) from 2021 to 2024 within the same spatial domain. The depths of the observed events are 63 
provided in kilometres below sea level (BSL). The surface elevation in the study area ranges from 350 64 
to 1400 metres. Figures A and B use the EPSG:7855 projected coordinate system. Legend shows the 65 
location of the Woods Point Mw 5.9 mainshock. 66 

2 Methodology 67 

The following methods are used in this research: 68 

(i) Magnitude Completeness (Mc) Estimation: We used the Maximum Curvature (MAXC) 69 
method (Wyss et al., 1999; Wiemer & Wyss, 2000), the Mc Estimation Based on b-value 70 
Stability (MBS) method (Cao & Gao, 2002), and the bootstrapping method (Efron & Tibshirani, 71 
1994) to calculate Mc for background seismicity and WPAS. (ii) Gutenberg-Richter Analysis: 72 
The Maximum Likelihood Estimation (MLE) method (Aki, 1965; Utsu, 1965) was used for b-73 
value estimation, and the method by Shi & Bolt (1982) was employed for calculating b-value 74 
uncertainty. (iii) Modified Omori’s Law: Parameters were estimated using the MLE method 75 
(Ogata, 1983) and Bayesian Analysis (Holschneider et al., 2012). (iv) Fault Plane Fitting: We 76 
applied the Linear Algebra and Coordinate Rotation methods for fault plane fitting. (v) 77 
Aftershock Modelled Duration: we used the Seismicity Rate and Energy Monthly Released 78 
methods to estimate. Full methodological details are available at GitHub: 79 
https://github.com/Yunqi12/Data-Description-Methodology 80 

3 Results and Discussion 81 

3.1 Gutenberg-Richter Law 82 

We calculated the a-value and b-value using three different methods to determine the Mc for 83 
the pre-WP mainshock background seismicity and the WPAS (Table 1). The MAXC method 84 
often underestimates Mc (Wiemer & Wyss, 2000; Mignan & Woessner, 2012), while the MBS 85 
method, though more reliable for Mc selection, tends to overestimate it (Woessner & Wiemer, 86 
2005; Mignan & Woessner, 2012). Both methods introduce sampling error due to limited time 87 
and space windows (Table 1). To mitigate this, we combined the bootstrapping method with 88 



 

 

both Mc estimation methods. The Mc values estimated by the MAXC and MBS methods fall 89 
within the uncertainty range of the MAXC+bootstrapping and MBS+bootstrapping methods 90 
respectively. However, there is a trade-off between using smaller Mc values (i.e., incorporating 91 
more earthquakes but reducing confidence in catalogue completeness) and larger Mc values 92 
(i.e., including fewer earthquakes, which reduces the sample size for statistical data fitting but 93 
improves confidence that all events above Mc are recorded, as shown in Figure 2). Thus, our 94 
preferred Mc is an intermediate value between MAXC + Bootstrapping and MBS + 95 
Bootstrapping, as it balances maintaining sample size, and ensuring reliable event 96 
observation. 97 

Table 1. Summary of results from the Woods Point regional seismicity study, organised by time period 98 
and magnitude format, based on frequency-magnitude distribution. Note: The MAXC method for Mc 99 
estimation, along with bootstrap resampling, and the MLE method for b-value calculation, including b-100 
value uncertainty, were implemented using code adapted from the 'Basic Statistical Seismology 101 
Tutorial' by Sullivan & Peng (2011). 102 
[http://geophysics.eas.gatech.edu/people/bsullivan/tutorial/StatisticalSeismology.htm].  103 

  Time Period 

  Background Seismicity 

(2000 to 2021) 

 

Synthetic 

Background 

Seismicity 

(Leonard, 

2008)** 

Regional 

Background 

Seismicity 

(Allen et al., 

2018)*** 

WPAS 

(2021 to 2024) 

  Ml Mw Ml Mw Ml Mw 

Mc 
(n*) 

MAXC 1 (327) 1.8 (327) 

2.0~2.5 2.85 

0.6 (1349) 1.5 (1349) 

MAXC+ 

Bootstrapping 

0.90+/-0.24 

(272~416) 

1.71+/-0.18 

(272~384) 

0.61+/-0.06 

(1186~1349) 

1.50+/-0.02 

(1046~1349) 

MBS 3.3 (26) 2.9 (79) 0.9 (923) 1.9 (556) 

MBS+ 

Bootstrapping 

3.16+/-0.22 

(22~38) 

2.89+/-0.18 

(48~88) 

1.00+/-0.13 

(556~923) 

1.85+/-0.08 

(456~800) 

Preferred Mc 
2.03+/-0.23 

(93~170) 

2.3+/-0.18 

(131~197) 

0.80+/-0.1 

(923~1046) 

1.68+/-0.06 

(800~923) 

GR 
Law 

Observed 

Catalogue 

b=0.58+/-

0.04,a=3.29 

b=0.73+/-

0.04,a=3.94 

b=0.9, 

a=2.93 
b = 1.08 

b=0.76+/-

0.02,a=3.63 

b=1.07+/-

0.03,a=4.79 

* Number of earthquakes in the analysed catalogue greater or equal to Mc 104 
** Leonard (2008) suggested a Mc value for Southeast Australia since 1995, identifying the magnitude 105 
threshold based on the linear relationship of the frequency-magnitude distribution. Regarding the a-106 
value of the Gutenberg-Richter Law, Leonard's result indicates a value of 3.7 per century per 10,000 107 
km² for Southeast Australia. As the a-value reflects regional seismicity and is influenced by both the 108 
time window and spatial domain, the smoothed a-value from Leonard’s result, adjusted for our study 109 
domain, is approximately 2.93. 110 
*** Allen et al. (2018) suggested a magnitude of completeness (Mc) of Mw 2.85 for Southeast Australia 111 
since 1966, estimated based on the National Catalogue Completeness Models. The b-value for the 112 
Otway-Sorell-Gippsland Basin zone in Southeast Australia was calculated using the National Seismic 113 
Hazard Assessment Earthquake Epicentre Catalogue (NSHA18-Cat). 114 

Table 1 also compares b-values calculated from the WPAS with several other regional 115 
estimates. As discussed by e.g. Nava et al. (2017), a smaller sample size (i.e. higher Mc) 116 
reduces the number of events available for b-value estimation, thereby affecting the fitting 117 
accuracy. Figure 2 shows the relationship between the b-value estimate and its uncertainty as 118 
a function of the chosen Mc, as calculated for the various methods in this study. The b-value 119 
is also significantly affected by the magnitude type, due to the non-linear conversion between 120 
Ml and Mw (for the conversion equation, see Appendix 1 - Data Description, Equation S1: 121 
https://github.com/Yunqi12/Data-Description-Methodology). Regardless of the preferred Mc 122 
and magnitude type, however, the WPAS b-values lie on the high side of the uncertainty range 123 
of b-values estimated from pre-mainshock background seismicity. 124 

When comparing our results with other Australian studies of the GR Law, we find that the pre-125 
mainshock background seismicity b-value for Ml is lower than the value (i.e., 0.9) calculated 126 
for Southeast Australia by Leonard (2008), and the pre-mainshock background seismicity b-127 

http://geophysics.eas.gatech.edu/people/bsullivan/tutorial/StatisticalSeismology.htm


 

 

value for Mw is lower than the value of 1.078 suggested by Allen et al. (2018) for regional 128 
background seismicity; however, our b-values from the WPAS (ranging from 0.76 to 1.07) are 129 
consistent with both Leonard (2008) and Allen et al. (2018). The discrepancy between our b-130 
value for background seismicity and those from Leonard (2008) and Allen et al. (2018) is likely 131 
due to the limited spatial and temporal extent of our background seismicity model (2000 to 132 
2021), which results in a relatively small dataset (93 to 197 events). However, the b-value 133 
obtained for the offshore Gippsland Basin, Southeast Australia by Attanayake et al. (2023) 134 
between 2009 and 2021 ranges from 0.6 to 0.73 (using an Mc cutoff between Ml 0.7 and Ml 135 
1.2) based on the MLE method, which is similar to our b-value for Ml background seismicity 136 
(0.58 ± 0.04), despite Attanayake et al. (2023) using a larger sample size (1145 to 4004 events) 137 
to estimate the b-value. Our b-value, similar to that of Attanayake et al. (2023), is more 138 
susceptible to sampling bias (e.g., limited temporal and spatial extent) and overfitting (Godano 139 
et al., 2014) compared to the b-value estimates from Leonard (2008) and Allen et al. (2018). 140 
This is due to epistemic uncertainty in the b-value estimation, leading to two possibilities. 141 
Firstly, the low Mc chosen may influence the statistical fitting, potentially causing the MLE 142 
method to overfit small-magnitude seismicity, placing less emphasis on larger magnitude 143 
events. This results in a lower b-value and an overestimation of predicted seismicity for large 144 
magnitudes. Secondly, shifting Mc to a higher magnitude reduces the sample size and 145 
increases the weight of large-magnitude events in the fitting. This raises the b-value and 146 
increases statistical fitting uncertainty, potentially leading to an overestimation of predicted 147 
seismicity for smaller-magnitude events. 148 

Since Leonard's results are based on a catalogue covering the entire Southeast Australia over 149 
a century, they may be less susceptible to sampling bias than ours. To align with our study, 150 
we adjusted Leonard's research's spatial and temporal extent to our study domain (see Table 151 
1 for results). We then compared the calculated pre-mainshock background seismicity GR Law 152 
parameters from this study and Leonard (2008) with the observed earthquake productivity in 153 
the Woods Point region. We found that Leonard's b-value (0.9) and smoothed seismicity a-154 
value (2.93) yields lower seismicity rate than the observed seismicity (Figure 3A). In contrast, 155 
the b-value (0.58) and a-value (3.29) calculated in this study suggest a higher potential 156 
productivity of small-magnitude events (below the Mc cutoff) than what has been observed. 157 
There is epistemic uncertainty regarding whether locally observed background seismicity (i.e., 158 
the GR Law parameters calculated in this study) or smoothed regional seismicity (i.e., Leonard, 159 
2008) more accurately represents the background seismicity rate for the Woods Point region. 160 
The b-value of the Woods Point region is sensitive to Mc selection, catalogue variations, and 161 
spatial-temporal variability (Godano et al., 2014). Additionally, the observed seismicity is 162 
affected by epistemic and sampling errors, which may induce uncertainty in b-value calculation 163 
and Mc selection. Therefore, we calculate the preferred GR relationship parameters for the 164 
Woods Point region (Table 1). This was determined by averaging the frequency–magnitude 165 
relationship for Leonard's results with our study. 166 



 

 

 167 

Figure 2. The b-value and its uncertainty vary with the selection of the Mc value. Figure A shows the 168 
variability of b-values with different Mc selections for pre-mainshock background seismicity in the Ml 169 
catalogue. Figure B shows the results for pre-mainshock background seismicity in the Mw catalogue. 170 
Figure C presents the results for the WPAS Ml catalogue, and Figure D presents the results for the 171 
WPAS Mw catalogue.  172 

 173 

Figure 3. A) Frequency-Magnitude Distribution, including Leonard (2008) smoothed results, this study’s 174 
model based on observed pre-mainshock background seismicity, and the combined result from 175 
Leonard's and the observed pre-mainshock background seismicity. B) Distance Probability Distribution 176 
Function (pdf) from the mainshock to the events observed in the Woods Point region across different 177 
periods: (1) the first 30 days following the mainshock, (2) from 30 to 90 days following the mainshock, 178 
(3) from 90 to 500 days following the mainshock, (4) from 500 days after the mainshock until 7th August 179 
2024, and (5) the synthetic background seismicity prior to the mainshock. 180 

3.2 Modified Omori’s Law 181 

Modified Omori’s Law was calculated based on the preferred Mc for WPAS (Mc = 0.8 for Ml, 182 
and Mc = 1.68 for Mw) (Table 2). The c-value for both magnitude types (Ml and Mw) is 0, 183 
indicating that the aftershock sequence follows a power-law decay immediately after the 184 
mainshock. However, this parameter is sensitive to the selection of Mc, typically decreasing 185 



 

 

as Mc increases (Shcherbakov et al., 2012). The k-value, which reflects aftershock productivity 186 
and is scaled according to the mainshock's magnitude (Helmstetter & Sornette, 2003), differs 187 
between the Ml and Mw catalogues (64.81 or 64.84 for Ml and 56.25 for Mw), primarily due to 188 
variations in Mc. The p-value for WPAS for both Ml and Mw is 0.84 and 0.83, respectively. The 189 
global average p-value for aftershock sequences is around 1.1 (Utsu et al., 1995). Our p-value, 190 
which is less than 1, suggests a relatively slow decay rate of aftershock sequences compared 191 
to the global average, including a slower decay than some other sequences in Australia, such 192 
as Tennant Creek (1988, Ml 6.8, p = 0.96) (Ebel et al., 2000) and Meckering (1968, Mw 6.6, p 193 
= 1) (Ebel, 2009). 194 

Table 2. Some results obtained from the Woods Point Aftershock Sequence (WPAS). Note: The Ogata 195 
method and Bayesian method for Modified Omori’s Law calculation were implemented using code 196 
adapted from “Seishimi” by Liu (2022) [https://github.com/yuankailiu/Seishimi].  197 

  Ml Mw 

 
 MLE Method 

Bayesian 
Method 

MLE Method 
Bayesian 
Method 

 c=0, k=64.81, 
p=0.84 

c=0, k=64.84, 
p=0.84 

c=0, k=56.25, 
p=0.83 

c=0, k=56.25, 
p=0.83 

Aftershock 
Anticipated 

Duration (days) 

Smoothed Leonard (2008) 14759.2 14767.3 - - 

Model based on Observed 
Background Seismicity  

(This study) 
2722 2723.5 3590.5 3590.5 

Combined Result 4958.2 4960.9 - - 

3.3 Modelled Duration of the WPAS 198 

As of 7th August 2024 (UTC+0), the current seismicity rate in the Woods Point region 199 
(catalogue above Mc cutoff) is above the synthetic pre-mainshock background rate based on 200 
the observed catalogue (Figure 4A and B). Based on the modelled background seismicity in 201 
this study, the aftershock sequence could end approximately 2722 or 2723.5 days (7.5 years) 202 
after the mainshock. Based on the preferred GR Law for background seismicity, with implied 203 
lower seismicity rate, the sequence may last around 4958.2 or 4960.9 days (13.6 years). If 204 
aligned with Leonard’s (2008) smoothed result alone, the aftershock sequence could extend 205 
up to 40.4 years. The observation that a Ml 4.2 aftershock on 6th August 2024 suggests that 206 
the sequence is still ongoing.  207 

The spatial distribution of all seismicity in the Woods Point region is still clustering near the 208 
Woods Point mainshock hypocentre (averaging within 13.29 km) and is distinct from a 209 
calculated synthetic background seismicity distribution (Figure 4B). The observed monthly 210 
energy release from seismicity in the Woods Point region is still higher than the 68% 211 
confidence interval of the monthly energy release observed during the pre-mainshock 212 
background seismicity period (Figure 4C and D).  213 

Interplate aftershock sequences typically last less than a decade, with large events ending a 214 
few years after the mainshock (Parsons, 2002). In contrast, intraplate earthquakes can extend 215 
for hundreds of years (Stein & Liu, 2009), with their aftershock sequences potentially lasting 216 
longer due to slow stress loading rates (Li et al., 2009; Stein & Liu, 2009) and heterogeneous 217 
crustal structure (Hearn et al., 2002). Our estimated duration (7.5 to 40.4 years) is consistent 218 
with the hypothesis of long-duration aftershock sequences in the continent's interior.  219 

3.4 Distribution of moment release in the WPAS relative to the rupture plane 220 

The rupture plane fitted from the aftershock sequence in this study shows similar results to the 221 
two published sources of the rupture plane (Table 3).  The high double couple of the mainshock 222 
(>80% - Mousavi et al., 2023) and good statistical fit of a sub-vertical plance to the WPAS data, 223 
suggests a simple mainshock source fault. However, the complex behaviour of aftershock 224 
sequences in SCRs introduces additional challenges. For instance, interactions within a 225 
complex fault system (Liu & Stein, 2016) may cause deviations from the expected geometric 226 



 

 

distribution of the rupture plane. These deviations can complicate efforts to statistically fit 227 
aftershocks to the rupture plane model, making interpretation and accuracy more difficult. 228 

 229 

Figure 4. Comparison of post-mainshock seismicity level with pre-mainshock seismicity level. Figures A 230 
and B compare the current seismicity rate with the synthetic background seismicity. Figures C and D 231 
show the energy released in the Woods Point region per month (within a 50 km radius from the 232 
mainshock hypocenter). Figure C displays the normal distribution of energy released during the pre-233 
mainshock period, while Figure D illustrates the monthly energy release since the mainshock, compared 234 
to the pre-mainshock level. The shaded area representing one standard deviation from the pre-235 
mainshock energy distribution includes 68% of the background seismicity, and the area representing 236 
two standard deviations includes 95% of the pre-mainshock level. Note: Figures A and B were obtained 237 
using code adapted from "Seishimi" by Liu (2022) [https://github.com/yuankailiu/Seishimi]. 238 

Table 3. The table below summarises fault planes reported by various researchers, alongside the results 239 
obtained from this study. 240 

Source 

Fault Plane 

Strike (°) Dip (°) Length (Km) Width (Km) 
Min. Depth 

(Km) 
Max. Depth (Km) 

Aver. Slip 
(m) 

Mousavi et al. 
(2023) 

348 ± 2 87 - ~8* 11 19 - 

Quigley et al. 
(2021) 

350 85 8 9 (ca.) 4 (ca.) 13 - 

Preferred Fault 
Plane (This study) 

352.81 
+/- 3.2 

85.50E +/- 
2.97 

4.8 ~ 6.6 
(aver. 5.96) 

6.77 ~ 9.31 
(aver. 7.55) 

7.63 ~ 8.96 
(aver. 8.36) 

14.83 ~ 17.82 
(aver. 15.88) 

0.59 

https://github.com/yuankailiu/Seishimi


 

 

* A rough calculation based on the depth range of the rupture plane and the dip angle provided by 241 
Mousavi et al. (2023) 242 

When we then compare cumulative moment release with distance from all the fault planes 243 
fitted to WPAS in this study, we find that the maximum curvature of the moment release is 244 
within 1.5km of the fault planes. We define this area as the on-fault aftershock zone, where the 245 
amount of energy released accumulates rapidly due to the clustering of aftershocks caused by 246 
intense displacement and slip near the rupture plane (Yukutake & Iio, 2017). When considering 247 
distance greater than 1.5 km from the fault planes, the energy release rate decays until it 248 
reaches 100%. This is with the exception of the Ml 4.2 aftershock in September 2021 249 
(approximately 18 minutes of the mainshock) and the Ml 4.7 aftershock in June 2023 which 250 
are interpreted to be off-fault aftershocks. The Ml 4.2 earthquake (which occurred on the 6th of 251 
August 2024) is interpreted to be an on-fault aftershock (Figure 5). By 7th August 2024, the on-252 
fault aftershock zone accounted for 29.4% of the total energy released from the WPAS 253 
seismicity (i.e., 10km from the rupture plane on each side).  254 

Estimates of earthquake damage zone widths range from 200 to 250m, as observed in the 255 
1992 Mw 7.3 Landers earthquake (Peng et al., 2003), the 2010 Mw 7.1 Darfield earthquake 256 
(Li et al., 2014), and the Parkfield segment of the San Andreas Fault (Lockner et al., 2011). 257 
Our inferred 1.5 km half-width of the Woods Point mainshock fault zone, determined from the 258 
maximum curvature of moment release (Figure 5), is consistent with half-width estimates of 259 
seismicity fall-offs from strike-slip earthquakes on slow-slip rate faults in California (e.g., 0.8 to 260 
1 km; Perrin et al., 2021). Considering potential complicating factors, such as epistemic 261 
uncertainties in aftershock locations, we estimate the total width of the dilatant damage zone 262 
associated with volumetric strains in the mainshock fault zone to be approximately 3 km, with 263 
secondary faulting (i.e., large aftershocks on distinct faults) extending to distances greater than 264 
5 km from the mainshock fault.  265 

3.5 Largest Aftershock of the WPAS  266 

As of 7th August 2024, the largest recorded aftershock in the WPAS was a Ml 4.7 earthquake 267 
in June 2023. The largest aftershock, with a magnitude 1.1 lower than the mainshock, occurred 268 
approximately 1.7 years (646 days) after the mainshock. According to Modified Bath’s Law 269 
(Shcherbakov & Turcotte, 2004), the expected largest aftershock magnitude for a Ml 5.8 270 
mainshock is a Ml 4.7, which is consistent with the WPAS. Typically, the median time interval 271 
between the mainshock and the largest aftershock is 3 days, with the largest aftershock more 272 
likely to occur earlier in the sequence (Tahir et al., 2012). Ebel (2009) calculated a 40% 273 
probability that the largest aftershock in SCRs would occur within 5 days of the mainshock, a 274 
70% probability within 60 days, and a 30% probability greater than 60 days. The 647-day 275 
interval between the mainshock and the largest aftershock in the WPAS represents a delayed 276 
occurrence compared to other SCR aftershock sequences. Additionally, the distance of the 277 
largest observed aftershock at Woods Point is approximately 4.6 to 5.1 km from the mainshock 278 
rupture plane. The presence of the largest aftershock occurring greater than 5km from the 279 
mainshock is consistent with other global aftershock sequences, including the Mw 7.3 1992 280 
Landers earthquake, USA, where the largest aftershock (Mw 6.2) occurred approximately 30 281 
km west of the mainshock (Hauksson et al., 1993)., and the Mw 7.1 2010 Darfield earthquake, 282 
NZ, where the largest aftershock (Mw 6.1) occurred approximately 40 km east of the 283 
mainshock (Li et al., 2014). 284 



 

 

 285 

Figure 5. The relationship between the energy released by observed aftershocks and their distance from 286 
the respective fault planes. This figure uses the catalogue of aftershocks observed from the mainshock 287 
until 7th August 2024 within a 20 km radius from the mainshock's hypocenter. The spatial distribution of 288 
energy was analysed based on the rupture plane location determined in this study. The maximum 289 
curvature zone for the Woods Point earthquake is approximately 1.03 km to 1.45 km from the fault plane, 290 
rounded to a 1.5 km cutoff zone, highlighted in yellow. D1, D2, D4, and D5 represent the subdatasets. 291 
For more information, please refer to Appendix 2, please visit https://github.com/Yunqi12/Data-292 
Description-Methodology.  293 

4 Conclusions 294 

1. b-value Estimation: The WPAS shows a b-value between 0.76 and 1.07, consistent with 295 
the synthetic background seismicity (Leonard, 2008) at 0.9 and the regional b-value (Allen 296 
et al., 2018) at 1.08. However, our estimated b-value for the pre-mainshock background 297 
seismicity is lower, ranging from 0.58 to 0.73. This may be less accurate due to the small 298 
sample size (93 to 197 events), influenced by sampling errors arising from the limited time 299 
and spatial windows, as well as the chosen Mc (ranging between 2.03 and 2.3). 300 
Additionally, the magnitude type used in the analysis impacts the b-value calculation due 301 
to the non-linear conversion between Ml and Mw. 302 

2. Modelled Duration of Aftershock Sequence: Estimates of WPAS duration range from 7.5 303 
to 40.4 years. As of 7 August 2024 (approximately 3 years after the mainshock), we 304 
determined that the WPAS could continue for several decades before the seismicity rates 305 
align with pre-mainshock background levels. The spatial distribution of WPAS does not yet 306 
conform to the synthetic background seismicity distribution, and monthly energy release is 307 
still above pre-mainshock levels.  308 

3. Rupture Plane Fitting: The fault plane identified from the WPAS, aligns with published focal 309 
mechanisms and waveform analyses, showing a strike of 352.81° ± 3.2° and a near-vertical 310 
dip of 85.50°E ± 2.97°. The fault plane's dimensions range from 4.8 to 6.6 km in length and 311 
6.77 to 9.31 km in width, with rupture depths varying from 7.63 to 17.82 km.  312 

4. On-fault Aftershock Zone: We delineate the on-fault aftershock zone to extend 1.5 km on 313 
each side of the fault plane. We find this zone accounts for 29.4% of the total energy 314 
released from near-source seismicity, including the Ml 4.2 earthquake in August 2024. The 315 
two other largest aftershocks, Ml 4.7 in June 2023 and Ml 4.2 in September 2021, are 316 
considered off-fault aftershocks. 317 

5. Delay of Largest Aftershock: The expected largest aftershock, around Ml 4.7 (using 318 
Modified Bath’s law), matches the observed largest aftershock in June 2023. However, the 319 
1.7-year interval between the mainshock and the largest aftershock is significantly longer 320 
than in other SCR aftershock sequences, as statistical analysis shows that in 70% of cases, 321 
the largest aftershocks in SCRs occur within 60 days (Ebel, 2009). 322 

https://github.com/Yunqi12/Data-Description-Methodology
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