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Supplementary Text 

The 3 November 2002 Denali Earthquake 

The MW 7.9 Denali earthquake in Alaska (Figure S1) produced 341 km of surface rupture on the 
Susitna Glacier, Denali, and Totschunda faults (Haeussler et al., 2004). Although the earthquake 
started on the Susitna Glacier which is determined to be a thrust fault, the main rupture is on the 
Denali fault which is a long, strike-slip fault with relatively large cumulative fault offset. 
Therefore, this event occurred on a mature fault system.  

The 14 November 2001 Kunlun Earthquake  

The Kunlun fault in east central Tibet, near the northern boundary of the Tibetan Plateau, 
extends ∼1600 km along strike with high slip rate (Van Der Woerd et al., 2002). The total 
surface rupture length of the MW 7.8 earthquake is ~430 km, which is the longest coseismic 
surface rupture recorded for a continental earthquake (Fu et al., 2005). Relatively simple fault 
traces and high cumulative offset make indicate that this fault is mature.  

The 13 November 2016 Kaikōura Earthquake 

The MW 7.8 Kaikōura earthquake in New Zealand (Figure S2) ruptured across the northeastern 
part of the South Island. The complex surface rupture extended for approximately 165 km across 
the New Zealand plate boundary zone with more than 17 faults involved (Nicol et al., 2018), 
including many unmapped ones. Surface rupture clearly shows the intersection and bend of the 
fault traces. Due to the great variations in the distribution and the small cumulative offset of 
these faults, we consider this area to be immature. 

The 24 September 2013 Balochistan Earthquake 

The MW 7.7 Balochistan earthquake (Figure S3) occurred in southern Pakistan and ruptured the 
Hoshab fault for ∼200 km. Although the Hoshab fault had been mapped as a reverse fault, this 
event has dominantly left-lateral strike slip motion (Avouac et al., 2014; Barnhart et al., 2015). 
Although the cumulative strike-slip offset is estimated to be ~11 km from river drainages (Zinke 
et al., 2014), this measurement for the Chaman fault, a NS strike-slip fault connected with the 
northern end of the Hoshab fault, is ~460 km (Valdiya & Sanwal, 2017). Structurally mature 
strike-slip faults are thought to have less shallow slip deficit in the upper crust (Fialko et al., 
2005). The surface rupture of this event is relatively simple with no geodetically observed 
shallow slip deficit and therefore, we follow the previous assessment by Zinke et al. (2014) to 
consider this fault as a mature fault system. 

The 16 July 1990 Luzon Earthquake  

The MW 7.7 Luzon earthquake (Figure S4) has a surface rupture of at least 120 km along the left-
lateral Philippine fault (Klinger, 2010). As the southern end of the rupture extended offshore, the 
total rupture length is uncertain. The strike of the surface rupture changed little along the 
propagation. No clear information on the cumulative offset of this region is documented, 
therefore, we estimated this measurement to be 40 to 100 km from the modelled slip rate and 
fault age by Barrier et al. (1991). This estimate by Klinger (2010) varies from 100 to 200 km 



since the Miocene. In general, the Philippine fault has large total fault offset with no branches or 
large variations in azimuth and can be considered a mature fault. 

The 17 August 1999 Izmit Earthquake 

The MW 7.6 Izmit earthquake (Figure S5) generated a total of 110 km of dextral surface rupture 
at the western end of the North Anatolian Fault Zone (Langridge et al., 2002).  The NAFZ has 
little variation in strike angles for different segments and has relatively large cumulative fault 
offset estimated to be ~72 to 88 km (Sunal & Erturaç, 2012; Akbayram et al., 2016). Therefore, 
we consider this fault system to be mature.  

The 28 September 2018 Palu Earthquake  

The MW 7.5 Palu earthquake occurred on an active strike-slip fault at the main plate boundary 
between the Makassar block and the North Sula block with geological offset estimated to be 120 
to 250 km (Socquet et al., 2019). The large cumulative fault offset and the straight geological 
fault lines allow us consider this fault as mature (Natawidjaja et al., 2021). The northeast end of 
the surface rupture is thought to involve a less mature fault from the observed moderate deficit of 
slip near the surface (Socquet et al., 2019).  

The 21 May 2021 Maduo Earthquake  

The MW 7.3 Maduo earthquake ruptured the internal Bayan Har Block in the central Tibetan 
Plateau and generated a ~154 km-long surface rupture (Ren et al., 2022). The earthquake 
activated on the Jiangcuo Fault, which is one of the eight subparallel left-lateral strike-slip faults 
that form a diffuse zone between the Eastern Kunlun Fault and the Ganzi-Yushu-Xianshuihe 
fault system (Yuan et al., 2022). This fault is a secondary fault with relatively low-activity and 
had not been well mapped in previous studies. Total fault offset of the Eastern Tibet is not well 
known so we estimate the cumulative fault offset of this region as a moderate value, much 
smaller than 150 km, the total offset for the Kunlun fault (Van Der Woerd et al., 2002). The 
shallow slip deficit of this event is measured to be 10% to 30 % (Yuan et al., 2022; Yue et al., 
2022). We classify this fault as a mature to intermediate mature fault system.  

The 28 June 1992 Landers Earthquake 

The MW 7.3 Landers earthquake (Figure S6) ruptured ~75 km along several right-lateral faults 
within the eastern California shear zone (ECSZ) (Klinger, 2010). Previous studies on this area 
have estimated the total offset across the ECSZ to be more than 40 km, whereas the cumulative 
strike-slip offset is ~4.6 km (Jachens et al., 2002). Considering the complex rupture traces and 
the moderate fault offset, we assess the Landers earthquake as occuring on a relatively immature 
or intermediate mature fault system. 

The 10 May 1997 Zirkuh Earthquake 

The MW 7.2 Zirkuh earthquake (Figure S7) ruptured the northern part of the Abiz fault, which is 
the longest surface rupture in Iran and bounds the Luth block to the East. The total length of the 
surface rupture of this event is ~125 km (Ansari, 2021; Marchandon et al., 2018) with the 
cumulative offset for this region measured to be 70 to 105 km (Walker & Jackson, 2004). Ansari 



(2021) suggested that the northern section of the Abiz fault has longer slip history without splay 
branches and is more mature than the southern section. However, considering there is no 
significant shallow slip deficit along the Abiz fault (Marchandon et al., 2018), we assess this 
fault system as mature.   

The 12 November 1999 Düzce Earthquake 

The MW7.2 Duzce earthquake (Figure S8) occurred on the North Anatolia Fault Zone (NAFZ) 
with the rupture length estimated to be ~40 km (Duman et al., 2005). The NAFZ has relatively 
large cumulative fault offset of ~72 to 88 km (Sunal & Erturaç, 2012; Akbayram et al., 2016) so 
the event generated on a mature fault system.  

The 14 August 2021 Nippes Earthquake: 

The MW 7.2 Nippes earthquake initiated on a blind thrust fault and then jumped onto a strike-slip 
fault propagating westward from the epicenter accommodated by a network of segmented faults 
with diverse faulting conditions (Okuwaki & Fan, 2022). The main strike-slip fault across this 
region is the Enriquillo-Plantain Garden Fault which is a left-lateral strike-slip fault that extends 
over ~1100 km. The measured cumulative fault offset measured is moderate which suggests this 
is a relatively immature fault system. 

The 7 December 2015 Sarez Earthquake  

The MW 7.2 Sarez earthquake (Figure S9) reactivated a ~79 km section of the Sarez-Karakul fault 
while the surface ruptures extend discontinuously for 37 km (Elliott et al., 2020; Sangha et al., 
2017). The fault lines do not have large variations in strike or complex branches. Although there 
is no clear measurement of the total offset along this fault, the determined displacement for the 
strike-slip systems of the Pamir can be as large as 300 km (Schmidt et al., 2011), which indicates 
a mature fault system in this region. 

The 4 April 2010 El Mayor- Cucapah Earthquake 

The MW 7.2 El Mayor- Cucapah earthquake (Figure S10) in 2010 ruptured for ∼120 km from the 
northern tip of the Gulf of California to the U.S.–Mexico border. No cumulative fault offset is 
measured in this region. However, studies have shown that these faults are likely to have low 
total slip with many distributed small faults. Therefore, we infer that the faults in this region are 
immature.  

The 16 October 1999 Hector Mine Earthquake 

The MW 7.1 Hector Mine (Figure S11) earthquake has a ~48 km-long dextral surface rupture 
within the eastern California shear zone (ECSZ) including various branches and segments. ECSZ 
have long-term displacements ranging from 1.5 to 14.4 km and a net total slip of about 65 km 
(Treiman et al., 2002). Most of the faults ruptured during this earthquake had prior late-
Quaternary displacement while the evidence for Holocene displacement is limited. We infer that 
these faults can be categorized as immature. 

The 6 July 2019 Ridgecrest Earthquake   



The two large events in the Ridgecrest sequence (Figure S12) that occurred in the central eastern 
California shear zone (ECSZ) are both included in this study. Surface ruptures of both the 
foreshock and the mainshock show many previously unmapped orthogonal faults. These 
distributed strike-slip faults are young and have modest cumulative fault offset and are inferred 
to be immature due to the complex faulting. 

The 27 May 1995 Neftegorsk Earthquake  

The MW 7.1 Neftegorsk earthquake (Figure S13) ruptured ~46 km at the northern end of Sakhalin 
Island, which is considered to be an inactive plate boundary between the North American and 
Eurasian plates (Arefiev et al., 2000). Dextral motion of the southern part of the strike-slip zone 
is related to the inception of subduction at the Japan arc during late Miocene. Although the main 
rupture is straight, there are several strands distributed at the end of the rupture. Considering the 
moderate cumulative fault offset, we infer this fault is immature.  

The 3 September 2010 Darfield Earthquake 

The MW 7.0 Darfield earthquake (Figure S14) in New Zealand occurred on a previously 
unidentified fault system and ruptured the surface for ~29.5 km (Quigley et al., 2012). Although 
the surface rupture shows moderate variation in strike angle, the earthquake propagated across a 
structurally complex fault network including optimally oriented faults (M. C. Quigley et al., 
2019), which suggests an immature fault system. Cumulative fault offset of this region is 
currently unknown. 

The 14 April 2016 Kumamoto Earthquake 

The MW 7.0 Kumamoto earthquake (Figure S15) ruptured ~40 km of the Futagawa-Hinagu Fault 
Zone (FHFZ) on Kyushu Island, Japan (Scott et al., 2019).  FHFZ activated around 0.7–0.5 Ma 
and may have generated a moderate cumulative displacement. The rupture involved many 
strands or branches scattering in space and varying in strike angle. We infer that the FHFZ is an 
immature fault system. 

The 12 January 2010 Haiti Earthquake 

The MW 7.0 Haiti earthquake ruptured an unmapped north-dipping fault named as Léogâne fault, 
which is parallel to the Enriquillo–Plantain Garden fault (EPGF), one of two main strike-slip 
faults between the Caribbean and North American plates (Calais et al., 2010). Moderate 
cumulative offset for the eastern EPGF indicates that faults of this region are immature. 
Aftershocks of this earthquake are mainly thrust events, which occurred on an activated structure 
dipping to the south which might explain the relatively high productivity ratio of this event. 

The 12 February 2014 Yutian Earthquake 

The MW 6.9 Yutian earthquake (Figure S16) ruptured for ~45 km while the mapped surface 
rupture is only 25 km and involves a big stepover. Although the event ruptured the western edge 
of the Altyn Tagh Fault which is a mature fault with hundreds of kilometers of total offset, its 
nucleation occurred at the eastern end of the South Xiaoerkule Fault which is one of the parallel 



faults caused by the eastward extrusion of the Tibetan terrane relative to the Tianshuihai block. 
Earthquakes generated at fault ends with large stepovers are usually immature. 

The existence of the large stepover slows down the rupture velocity and the bilateral propagation 
includes more error in determining the rupture velocity. Therefore, we do not the relation 
between geological measurements and rupture velocity for this specific event. 

The 13 April 2010 Yushu Earthquake 

The MW 6.9 Yushu earthquake (Figure S17) occurred on the Ganzi–Yushu fault, forming part of 
the Yushu–Ganzi–Xianshuihe fault zone which is one of the most active fault zones in eastern 
Tibet. The surface rupture is separated by some stepovers a few kilometers wide and by small 
azimuth changes (Li et al., 2012). The cumulative fault offset of this fault is estimated from river 
drainage systems to be tens of kilometers. We assume this fault system is mature. 

The 24 March 2011 Tarlay Earthquake 

The MW 6.8 Tarlay earthquake ruptured for ~30 km along the westernmost section of the left-
lateral Nam Ma fault, Myanmar, with the coseismic surface rupture extending more than 17 km 
(Wang et al., 2014). The fault line is relatively straight without big bends or branches. However, 
the rupture occurred at the end of a fault with apparent shallow slip deficit and the relatively 
small cumulative fault offset indicates that this fault system is immature. 

The 24 January 2020 Sivrice Earthquake 

The MW 6.7 Sivrice earthquake is the first earthquake providing rupture details of the East 
Anatolian Fault Zone (EAFZ) which is a major continental strike-slip fault between the Arabia 
plate and the Anatolian Block. Although no clear surface rupture was documented, small cracks 
occurred along a 48 km-long region (Çetin et al., 2020). This EAFZ event has significant slip 
deficit and a moderate total slip, which indicate that the EAFZ is likely to be an immature fault 
system. 

The 26 December 2003 Bam Earthquake 

The MW 6.6 Bam earthquake occurred on a newly mapped fault at the southern end of the 
Nayband and Sarvestan fault located in western Dasht-e-Lut. There are no direct surface faulting 
features associated with this earthquake, but it produced some surface cracks which extend along 
a region with total length of 22.5 km (Maleki Asayesh et al., 2020). This fault system may be 
young and immature, accommodating reverse and strike-slip components of oblique convergence 
across the zone.  

The 24 November 1987 Superstition Hills Earthquake 

The MW 6.6 Superstition Hills earthquake (Figure S18) ruptured a ~26 km-long section at the 
southern part of the right-lateral San Jacinto fault system with significant afterslip (Klinger, 
2010). The cumulative offset along the Superstition Hills Fault is not well documented. The 
estimated moderate value indicates a fairly immature fault system. 



The 31 March 2020 Stanley Earthquake 

The MW 6.5 Stanley earthquake occurred in the southern part of the Northern Rocky Mountains 
province, which is characterized by several active normal faults that have produced Pleistocene 
to Holocene ruptures. This event initiated on an unmapped strike-slip fault and traversed a 10-
km-wide (at the surface) stepover. We infer that this new formed fault system is an immature one. 

The 8 August 2017 Jiuzhaigou Earthquake 

The MW 6.5 Jiuzhaigou earthquake occurred on an unknown fault at the southern branch of 
Tazang Fault which is one of the tail structures at the easternmost Kunlun fault zone. This event 
has no surface rupture zones with a buried fault strand of the unmapped northern extension of the 
Huya fault with strong shallow slip deficit, which may reflect immaturity of this fault zone. 

The 15 May 2020 Monte Cristo Range Earthquake 
The MW 6.5 Monte Cristo Range earthquake ruptured a previously unidentified fault system in 
the easternmost central Walker Lane Belt (WLB) which defines a complex shear zone in the 
Pacific-North America plate boundary. The rupture of this earthquake is segmented without prior 
mapped Quaternary faulting and has modest surface break, which indicates a relatively immature 
fault system that has not accumulated significant total slip. 

The 4 July 2019 Ridgecrest Foreshock   
The MW 6.4 foreshock in the Ridgecrest sequence (Figure S19) occurred in the central eastern 
California shear zone (ECSZ). Surface ruptures of the foreshock and mainshock show many 
previously unmapped orthogonal faults. These distributed strike-slip faults are young and have 
very small cumulative fault offset and are inferred to be immature due to the complex faulting. 

The 29 December 2020 Petrinja Earthquake 

The MW 6.4 Petrinja earthquake has a ~13 km-long rupture at conjugate faults dominated by the 
active Pokuplje Fault associated with the motion between Adria and the Eurasian Plate. Total 
offset of this fault system is few which suggests that the fault is immature. 

The 15 October 1979 Imperial Valley Earthquake 

The MW 6.4 Imperial Valley earthquake (Figure S20) is the oldest event utilized in this study and 
ruptured ~30 km along the northern section of the Imperial fault at the US-Mexico border. The 
Imperial fault has the same slip rate as the San Jacinto fault with moderate cumulative fault slip 
(Lindsey & Fialko, 2016; Powers & Jordan, 2010; Stirling et al., 1996) and can be characterized 
as a relatively immature fault system. 

The 24 August 2014 Napa Earthquake 

The MW 6.0 South Napa earthquake (Figure S21) occurred in the San Francisco Bay Area and 
produced a 12 km long surface rupture with right-lateral strike-slip displacement. The East Bay 
fault system has a relatively large right-lateral offset. Although there are many small fault lines 



in the surface rupture, they are short compared to the main rupture and may not represent the 
fault distribution properly. We infer that the fault system in this region is moderately mature. 

The 28 September 2004 Parkfield Earthquake 

The MW 6.0 Parkfield earthquake on the central San Andreas Fault has been documented to have 
large total offset at around 315 km. Surface rupture of this event is clear and straight without 
distributed branches. Therefore, this event occurred on a mature fault system. 
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Figure S1. Surface rupture and segmentation results for the Denali earthquake. Dashed lines 
present the possible segment limits. Those with question markers are alternative possibilities that 
are uncertain. 

 

 

Figure S2. Surface rupture and segmentation results for the Kaikoura earthquake. 

 



 

Figure S3. Surface rupture and segmentation results for the Balochistan earthquake. 

 

 

Figure S4. Surface rupture and segmentation results for the Luzon earthquake. 



 

 

Figure S5. Surface rupture and segmentation results for the Izmit earthquake. 

 

 

Figure S6. Surface rupture and segmentation results for the Landers earthquake. 

 



 

Figure S7. Surface rupture and segmentation results for the Zirkuh earthquake. 

 

 

Figure S8. Surface rupture and segmentation results for the Düzce earthquake. 

 



 

Figure S9. Surface rupture and segmentation results for the Sarez earthquake. 

 

 

Figure S10. Surface rupture and segmentation results for the El Mayor - Cucapah earthquake. 

 



 

Figure S11. Surface rupture and segmentation results for the Hector Mine earthquake. 

 



 

Figure S12. Surface rupture and segmentation results for the Ridgecrest mainshock. 

 



 

Figure S13. Surface rupture and segmentation results for the Neftegorsk earthquake. 

 

 

Figure S14. Surface rupture and segmentation results for the Darfield earthquake. 

 



 

Figure S15. Surface rupture and segmentation results for the Kumamoto earthquake. 

 

 

Figure S16. Surface rupture and segmentation results for the Yutian earthquake. 

 



 

Figure S17. Surface rupture and segmentation results for the Yushu earthquake. 

 

 

Figure S18. Surface rupture and segmentation results for the Superstition Hills earthquake. 

 



 

Figure 19. Surface rupture and segmentation results for the Ridgecrest foreshock. 

 

 

Figure S20. Surface rupture and segmentation results for the Imperial Valley earthquake. 



 

Figure S21. Surface rupture and segmentation results for the Napa earthquake. 

 

 

Figure S22. Surface rupture and segmentation results for the Parkfield earthquake. 



 

 

Figure S23. The P-value distributions for bootstrapped comparisons of seismic parameters and a) 
cumulative fault displacement, b) number of rupture segments, c) maximum change in azimuth 
between surface rupture traces, and d) stepover offsets between segments.  
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