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Abstract 
Understanding Fault Zone Properties and Earthquake Triggering with 

Seismology, Geology and Hydrogeology 

Huiyun Guo 
 

Earthquakes occur suddenly and often are followed with many serious 

consequences. Interpreting what causes earthquakes and how they respond to outside 

perturbations is a crucial goal for many geophysical scientists. Our approach to 

understanding the earthquake nucleation process depends on the amount and quality 

of data available. Given that the basic physical processes of earthquakes are now 

fairly well understood and that high-quality geophysical data are being collected, it 

should be possible to improve our general understanding of how earthquakes are 

triggered.  

Seismology is a key geophysical tool that can help us study the Earth’s 

interior and gain insights into processes that are difficult to observe directly. It also 

allows us to measure the internal disturbances in the crust where earthquakes 

nucleate. In addition, hydrological measurements, such as liquefaction, stream 

discharge, temperature, and turbidity, fluctuations in well water levels, and the 

eruption of mud volcanoes, have been observed to respond to earthquakes. By 

analyzing changes in water levels, we can estimate the hydraulic properties of fault 

damage zones, understand how fluid interacts with faults and quantify poroelastic 

responses to static stress changes or the dynamic stress associated with seismic 

waves. Besides, geological measurements also provide a comprehensive view of the 
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history and properties of faults, adding constraints to geophysical data and improving 

our understanding on a tectonic scale. We use these geophysical tools to study the 

earthquake-triggering processes, which are challenging to observe directly due to the 

lack of in situ measurements at subsurface. This dissertation encompasses two 

seemingly distinct areas: fault maturity and earthquake triggering. These areas of 

study can ultimately be instrumentally and scientifically connected in understanding 

faults through various types of observation techniques for dual-purpose research goals 

as suggested by the title of this dissertation. 

Chapter 1 explores the relationship between the structure of faults and the 

seismological aspects of an earthquake rupturing. Earthquakes occur on faults, which 

are often complex structures. Variations in fault zone maturity have intermittently 

been invoked to explain variations in some seismological observations for large 

earthquakes. However, the lack of a unified geological definition of fault maturity 

makes quantitative assessment of its importance difficult. 

Here we empirically compare geological and geometrical aspects of strike-slip 

fault zones and surface ruptures of major events with seismological attributes of the 

events. We consider factors such as the total offset on the fault that has accumulated 

over geological time and the number of segments in maps of earthquake rupture and 

investigate how they correlate with aspects of the resulting earthquake such as the 

number of aftershocks or the rupture speed. Several of these factors co-evolve as a 

fault accumulates slip and matures, thus the trends can be interpreted as indicative of 

the type of earthquakes observed on mature versus immature faults. We find that less 
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mature faults tend to generate more aftershocks and have lower rupture velocity. 

Energy estimated from seismograms is relatively low for very immature faults, 

increases with fault evolution and then decreases as maturity further increases. These 

relationships help elucidate seismic hazard for fault systems of different maturity and 

delineate the important fault zone factors that have bearing on earthquake rupture and 

aftershock generation process. 

 In Chapters 2 and 3, this dissertation investigates various types of earthquake 

triggering, the process through which stress changes associated with an earthquake 

can either induce or inhibit seismic activity in the surrounding region or trigger other 

earthquakes over considerable distances. Chapter 2 studies the hydraulic parameters 

of a fault zone which help understand the triggering mechanisms of a fluid-driven 

active fault, including either pore pressure changes or poroelastic stresses 

perturbations to the surrounding rock. Chapter 3 explores dynamic triggering, a rapid 

form of triggering over large distances explained by the passage of transient seismic 

waves, which may immediately induce Coulomb-type failure or initiate a secondary 

mechanism that leads to delayed triggering. 

Chapter 2 focuses on determining the hydraulic properties (e.g., diffusivity, 

permeability) which are critical factors determining how fast the fluid can flow and 

are necessary and useful for studying induced seismicity. Pore pressure diffusion 

along faults influences induced seismicity and rupture mechanics. However, in situ 

hydraulic diffusivity measurements along faults are rare and generally lower than 

inferred from seismicity migration. Here we use the tidal response of deep geothermal 
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boreholes to measure fault diffusivity and permeability. Initial interpretations of the 

observation with a homogeneous confined aquifer model result in diffusivities of 10-

3-10-1 m2/s. However, this model mixed signals from both the conduit and the host 

rock. We develop a model for tidal response with a fault passing through the aquifer 

based on the fault-guided fracture network and solve for hydraulic properties in both 

the fault and the host rock. The resulting fault permeability is 2×10-14-7×10-14 m2 (90% 

CI) and fault diffusivity is 0.08-0.33 m2/s (90% CI), which is 2 orders of magnitude 

higher than the host rock diffusivity in some wells, thus highlighting the role of faults 

as fluid conduits. 

In Chapter 3, we work on quantifying dynamic triggering which presents a 

unique opportunity to understand earthquake interactions and associated hazard 

implications. The extent and timing of dynamic triggering at given specific stress 

changes still remain inadequately predicted due to limited studies and datasets. In 

particular, the requirement for complete, well-characterized catalogs to detect 

triggering systematically seriously limits the types of studies possible. To address this, 

we utilized 7-year continuous waveform data from 239 stations in southern California 

and used PhaseNet for phase picking to identify local earthquakes and measure 

triggering without constructing any earthquake catalog. Our analysis reveals a similar 

power-law relationship between triggering intensity and peak stress changes as prior 

works. Spatial mapping of triggering intensity can be affected by the Ridgecrest 

earthquake and shows variations across the region. We further observe a slow decay 

rate of dynamic triggering and conclude that low-frequency waves (0.04-0.1 Hz) may 
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be more effective in dynamic triggering than high-frequency waves (1-3 Hz) which is 

consistent with a rate-state assisted aseismic creep or hydrological triggering 

mechanism. 
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Chapter 1 – Seismological Indicators of Geologically 
Inferred Fault Maturity 

1.1 Introduction 

Understanding how earthquake dynamic rupture process is affected by 

complex fault geometry and other intrinsic fault properties and distinguishing this 

from frictional complexity and rheological properties of the fault is an important 

frontier in earthquake science (e.g., Klinger et al., 2018; Manighetti et al., 2007; 

Thomas et al., 2017; Wibberley et al., 2008). The structural maturity of a fault is a 

qualitative concept to describe the slip evolution of a fault system, with a longer slip 

history and larger cumulative offset for more mature faults (e.g., Manighetti et al., 

2007; 2021). The complexity of the fault geometry can reflect whether the fault 

network is mature or immature in terms of structural evolution. The maturity of the 

fault zone has been related to the seismic activity rate inferred from modern, 

historical and ancient seismic data (e.g., Cowan et al., 1996; Manighetti et al., 2007; 

Radiguet et al., 2009; Wesnousky, 1988; Wibberley et al., 2008) and plausibly may 

have significant impact on individual earthquake characteristics, such as the 

distribution of slip, rupture velocity, and number of ruptured segments (Manighetti et 

al., 2007; Perrin et al., 2016; 2021). Mature fault zones in strike-slip tectonic settings 

may serve as highly anisotropic permeability channels through the brittle crust 

making some regions more likely to produce slow events than immature fault zones 

(Thakur et al., 2020), while immature fault zones may exhibit more complex ruptures 

and distributed coseismic damage that can be observed seismologically.  
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Surface rupturing events provide important, albeit incomplete, 

characterizations of the fault systems producing large earthquakes for which seismic 

source parameters can be determined. For example, the 2019 MW 7.1 Ridgecrest 

earthquake involved an immature surface-rupturing fault system with small 

cumulative slip (< 1 km) and multiple segments at many scales mapped from field-

based measurements or observed by satellite imaging (e.g., DuRoss et al., 2020; 

Hudnut et al., 2020; Rodriguez-Padilla et al., 2022). Various seismic source attributes 

of the 2019 Ridgecrest mainshock have also been determined, indicating overall slow 

average rupture velocity, low moment-scaled radiated seismic energy, and relatively 

high aftershock productivity (e.g., Goldberg et al., 2020; Liu et al., 2019; Ross et al., 

2019). These seismological characteristics contrast with the rupture of mature, large 

cumulative slip faults, such as those that produced the Kunlun (Tibet) earthquake in 

2001 and the Denali (Alaska) earthquake in 2002. The latter ruptures occurred on 

long, well-localized faults with high rupture velocity, including intervals of 

supershear rupture (Bhat et al., 2007; Bouchon & Vallée, 2003; Dunham & 

Archuleta, 2004; Perrin, Manighetti, Ampuero, et al., 2016; Vallée & Dunham, 2012; 

Walker & Shearer, 2009; Wang, Mori, et al., 2016), low aftershock productivity 

(especially in the fault segments having supershear rupture, e.g., Bouchon & 

Karabulut, 2008), and relatively low overall moment-scaled radiated energy (Zhang et 

al., 2022), but directivity-amplified ground motions along directed Mach waves (e.g., 

Bouchon & Vallée, 2003). 
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Fault maturity is evaluated on different scales, varying from granular aspects 

of fault structures to the general geometric complexity of a fault system (Abe & Mair, 

2005; Ben-Zion & Sammis, 2003; Dolan & Haravitch, 2014; Wibberley et al., 2008), 

and may relate to the evolution of the fault core, the damage zone and the shear 

deformation zone, which reflect the regions controlled by wear processes (e.g., Perrin 

et al., 2021; Shipton et al., 2006). A fault may become “more mature” as it ruptures 

and accumulates more slip over its geological history (e.g., Manighetti et al., 2007; 

Cowie & Scholz, 1992), which suggests that the degree of large scale fault maturity 

may be quantified from the macroscopic structural properties, which are plausibly 

related to the fault age, slip rate, and total accumulated slip, as considered in various 

studies (Dolan & Haravitch, 2014; Manighetti et al., 2007; Perrin, Manighetti, 

Ampuero, et al., 2016).  

Evolving faults intrinsically have variable amounts of slip, and hence 

maturity, along their length, being most mature at the original initiation section and 

least mature at the younger ends due to their lateral lengthening during geological 

growth. Thus faults intrinsically have a gradient of maturity along their propagation 

direction (e.g., Perrin et al., 2016) and can be mature overall but with immature 

sections. Maturation is not self-evidently linear with time or cumulative slip and 

could be related to other nonstructural fault behaviors on various scales. For instance, 

the persistence of fault segmentation even for large cumulative displacements may 

reflect controls of crustal thickness and geological structures that compete with the 

tendency to progressively localize onto a single surface (e.g., Klinger, 2010; Jiao et 
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al., 2021). The structural behavior of faults can be affected by saturation of 

broadening of damage zones around them (e.g., Savage & Brodsky, 2011) and may 

have related associations with shallow slip deficit and afterslip during an earthquake 

rupture (e.g., Li et al., 2020).  

Prior studies have suggested that geophysically determined earthquake 

characteristics of individual events, such as rupture velocity, stress drop, ground 

motion amplitude, and slip distribution may be related to structural maturity of the 

local fault system (e.g., Dolan & Haravitch, 2014; Manighetti et al., 2007; Perrin et 

al., 2021; Radiguet et al., 2009; Stirling et al., 1996). Seismology and geodesy now 

provide systematic characterizations of faulting for large earthquakes around the 

world, a subset of which do rupture the surface in fault zones for which we can 

estimate overall fault maturity. If we can establish relationships between the observed 

maturity of a fault and the seismic source attributes of earthquakes that rupture it, this 

would contribute to understanding variations in seismic hazard among different fault 

environments and could provide a probe of fault system geological complexity when 

accessible surface measurements are insufficient. Although we usually cannot 

robustly analyze the structural complexity for oceanic, blind faulting, or isolated 

events in areas with poor instrument distributions, such empirical relations may 

improve our understanding of the evolutionary state of causal fault systems and 

improve hazard assessment using seismic source characteristics determined from 

regional large earthquakes. Establishing such relationships would also demonstrate 
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that specific features of surface ruptures are reflective of the overall fault properties 

and their processes controlling earthquake rupture.   

In this study, our usage of fault maturity refers to the general tendency for 

fault systems to evolve from complex fracture network systems into localized 

through-going faults as displacement accumulates. We explore the extent to which 

remotely observable source parameters of large shallow strike-slip earthquakes, 

specifically relative aftershock productivity, rupture velocity, and moment-scaled 

radiated elastic energy, are influenced by and indicative of the maturity of the fault 

system that hosted the event. We focus on shallow continental strike-slip faults with 

well-documented context and assemble data for 34 earthquakes with MW ≥ 6.0 from 

1979 to 2020 using several candidate metrics for measuring maturity: roughly 

measured cumulative net slip of the associated fault, and surface rupture segmentation 

results including the number of segments, maximum azimuth change between 

segments and stepover offset. Relatively simple surface ruptures are characterized 

here as mature and more complex surface ruptures as immature, consistent with prior 

usage (e.g., Manighetti et al., 2007; 2021). Note that the use of surface rupture for 

individual earthquakes invites important questions about the degree to which each 

earthquake reflects the overall fault’s behavior. We return to this question at the end 

of this study.  

We proceed to compare the correlations between each of the geological and 

geometric variables to the seismological ones for both the full dataset and for subsets 

with the most robust geological data. After identifying some preliminary trends with 
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simple binning of maturity characterizations, we explore the power of a more 

heuristic assessment of maturity as well as a composite statistical measure. In the end, 

we conclude that some seismological variables, such as rupture velocity and to a 

lesser degree aftershock productivity, are correlated with maturity metrics that 

include information about segmentation as has been suggested in previous studies 

(e.g., Klinger, 2010; Manighetti et al., 2007; Manighetti et al., 2021). Seismic 

radiated energy has a more complex and potentially non-monotonic relationship to 

maturity. 

1.2 Data 

Continental earthquakes provide geological information that can not be as 

well observed for oceanic earthquakes. Specifically, shallow continental earthquakes 

with magnitudes larger than 6 are often quantitatively characterized by geological and 

seismological studies. Shallow crustal strike-slip earthquakes in particular provide 

observations that allow both the geological and surface rupture properties of the 

associated fault system to be evaluated, and thus fault maturity may be indicated from 

these measurements. Detailed studies of continental strike-slip events with MW ≥ 6.0 

over the past few decades provide multiple examples of ruptures with well-

determined source parameters in tandem with an observational study basis for 

evaluating the maturity of their fault system. For example, the segmented rupture 

determined for the MW 6.5 Stanley, Idaho earthquake in 2020 (Event ID 27 in Figure 

1-1 and Table 1-1) occurred on immature faults that were not previously mapped and 

lack large cumulative displacement (Yang et al., 2021). Recognizing the challenge of 
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defining and measuring fault maturity with the available data, we assembled summary 

fault zone properties for regions hosting recorded large (MW ≥ 6.0) shallow primarily 

strike-slip earthquakes to provide a preliminary basis for defining relative maturity. In 

total, we select the 34 strike-slip earthquakes shown in Figure 1-1 to analyze their 

fault maturity based on their long-term and individual event surface rupture traces. 

All utilized earthquakes are single events, except for the Ridgecrest sequence, which 

includes both the MW 6.4 foreshock and the MW 7.1 mainshock.  
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Figure 1-1. Maps showing locations and focal mechanisms of the 34 selected shallow 
strike-slip earthquakes. Focal mechanisms are color-coded by hypocentral depth. 
Events are sorted by magnitude and labeled with numbers used as their event ID 
(Table 1-1) in the following discussion. 

1.2.1 Geological and Geometric Measurements 

A basic challenge for this study is to establish observation-based attributes of 

fault systems that provide a consistent assessment of relative maturity.  

1.2.1.1 Long term slip-based measures of maturity 

A key issue for maturity is total slip of the fault segment involved in a 

particular rupture, related to both the slip rate and the fault age. If the strike-slip fault 

has large cumulative displacement (exceeding several tens of kilometers), it can be 

considered overall mature, while immature strike-slip faults have small cumulative 

displacement (from hundreds of meters to a few tens of kilometers) (Barnes & Audru, 

1999; Manighetti et al., 2007; Zhou et al., 2018). But maturity varies along the fault, 

so local properties (in terms of localization, gouge accumulation, etc.) where a 

rupture occurs are also important. We compile previous estimates of cumulative net 

slip that are either on or close to the rupture zone of the study earthquakes; these 

sometimes span a large range for a given fault due to observational limitations (Table 

1-1). The measurement of the cumulative lateral net slip along the faults remains 

difficult if a fault lacks the appropriate markers along the fault. This raises the 

problem that the reported offset values in previous literature may not always reflect 

the actual total offset on the fault, which makes this measurement uncertain. We 

adopt the net slip measurement most appropriate for each fault system encompassing 
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the potential minimum and maximum values in the study with well-documented large 

earthquake rupture (See Appendix A) to address this issue. 

1.2.1.2 Surface rupture segmentation-based measures of maturity 

Geological faults are segmented at large scale, and this is a property 

independent of the slip mode. As a fault grows with time, linkage between its large-

scale segments increases and the geometry of the fault zone simplifies and becomes 

more continuous (e.g., Klinger, 2010; Lyakhovsky & Ben-Zion, 2009; Childs et al., 

2009; Manighetti et al., 2007; Manighetti et al., 2021). The inter-segment zones 

commonly involve distributed, disorganized, secondary fissuring and faulting and 

therefore, can have higher overall strength on young, immature faults, and lower 

strength on mature features (e.g., Ben-Zion & Sammis, 2003; Manighetti et al., 2007). 

Earthquake ruptures on mature faults have been observed to have the ability to 

overcome the resistance of large scale stepovers while for immature faults, it is 

relatively harder for the earthquake to propagate across the disorganized, high-

strength inter-segment zones (e.g., Gong et al., 2022; King & Nábělek, 1985; Liu et 

al., 2019; Manighetti et al., 2007; Sibson, 1985). With the development of remote 

imaging and advances in fault mapping techniques, increasingly detailed and reliable 

rupture models help to characterize recent large earthquakes for the coseismic time-

varying slip distribution of multiple fault segments involved in each rupture. For 

example, the 2019 Ridgecrest strike-slip earthquake sequence is a component of a 

developing large-scale fault system in the Eastern California shear zone (Goldberg et 

al., 2020; Liu et al., 2019; Ross et al., 2019; Shelly, 2020 and many others). The field 
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attributes determined for the Ridgecrest mainshock indicate the rupture of a highly 

segmented immature fault zone that is not yet strongly localized. Without the rupture 

having occurred, it would be very difficult to infer segmentation or structural 

complexity based on surface exposure of the fault system, as is commonly the case 

for less mature faults and may be true for mature systems that are poorly exposed. 

 

Figure 1-2. Schematic diagram of some geologic and geometric measurements for a 
surface-rupturing fault, (modified from Perrin et al., 2016, Fig. 7; Manighetti et al., 
2015, Fig. 1), including cumulative net slip and fault segmentation related parameters 
such as number of primary segments and surface stepover widths between segments. 

We therefore compile observations of surface ruptures in the literature for 

each of the events in our study using multiple metrics including the number of 

segments, maximum surface rupture azimuth changes and stepover width between 

segments based on segmentation (Figure 1-2). For instance, strike azimuth changes 

and stepovers are common features used to define segment boundaries along strike-

slip ruptures (Bilham & Williams, 1985; Klinger, 2010). Minor variation (even only 

2-3°) in the fault azimuth can produce significant rupture limitations while small 

stepovers of up to several kilometers do not necessarily prevent through-going 

rupture whereas stepovers larger than 5 km often do (King et al., 2005; Klinger, 2010; 
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Wesnousky, 1988; Wesnousky, 2006). In addition, the total number of segments in a 

single earthquake is potentially an important aggregate measure of maturity (e.g., 

Klinger, 2010; Manighetti et al., 2007; Manighetti et al., 2009; Manighetti et al., 

2015).  

Segmentation measures are, however, challenging to evaluate as the observed 

surface rupture of an earthquake must be long enough to capture the general features 

of the fault segmentation without being biased by multiple surficial measures which 

may not be representative of the overall fault geometry (Dolan & Haravitch, 2014; 

Klinger, 2010). Although our selected events are all large continental strike-slip 

events, most of which have well-documented surface ruptures, the reported 

segmentation measures vary for each event due to different strategies in mapping and 

counting of fault segments on a variety of scales.  

We applied a semi-automatic procedure with uniform criteria and scale which 

can provide additional segmentation measures to supplement the compiled results 

from prior studies. We use a dataset compiled by Natural Hazards Risk and 

Resiliency Research Center (NHR3) that contains the digitized principal surface 

ruptures of 23 earthquakes among our selected 34 events. We perform systematic 

analyses to provide relatively self-consistent constraints on segmentation of these 

local fault ruptures for larger scale features in the rupture zone that are more likely to 

be indicative of the fault structure at depth. 

Azimuth change does not need to be large to produce significant effects (King 

et al., 2005), thus we follow the segmentation method described in Klinger (2010), 
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which is sensitive to azimuth changes along the strike, to parameterize both the 

number and the orientations of segments for the earthquake surface rupture. This 

method is based on an l1 trend filtering which performs a piecewise linear fit achieved 

by minimizing the equation, !
"
∑ (𝑦# − 𝑥#)"$
#%! + 𝜆∑ |𝑥#&! − 2𝑥# + 𝑥#'!|$&!

#%"  , where y 

represents the data, x represents the model and n is the number of points. We follow 

the same strategy as Klinger (2010) by consistently resampling the surface rupture 

data to 1pt/100m to smooth the data as they commonly undulate by local minor 

wiggles (Manighetti et al., 2021) and secondary strands along the rupture trace. The 

parameter λ controls the smoothness of the model and therefore affects the fit error 

between the data and model and the number of segments determined. Figure 1-3 

shows examples for the suite of possible combinations of RMS-misfit and number of 

segments with each point on this graph corresponding to a different choice of λ.  

Complete test results for all study events are presented in Figure A-1 in the 

Supporting Information. In Figure 1-3, the RMS-misfit drops drastically when the 

number of segments is lower than a threshold, therefore we select the preferred 

segment number as the minimum number of segments for which misfit no longer 

drops rapidly. As a secondary criterion, we also consider a direct manual count from 

the rupture maps and verify that the semi-automatic method is consistent with visual 

inspection of the map (See Figures A-(2-24) for direct visualization of the maps). The 

estimated number of segments is only for the principal surface rupture defined by 

NHR3 dataset while the distributed ruptures or minor branches are not considered, so 

our segmentation measure is intrinsically a conservative one. Figures A-(2-24) only 
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present one possible realization of this semi-automatic segmentation method 

corresponding to the chosen value of λ. As Klinger (2010) points out, the specific 

segmentation is not unique, and we include uncertainty estimates on the number of 

segments based on the RMS measurement in Figure 1-3, Figure A-1 and the output 

segmentation. 

We also use the segmentation on the NHR3 maps (Figures A-(2-24)) to 

determine maximum azimuth change and segment offset. Once again, we compare 

the results to published values in the literature for the specific earthquake where 

possible and report the full range of estimates as the range of possible values for the 

parameter in Table 1-1. More discussions about the segmentation details for each 

event and about the resolution of the NHR3 datasets can be found in the Supporting 

Information. 

 
Figure 1-3. The l1 trend filtering analyses for the Denali, Kunlun, Kaikoura, and 
Balochistan earthquake with digitized surface rupture data. The number of segments 
listed in the figure is determined from the main surface rupture following the 
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segmentation method, and distributed branches are not counted. The preferred 
estimate (red bars) is based on the pronounced change in RMS misfit as number of 
segments allowed increases. A complete analysis for all study events is shown in 
Figure A-1. Figures A-(2-24) present the final parameterizations for the number of 
segments for each event. 

1.2.2 Seismic Source Attributes 

Among the 34 events in this study, only two well-studied and documented 

earthquakes, the 1979 Imperial Valley earthquake and the 1987 Superstition Hills 

earthquake, occurred earlier than 1990. We focus on events after 1990 because they 

have both more extensive field investigations and higher completeness of the main 

seismic parameter attributes that we consider: relative aftershock productivity, rupture 

velocity, and moment-scaled radiated elastic wave energy. 

1.2.2.1 Aftershock productivity 

Aftershock productivity adjusted for scaling relative to mainshock magnitude 

has been related to both geological setting and focal mechanism (Dascher-Cousineau 

et al., 2020; Page et al., 2016; Tahir et al., 2012; Wetzler et al., 2016) and provides a 

measure of the distributed deformational process associated with an earthquake. For 

continental strike-slip events at shallow depth, we explore whether variability in 

aftershock productivity is influenced by fault zone maturity. 

We use the ratio between the observed and predicted aftershock productivity 

as a readily measurable source parameter. Considering the variation in the 

completeness of magnitude for catalogs in different regions, the observed aftershock 

productivity (NAobs) for each selected earthquake is determined using a fixed 45-day 

time window for aftershocks with magnitude ≥4.5 in the ANSS Comprehensive 
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Earthquake Catalog (Comcat). A magnitude-dependent spatial search is used, which 

involves a circular search for shallow events centered on the mainshock epicenter 

with radius R = 2×10-2.44+0.59*M corresponding to twice the empirical rupture length 

from Wells & Coppersmith (1994), following Ye et al. (2016). Here, M is the 

magnitude of the mainshock.  

Ye et al. (2020) found a general relation for the predicted aftershock 

productivity for globally shallow major earthquakes with magnitude ≥7.0 using the 

same space-time window as this study following a similar procedure to prior work 

(Reasenberg & Jones, 1989). The overall predicted productivity (NApred) is NApred = 

100.99M-5.83, which specifies a typical aftershock productivity for each magnitude. Note 

that the magnitude coefficient of 0.99 is very similar to prior estimated values of 1 

based on a number of methods and datasets. Thus the magnitude dependence of 

aftershock productivity appears to be a robust property that can be well-estimated 

empirically and has been shown to be consistent to mainshock magnitudes as low as 2 

(Reasenberg & Jones, 1989; Gerstenberger et al., 2005; Helmstetter et al., 2005; 

Dascher-Cousineau et al., 2020; Wetzler et al., 2022). The second empirical factor 

(5.83) reflects the total number of earthquakes and is dependent on the space-time 

windowing procedure used to isolate an aftershock cluster. Thus, we use the same 

windowing procedure here as is done in the global compilation of Ye et al. (2020) 

that yielded this particular form of NApred. The ratio between NAobs and NApred 

provides a consistent measurement for each selected large strike-slip earthquake with 
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a given magnitude (Table 1-1) that is sufficient for our purpose of exploring basic 

relationships with fault zone maturation. 

1.2.2.2 Rupture velocity 

Both observations and dynamic rupture simulations have shown that faster 

rupture velocity and the potential for supershear transition on faults surrounded by 

damaged zones are more likely on mature, well-localized and relatively straight 

segments of shallow faults (Huang et al., 2016; Perrin et al., 2016; Thakur & Huang, 

2021; Zhang & Chen, 2006). Less mature segmented faults with offsets tend to 

experience rupture hiatus and slowing of average rupture speed (Bruhat et al., 2016; 

Goldberg et al., 2020; Hetland & Hager, 2006). Therefore, earthquake rupture 

velocity is a possible source property indicative of fault maturity. 

The determination of rupture velocity requires very good regional seismic and 

geodetic constraints on the finite-fault rupture model for smaller events augmented by 

high-frequency back projections and surface wave measurements for larger events. 

Observations after 1990 tend to be more comprehensive for these measurements, but 

resolution varies regionally. We compile estimates of the average rupture velocity for 

each event from prior literature in Table 1-1. 

1.2.2.3 Radiated Energy 

Earthquakes occurring on immature faults are more likely to have higher 

roughness at short fault wavelengths and, hence, may radiate more short-period 

energy per unit of seismic moment than earthquakes occurring on more mature faults 

(Choy & Kirby, 2004; Hutchison et al., 2020; Perrin, Manighetti, & Gaudemer, 
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2016). However, at the same time, the energy available for seismic radiation is 

limited by the fracture energy consumed in propagating the rupture along the rough 

surface, with plastic yielding and other dissipative processes consuming some of the 

available potential energy, particularly for fault zones which have not experienced 

many ruptures in large earthquakes. It is unclear which factor will dominate for 

immature faults. As a fault matures it localizes and accumulates gouge, which may 

also lower its strength and fracture energy (Perrin, Manighetti, & Gaudemer, 2016), 

and increase the available radiated energy; however, again, associated smoothing may 

decrease it. While teleseismic radiated energy has been routinely estimated from 

seismic recordings of our large events, as listed in Table 1-1, the appropriate 

hypothetical relationship to maturity is uncertain. 

1.3 Correlations Between Each Maturity Measure and 
Seismological Parameters 

We combine information from both the previous literature (including rupture 

velocity, cumulative net slip and segmentation results) and our systematic 

segmentation analysis (number of rupture segments, maximum azimuth changes, 

offsets of stepover between segments) and list the ranges of these parameters in Table 

1-1. The large ranges indicated for some parameters reflect a mix of measurement 

procedures and uncertainty in the measurements. Considering the potential variability 

in segment length across various states of maturity, we also incorporate and list the 

normalized number of segments per 100-km rupture length as one of the potentially 

relevant metrics (included in Table 1-1). However, it is unclear which parameter 
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exhibits a stronger correlation with the seismic observations. Although utilizing the 

normalized number of segments could introduce additional information, such as 

rupture length, it simultaneously relinquishes the sensitivity to absolute segment 

counts which might be an important factor in determining earthquake dynamic 

rupture process (Wesnousky, 2006). In the context of this study, we only discuss 

results using the absolute number of segments but provide supplementary findings 

using the normalized number of segments in the Supporting Information.  

Table 1-1. Estimated Parameters of the 34 Utilized Earthquakes 

 

Event 
ID 

Earthquake 
Information 

NAobs 
NAobs/NApred 

Rupture Velocity 
(km/s) * 

Radiated Energy (J), 
Moment-scaled Radiated 

Energy (J∙N-1∙m-1) 
Cumulative 

Net Slip (km) * 

1 2002/11/03 MW 
7.9 Denali 

(United States) 

55 
0.56 

3.2–3.5 1.4×1016, 1.57×10-5 241–400 

2 2001/11/14 MW 
7.8 Kunlun 

(China) 

22 
0.28 

3.3–3.9 5.6×1015, 8.88×10-6 85–150 

3 2016/11/13 MW 
7.8 Kaikoura 

(New Zealand) 

137 
1.76 

1.5–2 1.8×1016, 2.85×10-5 15–19 

4 2013/09/24 MW 
7.7 Balochistan 

(Pakistan) 

22 
0.35 

3–4 6.9×1015, 1.54×10-5 11–460 

5 1990/07/16 MW 
7.7 Luzon 

(Philippine) 

156 
2.51 

3–3.5 2.9×1016, 6.49×10-5 40–-200 

6 1999/08/17 MW 
7.6 Izmit 
(Turkey) 

28 
0.57 

4.5–4.8 3.5×1015, 1.11×10-5 70–88 

7 2018/09/28 MW 
7.5 Palu 

(Indonesia) 

56 
1.42 

4.1–4.3 3.7×1015, 1.65×10-5 120–250 
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8 2021/05/21 MW 
7.3 Maduo 

(China) 

25 
1.00 

2–3.5 1.4×1015, 1.25×10-5 5–10 

9 1992/06/28 MW 
7.3 Landers 

(United States) 

47 
1.88 

2.5–2.9 1.6×1015, 1.43×10-5 4.6–40 

10 1997/05/10 MW 
7.3 Zirkuh 

(Iran) 

19 
0.76 

3–3.5 3.3×1015, 2.94×10-5 80 

11 1999/11/12 MW 
7.2 Düzce 
(Turkey) 

12 
0.60 

4.3–4.8 1.0×1015, 1.26×10-5 70–88 

12 2021/08/14 MW 
7.2 Nippes 

(Haiti) 

13 
0.65 

NA NA, NA 30–50 

13 2015/12/07 MW 
7.2 Sarez 

(Tajikistan) 

24 
1.21 

4.3–5 2.2×1015, 2.77×10-5 300 

14 2010/04/04 MW 
7.2 El Mayor-

Cucapah 
(United States) 

31 
1.56 

2–2.5 1.5×1015, 1.89×10-5 1–2 

15 1999/10/16 MW 
7.1 Hector Mine 
(United States) 

21 
1.33 

1.8–2.2 3.0×1015, 5.33×10-5 10–20 

16 2019/07/06 MW 
7.1 Ridgecrest 

Mainshock 
(United States) 

33 
2.09 

1.5–2 4.8×1014, 8.54×10-6 0.25–0.6 

17 1995/05/27 MW 
7.1 Neftegorsk 

(Russia) 

16 
1.01 

1.7–2.1 2.2×1015, 3.91×10-5 50 

18 2010/09/03 MW 
7.0 Darfield 

(New Zealand) 

38 
3.02 

2–2.5 1.0×1015, 2.51×10-5 NA 

19 2016/04/15 MW 
7.0 Kumamoto 

(Japan) 

43 
3.42 

2.4–2.5 1.8×1015, 4.52×10-5 0.75 

20 2010/01/12 MW 
7.0 Haiti (Haiti) 

61 
4.85 

2.6–3.3 4.0×1015, 1.00×10-4 30–50 

21 2014/02/12 MW 
6.9 Yutian 

(China) 

13 
1.30 

NA 9.0×1014, 3.19×10-5 65 
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22 2010/04/13 MW 
6.9 Yushu 

(China) 

10 
1.00 

4.7–5 4.0×1014, 1.42×10-5 60–80 

23 2011/03/24 MW 
6.9 Tarlay 
(Myanmar) 

5 
1.63 

3.3–3.5 3.6×1014, 1.28×10-5 10–14 

24 2020/01/24 MW 
6.7 Sivrice 
(Turkey) 

8 
1.26 

2–2.2 3.5×1014, 2.48×10-5 11 

25 200312/26 MW 
6.6 Bam (Iran) 

3 
0.59 

~2.8 1.5×1014, 1.50×10-5 12 

26 1987/11/24 MW 
6.6 Superstition 

Hills (United 
States) 

3 
0.59 

~2.5 NA, NA 25 

27 2020/03/31 MW 
6.5 Stanley 

(United States) 

1 
0.25 

3–4 1.1×1014, 1.55×10-5 NA 

28 2017/08/08 MW 
6.5 Jiuzhaigou 

(China) 

4 
0.99 

~2.4 9.1×1013, 1.29×10-5 NA 

29 2020/05/15 MW 
6.5 Monte 

Cristo Range 
(United States) 

15 
3.72 

1.5–2.6 1.4×1014, 1.98×10-5 NA 

30 2020/12/29 MW 
6.4 Petrinja 
(Croatia) 

3 
0.94 

1.5–2 1.1×1014, 2.19×10-5 0.56 

31 2019/07/04 MW 
6.4 Ridgecrest 

Foreshock 
(United States) 

5 
1.56 

1.5–2 5.4×1013, 1.08×10-5 0.25–0.6 

32 1979/10/15 MW 
6.4 Imperial 

Valley (United 
States) 

9 
2.81 

3–3.1 1.3×1014, 2.59×10-5 24–85 

33 2014/08/24 MW 
6.02 Napa 

(United States) 

0 
0 

2.9–3 2.5×1013, 1.85×10-5 35 

34 2004/09/28 MW 
5.97 Parkfield 
(United States) 

2 
1.66 

2.5–3.1 1.1×1013, 9.69×10-6 305–325 

NAobs: observed aftershock productivity.  

NApred: aftershock productivity determined from the empirical relation. 
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*: information from prior work. 

+: information from l1 trend filtering 

 

Event 
ID 

Rupture 
Length 
(km) * 

Number of Segments *+ 
Normalized Number of 
Segments per 100 km 

Maximum 
Azimuth 

Change (°) *+ 

Stepover 
Offset 

(km) *+ 
Reference 

1 341 3–6 
0.9–1.8 

17–48 4–4.2 Amand, 1957; 
Frankel, 2004; 
Grantz, 1966; 
Haeussler et al., 
2004; Lowey, 1998; 
Ozacar & Beck, 
2004 

2 430 5–6 
1.2–1.4 

8–27 10 Bouchon & Vallée, 
2003; Fu et al., 
2005; Gaudermer et 
al., 1989; Klinger, 
2010; Robinson et 
al., 2006; van der 
Woerd et al., 2002 

3 165 12–18 
7.3–10.9 

85–90 3–4 Bai et al., 2017; 
Hamling et al., 
2017; Litchfield et 
al., 2018; Nicol et 
al., 2018; Stirling et 
al., 1996; Zhang et 
al., 2017 

4 200 3 
1.5 

27 1.5–2 Avouac et al., 2014; 
Barnhart et al., 
2015; Jolivet et al., 
2014; Valdiya & 
Sanwal, 2017; 
Wang et al., 2016; 
Zinke et al., 2014 

5 120 5–7 
4.2–5.8 

14–27 1 Barrier et al., 1991; 
Klinger, 2010; 
Velasco et al., 
1996; Wesnousky, 
2006 

6 110 5–6 
4.5–5.5 

18–32.5 1 Akbayram et al., 
2016; Bouchon et 
al., 2001; Langridge 
et al., 2002; 
Reilinger et al. 
2000; Sunal & 
Erturaç, 2012; Tibi 
et al., 2001 
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7 180 3–8 
1.7–4.4 

33 1.5 Bao et al., 2019; 
Fang et al., 2019; 
He et al., 2019; 
Natawidjaja et al., 
2021; Silver et al., 
1986; Socquet et 
al., 2019; Ulrich et 
al., 2019 

8 154 5–10 
3.3–6.5 

17–20 2–3 Chen et al., 2022; 
Cheng et al., 2023; 
Li et al., 2022; Lyu 
et al., 2022; Pan et 
al., 2022; Ren et al., 
2022; Wei et al., 
2022; Yuan et al., 
2022; Zhang et al., 
2022 

9 75 4–13 
5.3–17.3 

41 2–3 Cohee & Beroza, 
1994; Dreger, 1994; 
Jachens et al., 2002; 
Klinger, 2010; 
Spotila & Sieh, 
1995; Wald & 
Heaton, 1994; 
Wesnousky, 2006; 
Zachariasen & 
Sieh, 1995 

10 125 5–7 
4–5.6 

17–28.5 2 Ansari, 2021; 
Berberian et al., 
1999; Marchandon 
et al., 2018; Tan et 
al., 2019; Walker & 
Jackson, 2004 

11 40 3–5 
7.5–12.5 

 

15–15.8 0.8–2 Akbayram et al., 
2016; Aydin & 
Kalafat, 2002; 
Birgören et al., 
2004; Bouchon et 
al., 2001; Duman et 
al., 2005 

12 NA 4–5 
NA 

4–10 NA Douilly et al., 2022; 
Maurer et al., 2022; 
Saint Fleur et al., 
2020 

13 79 3 
3.8 

24.5 1–2 Burtman & Molbar, 
1993; Elliott et al., 
2020; Metzger et 
al., 2017; Sangha et 
al., 2017 

14 120 8–12 
6.7–10 

70 2–3 Fletcher et al., 
2014; Hauksson et 
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al., 2011; Perrin et 
al., 2021; Wei et al., 
2011 

15 48 5–9 
10.4–18.8 

25–60 2–3 Jachens et al., 2002; 
Ji et al., 2002; 
Kaverina et al., 
2002; Klinger, 
2010; Perrin et al., 
2021; Treiman et 
al., 2002 

16 ~36 12–15 
36.1–41.7 

66–80 2 Barnhart et al., 
2019; Chen et al., 
2020; DuRoss et 
al., 2020; Goldberg 
et al., 2020; Liu et 
al., 2019; Milliner 
et al., 2021  

17 46 7–8 
15.2–17.4 

11–19.5 1 Arefiev et al., 2000; 
Fournier et al., 
1994; Kraeva, 2004 

18 29.5 5 
16.9 

18.5 1.8 Elliott et al., 2012; 
Quigley et al., 
2012; Quigley et 
al., 2019; Villamor 
et al., 2012 

19 40 9 
22.5 

50 1.2–2.5 Hao et al., 2016; 
Lin et al., 2017; 
Scott et al., 2018; 
Shirahama et al., 
2016; Toda et al., 
2016; Yue et al., 
2017 

20 NA NA 
NA 

NA NA Meng et al., 2012; 
Mercier de Lépinay 
et al., 2011; 
Prentice et al., 
2010; Saint Fleur et 
al., 2020 

21 45 5–6 
11.1–13.3 

30–40 0.6 Li et al., 2016; 
Stirling et al., 1996; 
Zhang & Ge, 2017 

22 33 4–5 
12.1–15.2 

4–20 1.4–2 Li et al., 2011; Li et 
al., 2012; Wang & 
Burchfiel, 2000; 
Wang et al., 2009; 
Wang & Mori, 
2012; Yan & Lin, 
2015; Yokota et al., 
2012 
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23 30 2–4 
6.7–13.3 

30 0.5 Lacassin et al., 
1998; Tun et al., 
2014; Wang et al., 
2014 

24 48 NA 
NA 

NA NA Çetin et al., 2020; 
Duman & Emre, 
2013; Gallovič et 
al., 2020; Konca et 
al., 2021; Melgar et 
al., 2020; Tatar et 
al., 2020 

25 22.5 6 
26.7 

10 1 Jackson et al., 
2006; Maleki 
Asayesh et al., 
2020;  Walker & 
Jackson, 2004 

26 26 5 
19.2 

20 0.2–0.6 Hwang et al., 1990; 
Klinger, 2010; 
Sharp, 1967; 
Wesnousky, 2006 

27 NA NA 
NA 

NA NA Luo et al., 2022; 
Pollitz et al., 2020; 
Yang et al., 2021 

28 NA NA 
NA 

NA NA Li et al., 2018; Li et 
al., 2020; Zhang et 
al., 2021 

29 NA NA 
NA 

NA NA Koehler et al., 
2021; Liu et al., 
2021; Sethanant et 
al., 2023; Zheng et 
al., 2020 

30 13 4 
30.8 

30 2 Baize et al., 2022; 
Xiong et al., 2022 

31 ~18 12 
66.7 

80–86 1 Chen et al., 2020; 
DuRoss et al., 
2020; Goldberg et 
al., 2020; Liu et al., 
2019; Milliner et 
al., 2021  

32 30 6–8 
20–26.7 

28.5 0.5–2 Archuleta, 1984; 
Powers & Jordan, 
2010; Singh et al., 
1982; Stirling et al., 
1996; Wesnousky, 
2006 

33 12 7 
58.3 

22 1 Dreger et al., 2015; 
Floyd et al., 2016; 
Fox, 1983; Ji et al., 
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2015 

34 30 4 
13.3 

11 2 Ma et al., 2008; 
Matti & Morton, 
1993; Perrin et al., 
2019; Powers & 
Jordan, 2010; 
Uchide et al., 2009 

NAobs: observed aftershock productivity.  

NApred: aftershock productivity determined from the empirical relation. 

*: information from prior work. 
+: information from l1 trend filtering 

We now assess whether there are any trends between the seismic attributes 

and the geological fault complexity measurements in Figures 1-4 to 1-6, including the 

ranges on the parameters. As the Haiti earthquake (event ID 20), Stanley earthquake 

(event ID 27), Jiuzhaigou earthquake (event ID 28), and Monte Cristo Range 

earthquake (event ID 29) occurred on newly mapped faults without extensive prior 

seismicity (Goldberg et al., 2020; Liu et al., 2019; Prentice et al., 2010; Sun et al., 

2018; Yang et al., 2021; Zheng et al., 2020), we do not provide surface rupture 

segmentation measurement of these four events and thus exclude them in the further 

analysis (Figure 1-4 to 1-6) for consistency.  

In Figures 1-4 to 1-6, circular symbols represent the mid-points of the 

minimum to maximum range of each measurement, bars indicate the estimated 

ranges. The colored circles without outer edges (for example, data shown in Figure 1-

4a) indicate that the corresponding geological measurements are sourced solely from 

previous studies. On the other hand, the data represented by hollow circles (for 

example, ID34 in Figure 1-4b) were obtained solely from our semi-automatic 
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segmentation analysis using the NHR3 dataset. Circles with black edges represent 

geological measurements that include results from both previous studies and our 

semi-automatic segmentation analysis. 

We now explore the relationships of the relative aftershock productivity, 

rupture velocity and the moment-scaled radiated energy to the geological 

measurement. In order to have a systematic and statistical understanding of any 

potentially hidden relation between these seismic and non-seismic properties that 

could not be visually detected, we use p-values, which measure the probability that 

the observed correlation of the current dataset can be created by a random trend in 

uncorrelated datasets. A low p-value (< 0.05) implies a strong significance to the 

result, which suggests that the two measurements are not randomly distributed. We 

recognize that the use of p-values in this way does not rigorously correspond to a 

probability of correlation, but rather merely provides a convenient tool to quantify 

and compare trends in the data. We do not emphasize regression fits given the 

uncertainty and scatter in the data; our goal is to establish whether first-order 

correlation exists. To incorporate the error bars for the data points into our assessment 

of significance, we randomly resampled the data 1000 times between the lower and 

upper bounds in corresponding scale (Table B-2) for each sample and determined a p-

value for each random test. We use the median p-value as the primary measure of 

significance in the main text of this paper. (The Supplemental Section contains an 

alternative approach to calculating the error on the p-values through bootstrapping the 
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data. See Supplemental Section 5.2 for these results and a discussion of the 

limitations of bootstrapping on this small dataset.)  

The p-values suggest the aftershock productivity of an earthquake yields 

statistically significant loglog fits (p = 0.016) to the number of segments (Figure 1-

4b) and has a modestly significant trend (p = 0.064) with the maximum azimuth 

change in surface ruptures (Figure 1-4c). However, there appears to be little 

correlation (p > 0.1) between the aftershock productivity and the cumulative net slip 

of the fault (Figure 1-4a) or the stepover width (Figure 1-4d). Figure 1-5 shows 

comparisons between the earthquake rupture velocity and the geological 

measurements. The cumulative net slip and the number of segments depict clear 

trends and have significant correlation with rupture velocity (Figure 1-5a, 1-5b) with 

the determined p-values being less than 0.01. Maximum azimuth change could also 

be a potential predictor of seismic behavior due to its statistically significant loglog 

fits (p = 0.015) to the rupture velocity. The stepover width between segments in 

general visually appears to have no trend in Figure 1-5d with a very high p-value (p = 

0.85) which suggests the weakest correlation. None of the cumulative net slip or fault 

geometry factors are simply related to the moment-scaled radiated energy (Figure 1-

6).   

Our analysis suggests that correlations of the cumulative net slip with the 

rupture velocity (p = 0.00072 in Figure 1-5a), the number of segments with the 

relative aftershock productivity (p = 0.016 in Figure 1-4b), the number of segments 

with the rupture velocity (p = 0.00079 in Figure 1-5b), and the maximum azimuth 
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change with the rupture velocity (p = 0.015 in Figure 1-5c) are significant. However, 

the p-values for the stepover width comparisons (Figure 1-4d, 1-5d, 1-6d) are too 

large to indicate any correlation. 

 

 

Figure 1-4. Relative aftershock productivity versus (a) cumulative net slip, (b) 
estimated number of segments, (c) estimated maximum azimuth change, (d) measured 
stepover width of faults. Parameter ranges represent the span of values listed in Table 
1-1 and circles are at the center of the ranges with the event ID labeled. Colored 
circles without outer edges represent earthquakes whose corresponding geological 
measurements are only from previous studies. Hollow circles represent those 
measurements only from our semi-automatic segmentation analysis using the NHR3 
dataset. Circles with black edges indicate that the corresponding geological 
measurement includes the result from both previous studies and our semi-automatic 
segmentation analysis. 
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Figure 1-5. Rupture velocity versus (a) cumulative net slip, (b) estimated number of 
segments, (c) estimated maximum azimuth change, (d) measured stepover width of 
faults. 

 



 

30 
 

 
Figure 1-6. Moment-scaled radiated energy versus (a) cumulative net slip, (b) 
estimated number of segments, (c) estimated maximum azimuth change, (d) measured 
stepover width of faults. 

 
Table 1-2. p-values Reported in Figures 1-4 to 1-6. 

 Cumulative Net Slip Number of Segments Maximum Azimuth 
Change Stepover Width 

Relative Aftershock 
Productivity (Figure 
1-4) 

0.11±0.032 0.016±0.0061 0.064±0.023 0.52±0.10 

Rupture Velocity 
(Figure 1-5) 0.00072±0.00036 0.00079±0.00059 0.015±0.0078 0.85±0.081 

Moment-scaled 
Radiated Energy 
(Figure 1-6) 

0.78±0.073 0.69±0.12 0.63±0.13 0.36±0.060 

Bolds indicate p-values less than 0.01, i.e., very significant. Italics indicate p-values between 0.01 and 
0.05, i.e., marginally significant. 
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We summarize p-values in Table 1-2 and present their distributions in Figure 

A-30. In general, rupture velocity shows the most robust behavior with the geological 

parameters, which suggests that it might be appropriate to use as a preliminary 

representation of fault maturity. The main exception is stepover width, which has no 

relationship with rupture velocity or anything else in this study. The correlation 

between the relative aftershock productivity and cumulative net slip is moderately 

significant, and there is a relationship with two of the surface rupture parameters 

related to segmentation: the segment number and maximum azimuth change. The 

moment-scaled radiated energy is relatively uncorrelated with the geological 

measurements from both the p-value statistical analysis and visual inspection.   

1.4 Discussion 
Fault maturity is difficult to quantify by any single measurement of a fault 

system. Therefore, it is also useful to consider alternative, composite approaches that 

combine information from more than one indicator of maturity. One such approach is 

to simply classify each fault system as either mature or immature based on a 

qualitative assessment of all available data. We reach such a judgment for the fault 

involved in each earthquake in the Supporting Information text based on a 

consideration of the available literature for each case (see Section A-2 of Supporting 

Information). Given that maturity is intrinsically a continuous rather than binary 

property of fault systems, this qualitative approach must be limited in its scope (some 

studies have used a 3-level categorization, i.e., Choy & Kirby, 2004; Manighetti et al., 

2007; Manighetti et al., 2021; Perrin et al., 2016, but similar qualitative assessments 
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dominate in the literature), but it lends itself to a simple distinction of mature versus 

immature. 

Figure 1-7 shows the resulting relationship between our qualitatively defined 

bimodal maturity and each seismic parameter. The result reinforces the trends noted 

in individual comparisons above, with lower rupture velocity for less mature systems 

(Figure 1-7b), subtle relationship with the aftershock productivity (Figure 1-7a) and 

negligible relationship with the moment-scaled radiated energy (Figure 1-7c). 

Consideration of event size suggests that the trend may be somewhat stronger with 

aftershock productivity if one excludes events with magnitudes less than 7.0. While 

one might expect larger events to preferentially occur on more mature faults, as is 

apparent from the color symbol distribution in Figure 1-7, there is representation of 

smaller events on mature faults (22 - Yushu; 34 - Parkfield) along with larger events 

on immature faults (including 3 - the large Kaikoura event), so event size is a factor 

with strong covariance with multiple parameters rather than a controlling source 

parameter, as discussed below.  

 

 

Figure 1-7. Qualitative bimodal fault zone maturity categorization compared with 
seismic parameters: (a) relative aftershock productivity, (b) rupture velocity, and (c) 



 

33 
 

radiated energy normalized by moment. Red circles represent earthquakes with MW ≥ 
7 while blue circles are smaller events. Event ID is used for each individual event 
corresponding to Table 1-1 and Figure 1-1. 

Given the limitations of this bimodal maturity characterization, we also 

explore a more quantitative combination of the three geological or geometric 

measurements that individually showed promising trends with seismic observables: 

cumulative net slip, number of segments and maximum azimuth changes between 

segments. Mature faults generally may have larger net slip, relatively simple ruptures 

with few major segments and little variation in the along-strike azimuth. Immature 

faults have only a few kilometers of total slip and the ruptures occur on several 

segments with complex surface rupture traces. Here we define maturity (Fmaturity) 

based on a particular weighted linear combination of the three measures that is guided 

by our understanding thus far, as 
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  (1-1) 

where D represents the cumulative net slip, N represents the number of segments, A 

represents the maximum azimuth between the segments. max, min, and obs in the 

subscript represent the upper boundary, lower boundary and the real observation for 

each measurement. In this work, we use Dmax = 500 km, Dmin = 0.2 km, Nmax = 20, 

Nmin = 2, Amax = 90°, Amin = 4°. In order to determine the p-value ranges for a linear 

model between the maturity factor and seismic measurements, we perform 1000 tests 

and in each test we randomly select cumulative net slip, number of segments, and 

maximum azimuth change from their possible ranges using a uniform distribution. 
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The weights, which yield a total of 1, are also randomized within the range of 0 to 1 

to combine these observational measurements. This avoids bias of overemphasizing 

any one parameter. 

This weighted combination of the fault maturity parameters gives a relative 

distribution from mature to immature systems that we can now compare with the 

seismic parameters (Figure 1-8). Although p-values are provided again to help 

quantify the relative degree of correlation, they should not be interpreted as 

probabilities as the composite measure was designed to incorporate the parameters 

previously established to be most correlated. We see that once again mature faults 

correspond to high rupture velocity and to a lesser degree low aftershock productivity 

while immature faults tend to have low rupture velocity and high aftershock 

productivity. 

 

Figure 1-8. The composite measure of relative maturity from geological and 
geometric measurements compared to (a) relative aftershock productivity, (b) rupture 
velocity, and (c) moment-scaled radiated energy. Event ID is used for each individual 
event corresponding to the legends in Figure 1-1. 

 
As in the analysis of individual measures, scaled radiated energy has a high p-

value and no clear correlation with maturity as quantified by the composite measure. 
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However, there are two conspicuous data points in the lower right-corner of Figure 1-

8c, which are the two Ridgecrest earthquakes and without these two data, a visual 

trend seems evident. This is a problematic situation given that the Ridgecrest 

earthquakes are exceptionally well-mapped and documented and there is no reason to 

exclude them. They are also likely among the most extreme examples of very 

immature faults. This raises the intriguing possibility that the evolution of seismic 

radiated energy with maturity is non-monotonic. 

The observed surface rupture patterns for events with varying inferred fault 

zone maturity shown in Figure 1-9 suggest a scenario that could account for a non-

monotonic trend with radiated energy. Fractures are relatively unaligned and 

distributed on very immature faults and a large earthquake in this system must 

dissipate more energy in breaking through to form a more continuous rupture surface. 

With evolution of maturity, faults become more localized and dissipation of strain 

energy in generating new cracks is reduced, allowing more short period energy to be 

radiated with jerky rupture propagation (total radiated energy measures are very 

sensitive to the high-frequency energy content in the wavefield). For well-developed 

maturity faults become smooth enough that through-going ruptures have smoother 

moment rate-functions and comparatively little high frequency energy is radiated 

during the rupture process (Madariaga, 1977; Fang & Dunham, 2013). As a result, the 

maximum in radiated energy occurs for fault zones with intermediate maturity.    
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Figure 1-9. Surface rupture pattern of faults with evolving structural maturity with 
time or cumulative fault slip. Examples are shown for the very immature, immature 
and mature faults ruptured in the Ridgecrest mainshock, El Mayor-Cucapah, and 
Duzce earthquakes, correspondingly. When a large earthquake occurs in these 
systems, there is strong energy dissipation in the very immature case due to forming 
connecting cracks and overcoming stepovers; there is less consumption of fracture 
energy and strong radiation of short-period energy in the intermediate state where 
segments are localizing, and there is reduced radiation of high frequency seismic 
energy from the smoother, localized mature case. 

Seismic observations are more quantitative than many traditional geological 

measurements, and have potential to guide inferences of the structural maturity of 

faults. On the other hand, fault maturity might play a key role in the nucleation and 

propagation of an earthquake (Huang, 2018; Perrin et al., 2016; Rubino et al., 2022; 

Wibberley et al., 2008), but does not determine the magnitude of earthquakes on the 

faults. Although our bimodal maturity characterization shown in Figure 1-7 suggests 

that more major earthquakes (MW > 7) in our data set are located on mature faults, 

comparison of the magnitudes of the study earthquakes and the determined composite 

maturity (Figure 1-10) does not establish clear correlation between the composite 

maturity measurement and the earthquake magnitude from visual inspection or from 

the statistical approach (p = 0.70). Figure 1-10 also suggests that immature fault 



 

37 
 

systems with distributed fault networks have the ability to host large earthquakes, just 

as small earthquakes can occur on mature systems. The probability of generating 

large earthquakes in immature fault zones by a cascade of fault triggering should not 

be underestimated. 

 

Figure 1-10. Composite maturity measurement in relation with the earthquake 
magnitude. Event ID is used for each individual event corresponding to Table 1-1 and 
the legends in Figure 1-1. 

We choose the cumulative net slip of a fault as the long term slip-based 

measure of maturity considering its likely importance in reflecting the longevity (i.e., 

structural maturity) of the fault. The total offset as defined here bears only a slight 

relationship to the earthquake properties which injects a note of caution into defining 

maturity based on the geometry of specific earthquake rupture. One might think that 

the individual surface rupture measurements perform better because they are related 

to the specific earthquake and thus the earthquake does not necessarily reflect any 

long-term structural maturity feature. Although this is a plausible interpretation, the 
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data favor a controlling role of fault maturity (rather than earthquake rupture process) 

for two reasons: (1) the correlation between total offset and rupture velocity reflects 

long-term geological processes and (2) that said, the lack of correlation with offset 

measurements for other variables is problematic to interpret because the offset 

measurements themselves are only available for the largest faults, and 

intrinsically less comparable and reproducible than the direct measurements from the 

surface rupture (Kim & Sanderson, 2005).  

Modern development of satellite imaging provides more useful measurement 

to indicate the structural maturity of the faults. Another potential candidate metric of 

maturity is the ratio of surface slip to slip at depth on a fault. Surface fault slip during 

earthquakes is often smaller than the slip at depth determined from geodetic and 

seismologic data (e.g., Thatcher & Bonilla, 1989; Xu et al., 2016; Liu et al., 2021). 

Recent studies show that the zone of maximum co-seismic slip in continental strike-

slip earthquakes commonly occurs at about 3–6 km depth while the surface coseismic 

slip is often lower and afterslip and distributed deformation often do not add up to 

match the deep slip. Li et al. (2020) argues that a shallow slip deficit and lack of early 

afterslip indicates that the fault system is immature. We then expect a complex 

rupture geometry with distributed coseismic failure in the uppermost part of the brittle 

crust during the fault zone development. As faults mature, they straighten, develop a 

localized fault zone core, and the shallow slip deficit tends to diminish. Fault 

structural maturity and the percentage of total surface displacement that occurs on 

narrow zones of surface rupture relative to more distributed off-fault deformation 
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have been revealed to have a consistent correlation with fault structural maturity 

(Cheng & Barnhart, 2021; Dolan & Haravitch, 2014; Milliner et al., 2021; Zinke et al., 

2014). Specifically, structurally immature fault zones have lower percentage of the 

total surface deformation during earthquakes ruptures than mature faults. The 

correlation of the off-fault deformation and the geometric complexities (i.e., maturity) 

of faults has also been supported by laboratory studies through experiments (Hatem et 

al., 2017; Visage et al., 2023). In addition, earthquake location with high resolution 

that defines the aftershock distribution at depth can be a useful tool in analyzing the 

evolution of the fault damage zone. The width of the shear deformation zone has been 

suggested to decrease as a power law with cumulative fault displacement and thus, 

might indicate the structural maturity of a fault (e.g., Perrin et al., 2021; Shipton et al., 

2006), which also warrants future examination. 

Advances in fault mapping techniques have provided increasing details and 

more reliable rupture models, helping to characterize recent large earthquakes for the 

coseismic time-varying slip distribution of multiple fault segments involved in each 

rupture. For example, the 2019 Ridgecrest strike-slip earthquake sequence is a 

component of a developing large-scale fault system in the Eastern California shear 

zone (e.g., Goldberg et al., 2020; Liu et al., 2019; Ross et al., 2019; Shelly, 2020). 

The field attributes determined for the Ridgecrest mainshock indicate the rupture of a 

highly segmented immature fault zone that is not yet strongly localized. The degree of 

small-scale segmentation may influence seismological properties due to high fracture 

energy consumption, imposing slow average rupture velocity due to rupture hiatus as 
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stepovers are negotiated, and high number of aftershocks due to stress concentration 

near segment transitions. The data shows that despite good physical reasons to argue 

that surface mapping may not always be representative of the fault structure at depth, 

surface rupture maps do have a significant relationship to earthquake propagation and 

aftershock behavior. The empirical data strongly support the use of surface rupture 

maps as an important tool to understand earthquake behavior. 

1.5 Summary and Conclusions 

This study evaluates the degree of empirical correlation between remotely 

measurable source parameters of large shallow strike-slip events and estimates of 

maturity of the fault zone environment where these events occur. We collect geologic 

measurements for 34 inland strike-slip earthquakes (MW ≥ 6) indicative of fault 

system maturity from prior work to assess whether these properties are related to 

relative aftershock productivity, average rupture velocity, or moment-scaled radiated 

energy. Rupture complexity measurements are also made using a surface rupture 

digital dataset with an automatic segmentation procedure to provide consistency on 

the collected geological measurements. 

We find that the cumulative net slip, number of surface rupture segments, and 

maximum surface rupture azimuth changes correlate with rupture velocity. Number 

of segments and azimuth change also correspond to a lesser degree of aftershock 

productivity. The fact that the segmentation measurements can relate to aftershock 

productivity matches the expectation that a fault with lots of segments and stress 

concentrations may generate more aftershocks. This may reflect increasing 
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availability of triggerable faults and local stress concentrations at the ends of 

segments (Dascher-Cousineau et al., 2020). The clear trend in the relation with 

rupture velocity suggests that more segments correspond to lower rupture velocity, as 

might be expected by the difficulty in rupturing through a highly segmented system. 

However, not all segmentation measurements of geological rupture are useful for 

predicting seismic properties. Stepover width between segments has no such 

correlation with any seismic parameter.  

No simple trend is found with moment-scaled radiated energy, but there may 

be distinct behavior of rupture of very immature faults having low radiated energy in 

addition to a trend of radiated energy decreasing with maturity once a through-going 

fault has been developed. We also explored composite measures of maturity both 

qualitatively and quantitatively. A weighted linear combination of the three most 

important geological measurements reinforces the inference that mature faults are 

prone to relatively low aftershock productivity and high rupture velocity.  

The empirical relationships found here provide a better understanding of 

variations in seismic hazard attributes of events in different fault systems. For 

example, less mature ruptures with lower overall rupture velocity may produce more 

aftershocks than ruptures on more localized, larger-slip faults. In addition, if remote 

inferences of fault zone maturity are sufficiently reliable, they provide a means by 

which to characterize fault system geological complexity when there is a lack of 

accessible surface measurements. The observations also clarify the physical 

connections between geometry, rupture and generating aftershocks. Theoretical 
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efforts must now quantitatively explain these relationships by incorporating realistic 

geometries into models and exploring their implications.    
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Chapter 2 – Measuring Fault Zone and Host Rock 
Hydraulic Properties Using Tidal Responses 

2.1 Introduction 

Pore pressure diffusion along faults is thought to play a role in earthquake 

rupture mechanics (Bense et al., 2013; Rempel and Rice, 2006) and induced 

seismicity (Shapiro et al., 2012; Ellsworth, 2013). Flow is often controlled by fault 

zone architecture and related permeability structure, which may act as conduits, 

barriers, or combined conduit-barrier systems that enhance or impede fluid flow 

(Caine et al., 1996). Fluid flow around faults is likely to be heterogeneous and can be 

dominated by fractures within the surrounding damage zone (Faulkner et al., 2010). 

Determining hydraulic properties of fault zones is critical to understand faulting 

processes, both because of its role in controlling rupture directly and as an indicator 

of the damage to the surrounding rocks over the fault’s history.  

Measured permeability of the shallow continental crust is highly variable 

(Ingebritsen and Manning, 2010). Although many studies have measured fault 

permeability at the lab-scale (Shipton et al., 2002; Wibberley and Shimamoto, 2003; 

Morrow et al., 2014), direct measurements of the relevant hydrological parameters in 

situ are rare (Scibeck et al., 2016; Cheng and Renner, 2018). Laboratory studies are 

limited to core-scale measurements, but fault zone damage and flow pathways extend 

well beyond such scales. In addition, the hydraulic diffusivity requires assessment of 

permeability as well as storage, but often only permeability is measured in the 

laboratory. Field observations are crucial to adequately characterize permeability 
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structures and fluid flow for different geologic environments and would be a reliable 

tool for recent induced seismicity studies. 

Induced seismicity is often thought to be driven by pressure diffusion and 

diffusivity is inferred from seismicity migration in space and time. The resulting 

values are commonly larger than 1 m2/s (e.g. Horton, 2012; Keranen et al., 2014; 

Yeck et al., 2016). However, the inference requires a very particular model of 

earthquake occurrence. Other stresses, such as poroelastic ones, can complicate the 

occurrence patterns of earthquakes and thus the inferred diffusivities may not be 

reflecting the hydrological system (Goebel and Brodsky, 2018). 

Another method for determining hydraulic properties utilizes the response to 

tidal strains (Hsieh et al., 1987). The solid Earth tide stresses the reservoirs daily and 

thus results in a miniature reservoir test that can be interpreted in terms of diffusivity 

and storage (Hsieh et al., 1987 & 1988). However, a drawback of the field 

measurements is that the open interval of a well provides an integrated measure of 

hydrogeologic properties. Specifically, the fault zone and the host rock diffusivities 

are combined into an effective diffusivity, and it is difficult to extract the relevant 

value for the fault zone. This problem is particularly serious for fault mechanics 

studies where the fault zone diffusivity is the key parameter. Effective hydraulic 

diffusivities determined from tidal responses are in the range of 10-5 to 10-2 m2/s 

(Doan et al., 2006; Xue et al., 2013 & 2016), which are significantly lower than those 

determined from pore pressure diffusion models of induced seismicity.  
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In this study, we present new measurements of fault diffusivity based on 

monitoring tidal responses in an active geothermal field with a fault-controlled 

reservoir. We first interpret the data with a homogeneous model following previous 

work and then develop a new model which contains a fault-guided hydrogeological 

channel. The new model shows that the fault diffusivity can be close to the host rock 

diffusivity with high effective permeability over the whole system, but can also be 

significantly different for lower permeability host rock. The determined fault 

diffusivity is closer to the value from induced seismicity studies than previous 

hydrogeological measurements, but a discrepancy remains.  

2.2 Study Area: Blue Mountain Geothermal Field, Nevada 

We studied three wells in the Blue Mountain geothermal field, Nevada, USA 

(see Table B-1 for well construction information and locations). Blue Mountain is 

underlain by metamorphic and igneous rocks including slate, phyllite, varying grades 

of metasiltstone and metasandstone, quartzites and small amounts of carbonate 

(Wyld, 2002). Although more consolidated rocks including siltstone and clay 

commonly exist, circulation tests demonstrated that the system-permeability is not 

directly controlled by lithology. Therefore, a permeability model where faults and 

fractures provide the most numerous and significant fluid pathways is strongly 

favored (Casteel et al., 2010). Prior operational experience in the field also favored 

the fault as a major flow conduit (Swyer et al., 2016). 

The three study wells are labelled 41-27, 86-22 and 34-23, respectively, 

located in the southern part of the geothermal field which is far away from the main 
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operation (Figure 2-1). Previous work found complex fault strands in this area (Wyld, 

2002; Casteel et al., 2010) and a major North-South striking fault zone passing 

through the reservoir (Faulds and Melosh, 2008).  

We used three different types of sensors and loggers for this study. Full sensor 

details and sample rates are in Table B-2. The study duration was 9 months, however, 

only the sensor in 41-27 operated without interruption (Figure B-1). Because of 

possible impacts caused by operations starting from late September 2019 at 86-22, we 

only utilized data from July to September 2019 for this well. Sensors in 34-23 were 

damaged in April 2020 because of hot temperature, leaving about 2 months of data to 

be analyzed which cover more than a full lunar cycle for robust tidal analyses.  

 

Figure 2-1. (a) Topographic map of Blue Mountain, Nevada, USA. The red square is 
the geothermal powerplant and the blue triangles are the observation wells. The grey 
solid lines show mapped strike-slip faults in previous work (Wyld, 2002; Casteel et 
al., 2010). The black solid line with ticks is the mapped trace at the surface of an 
inferred normal fault. The inset shows the location of the study area. (b) Schematic of 
well geometry and the normal fault path determined from lost circulation tests during 
drilling and post-drilling temperature profiles. The red dashed line is the inferred 
trace of the normal fault from (a) and the green lines are boundaries of the well 
perforated zone. Host rock and water in the open portion are colored as brown and 
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blue respectively. Although there is no perforated zone in the 41-27 liner, water can 
flow into the well through the uncemented liner. 

2.3 Tidal Response Analysis and Model Development 

2.3.1 Homogeneous Reservoir Response 

The farfield head of a well-aquifer system will respond to pressure diffusion 

in permeable rocks caused by the imposed tidal dilatation strain (Hsieh et al., 1988; 

Xue et al., 2016). The response in the far field is modelled as the undrained pore 

pressure response. Hsieh et al. (1988) calculated the tidal response for a homogeneous 

and isotropic aquifer model which were then used to determine hydraulic diffusivity 

and specific storage. This solution connects water level fluctuations and tidal strain. 

As an initial step that provides continuity with previous work, we followed the 

Hsieh et al. (1987,1988) method under the same model assumptions and determined 

the effective hydraulic diffusivity of the fault-host-rock system (Figure B-3a). 

Effective permeability is determined from the standard relationship between 

diffusivity, storage, and permeability 

𝑘 = 𝑐	𝑆(
)
*+

        (2-1) 

where c is hydraulic diffusivity, Ss is the specific storage which can be determined 

from the amplitude of tidal response, 𝜇 is the fluid dynamic viscosity at 37.5 °C 

(averaged temperature for the study wells), 𝜌 is the density of fluid, and 𝑔 is the 

gravity acceleration (Freeze and Cherry, 1977). We recognize that the reported 

effective permeability is an aggregate measure, but its value is useful for comparison 

to other observations. 
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2.3.2 Fault-guided Aquifer Tidal Response 

A well-developed fault which passes through our study area may act as a 

conduit embedded in the reservoir (Figure 2-1b). For a system with a major damage 

zone, along-fault permeability is dominated by the hydraulic properties of this 

fracture network (Caine et al., 1996). Therefore, we develop a new model to separate 

the hydraulic properties of the fault and the host rock.  

Faults in low porosity rocks generally have a fine-grained fault core 

surrounded by a fracture-dominated damage zone (Sibson, 1996; Faulkner et al., 

2010). It is hard to distinguish the core from the fault damage zone in large-scale 

observations or well cuttings. The model used in this paper is simplified to a fault 

damage zone surrounded by the host rock. The fault damage zone is represented as a 

finite layer with constant permeability and have clear boundaries with the intact host 

rock, which is an appropriate simplification as natural microfracture density decreases 

sharply with perpendicular distance from the fault damage zone (Mitchell and 

Faulkner, 2012).Figure 2-2 explains our model where water enters the well 

horizontally and the flow is controlled by different hydraulic diffusivity values for 

fault damage zones and host rocks. If the hydraulic head x inside the well oscillates 

with a given angular frequency 𝜔, the form of 𝑥 will be 𝑥, exp(𝑖𝜔𝑡) where 𝑥, is 

amplitude and t is time. We can therefore rewrite the flow equations from Hsieh et al. 

(1987) by analyzing pressure head disturbance and discharge from each aquifer layer 

into the well as 

𝑄 = 𝜋𝑟-"
./
.0
= 𝑖𝜔𝜋𝑟-"𝑥      (2-2) 
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𝑄 = ∑ 𝑄12
1%!         (2-3) 

where 𝑄 is the overall flow rate, 𝑟- 	is the well casing radius, 𝑥 is hydraulic head inside 

the well, 𝑄1 is the flow rate of the 𝑚th layer, 𝑀 is the number of layers. Thus, 

hydraulic head 𝑥 is simply proportional to the sum of discharge 𝑄 from host rocks 

and the fault if other parameters are constant. We can define the flow boundary 

equation for each layer modified from equations in Hsieh et al. (1987) as: 

𝑄1 = (ℎ1 − 𝑥)𝐹1       (2-4) 

𝐹1 = 2𝜋 3!4"!5!
[789:(<!)&>89?(<!)]'#[>89:(<!)'789?(<!)]

    (2-5) 

𝛼1 = A A
3!
B
#
$ 𝑟B       (2-6) 

where ℎ1 is the water head fluctuations of the fault or the host rock, 𝐹1 is the volume 

of water released from the 𝑚0C layer per unit hydraulic head differential in per unit 

time, 𝐷1, 𝑆(1and 𝑏1 are diffusivity, specific storage and thickness of the 𝑚𝑡ℎ layer 

respectively, 𝑟B 	is the radius of the open portion of the well, 𝐾𝑒𝑟 and 𝐾𝑒𝑖 are the real 

and imaginary part of the Kelvin functions of order zero. 𝜙 are  𝜓 are defined as: 

𝜙 = &[DEF#(<!)'DE##(<!)]
√"<!HDEF#$(<!)'DE##$(<!)I

      (2-7) 

𝜓 = &[DEF#(<!)&DE##(<!)]
√"<!HDEF#$(<!)'DE##$(<!)I

      (2-8) 

with 𝐾𝑒𝑟! and 𝐾𝑒𝑖! being Kelvin functions of order one. To evaluate the impact of 

the fault damage zone on the aquifer system, we determine the response between 

water level fluctuations and tidal forcing as: 

/
J
=

∑ LM!
%!
& N

'
!(#

#AOF)$'∑ M!'
*(#

                             (2-9) 
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where 𝜀 is the volumetric strain from the tide. We determine the response between 

aquifer pressure head and tidal strain following Brodsky and Prejean (2005) as 

C+
J
= !

4"
+

,*-./
0 '#A

,*-./
0

1"/

1"
+'#A

       (2-10) 

C/(P)
J
= AC+

J
− !

4"/
B exp J−K#A

3/
𝑙M + !

4"/
     (2-11) 

where ℎQ and ℎF are the pressure head oscillation inside the fault damage zone and 

the host rock, 𝑆(
Q and 𝑆(F represent specific storage of the fault damage zone and host 

rock respectively, 𝑏 is fault damage zone thickness, 𝐷F is the host rock diffusivity, 𝑙 is 

the distance from the host rock to the fault damage zone. By combining Equation 2-

(9-11), we can connect the measured response with diffusivity and specific storage.  

We impose further bounds on the parameters to constrain the problem. 

Specific storage, which represents the aquifer’s capacity to release water from storage 

per unit head change, is expected to be lower for the host rock and larger for the fault 

damage zone where there are more open fractures. The relevant thickness of the 

aquifer system 𝑏 is bounded by the open well interval 𝐻. Therefore, 

𝑆(
Q > 𝑆(E > 𝑆(F , 0 < 𝑏 < 𝐻		      (2-12) 

where 𝑆(E is the effective specific storage solved from the homogenous model. 

Because 𝐹1 for the fault layer defined in Equation 2-5 contains information of fault 

damage zone diffusivity as indicated by the dependency on 𝐷Q, we can substitute it 

into Equation 2-9 to connect 𝐷Q to the amplitude and phase response. We implement 
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the assumptions in Equation 2-12 and use a suite of initial conditions as described in 

section 2.4.1 to solve Equation 2-9 and determine a range of values for 𝐷Q, 𝐷F, 𝑆(
Q and 

𝑆(F that satisfy the observed tidal response data.  

 

Figure 2-2. Structure of a horizontal flow model with a fault zone. The stippled area 
represents the open portion of the well. The grey area is the host rock, and the red 
area represents the fault. The green arrows show flow direction from the aquifer into 
the well. Blue arrows represent vertical flow between aquifer layers. 𝒃𝒎 and 𝑸𝒎 are 
the thickness and flow rate of the 𝒎th layer.  

2.4 Results and Discussion 
Before inferring the tidal response, we remove the direct barometric response 

and then determine the amplitude ratios and phase lags between water level 

fluctuations and the M2 component of tidal strain to avoid contamination due to 

barometric pressure changes (Xue et al., 2016). We then proceed to interpret these 

responses using the previously utilized homogeneous model reviewed in Section 2.3.1 

and the fault-guided model described in Section 2.3.2. 
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2.4.1 Homogeneous model 

The observed amplitude and phase responses (Figure B-2) combined with the 

first, homogeneous model results in the effective values indicated by the black dots in 

Figure 2-3. Further details of the inferred diffusivity, permeability and storage over 

time are in Figure B-(3-4). Well 86-22 has much higher effective diffusivity and 

permeability than the other wells. This distinction could have been inferred 

qualitatively from the raw data analysis in Figure B-2 where 86-22 is distinguished by 

its relatively small phase lag. In general, small phase lags are consistent with high 

diffusivities where the tidal response is communicated quickly to the well. The 

specific storage 𝑆( for the three wells are more consistent than other hydraulic 

parameters. The homogeneous model results in diffusivities from 10-3 to 10-1 m2/s. 

These effective values are consistent with the results from the Wenchuan Fault and 

the San Andreas Fault (Xue et al., 2013 & 2016).  

2.4.2 Fault-guided model 

We now combine the collected data from the three wells using the fault model 

of Section 2.3.2 and average observed phase and amplitude response (Figure B-3). 

Here, we assume the fault diffusivity, fault specific storage, and the host rock specific 

storage are the same for the observation wells. The fault damage zone thickness at 86-

22 is constrained to be 40 m based on its well log where fault damage regions are 

mapped by abundant calcite veining. But the exact fault thickness at 34-23 or 41-27 

could not be determined due to the unclear well log information.  
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As the problem is still underconstrained with 8 free parameters (fault 

thickness of 34-23 and 41-27, host rock diffusivity at each well along with fault 

diffusivity and storage for the whole site) and 6 equations (amplitude and phase 

response in Equation 2-9 for each well), we need to take a probabilistic approach 

from here. We assume prior distributions for each parameter in either linear or log 

space, for which detailed information is listed in Table B-3, based on their potential 

range. We compute the resulting amplitude and phase for every combination of 

possible pre-settings of the 8 parameters. The forward solutions that are consistent 

with the observations within measurement error are then accepted and the resulting 

distribution of acceptable solutions is reported. To test this solution approach, we 

investigate the limits of boundary conditions and recover the expected parameters 

(See Supplementary Section B-2). The uncertainty analysis of our measurement is 

also discussed in the supplement.  

The resulting distributions of acceptable values are shown in Figure B-(7-10). 

The distributions indicate that despite the non-uniqueness of the solutions, the data 

prefer a relatively small range for fault hydraulic properties. The host rock diffusivity 

for well 86-22 and 41-27 are also well-constrained, however, the host rock diffusivity 

is not particularly well-constrained for well 34-23, which had a more moderate 

effective diffusivity.  

A full comparison of the solutions for the homogeneous and fault-guided 

model is in Figure 2-3. Hydraulic diffusivity of fault damage zone is in the range of 

0.08 to 0.33 m2/s.  For the host rock at 86-22, the diffusivity is 0.06 m2/s and two 
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orders of magnitude smaller for 34-23. We summarize the results by reporting the 

mean values (expectations) of each of these distributions in Table 2-1.  

We also investigate the robustness of these results by relaxing the assumption 

of constant specific storage for the fault and host rock. As shown in Figure B-11 and 

Table B-5, the inferred ranges are similar to the more restrictive model. 

 

Figure 2-3. (a) Diffusivity, (b) permeability, (c) and specific storage from the 
homogenous and the fault-guided model. Black dots are effective values from the 
homogeneous isotropic aquifer model. The yellow and red color bars are possible 
ranges of solutions solved for the fault damage zone and the green color bars are 
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possible ranges of solutions solved for the host rock. The fault diffusivities of three 
wells in (a) are assumed to be same in the model. The specific storages of the fault 
and host rock for three wells in (c) are also set to be same. Permeabilities in (b) are 
solved from (a) and (c) using Equation 2-1. The reported probabilities are governed 
by the distributions in Figure B-(7-10). 

 
Table 2-1. Mean Inferred Hydraulic Properties 

Well 

Name 

Diffusivity 

of Fault 

Diffusivity of 

Host Rock 

Specific 

Storage of 

Fault 

Specific Storage 

of Host Rock 

Permeability of 

Fault 

Permeability 

of Host Rock 

𝐷. (m2/s) 𝐷% (m2/s) 𝑆/
. (1/m) 𝑆/% (1/m) 𝑘. (m2) 𝑘%  (m2) 

86-22 

0.195 

6.2 × 1001 
2.9

× 1002 2.7 × 1003 4.0 × 10045 

1.2 × 10046 

34-23 1.4 × 1005 2.2 × 10047 

41-27 8.0 × 1008 1.6 × 10042 

2.4.3 Discussion 

We have now separated the fault zone and host rock hydrogeological 

properties. The new model resulted in higher inferred fault diffusivities relative to the 

previously utilized, homogeneous model. Two important questions remain. Firstly, 

under what circumstances is the newly developed model applicable and useful to 

implement? Secondly, are the inferred properties consistent with other fault zone 

hydrogeology studies?  

2.4.3.1 Applicability of the Fault-Guided Model 

Figure 2-3 demonstrates that the effective diffusivity from the homogeneous 

model is a reasonable approximation of the fault diffusivity for the more permeable 

system of well 86-22 than in the less permeable systems. The success of the 
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homogeneous model for 86-22 reflects the fact that the host rock and fault rock are 

not very different in this case. For any case where there is thought to be a major 

difference in diffusivities, the fault-guided model is preferred and can result in very 

different results as shown by well 41-27 and 34-23. In the absence of any other 

information, the homogeneous model is most likely to be adequate for diffusivity in 

high effective diffusivity systems.  

With the fault-guided model, we also determine the fault zone thickness at 

well 34-23 and 41-27 which are much smaller than 86-22. The fault damage zone 

thickness within the open portion of the three wells appears to vary and this inference 

is consistent with available well logs. 34-23 has the smallest fault zone thickness, 

which suggests that the main fault is less distributed and probably reaches its upper 

end around this well location as indicated from Faulkner et al. (2011) that fault 

damage zone thickness reduces toward the fault tip. If the fault zone width is of 

interest, the fault-guided model provides a potential method to access this. 

The specific storage of the fault matches the effective value more closely for 

well 34-23 than the other two wells. This result could have been anticipated by the 

large effective storage value for 34-23 (Figure 2-3). The data can be explained with 

the same specific storage for both the fault and the host rock in all the wells and the 

only major difference being the host rock diffusivity at 34-23 lower than elsewhere. 

There is not an obvious geological explanation for the low permeability in 34-23, but 

it could result from lithological differences or sealed fractures due to precipitation. 
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The new information provided by the tidal responses shows the value of direct 

hydrogeological characterization. 

2.4.3.2 Comparison of inferred fault zone properties to other methods 

Our solutions of fault damage zone permeability in Figure 2-3b are around 10-

14 to 10-13 m2, which is consistent with previous measurements of fault zone 

permeabilities using geochemical and thermal anomalies (Saffer, 2014) but higher 

than lab-scale measurements (Wibberley & Shimamoto, 2003; Morrow et al., 2014). 

This lower diffusivity in laboratory studies may be caused by a lack of large-scale 

cracks and fractured structures in rock cores, scale and recovering issues or sampling 

biases. Previous studies based on direct hydraulic testing resolved permeability values 

of highly conductive fractures between 5×10-17 to 5×10-14 m2 (Rutqvist, 2016) at 

depth comparable to Blue Mountain. Our values fall within these upper bounds and 

confirm the expectation that permeability in Blue Mountain is dominated by fracture 

permeability.  

The averaged diffusivity of the fault damage zone at 1-2 km depth derived in 

this study is about 0.2 m2/s using tidal response in a fault-guided model. This 

diffusivity is higher than previous in situ measurements at fault zones (Doan et al., 

2006; Xue et al., 2013 & 2016) and lower than some induced seismicity studies 

(Horton, 2012; Keranen et al., 2014; Yeck et al., 2016). However, this value is 

consistent with the diffusivity determined from induced seismicity migration at 

similar depth (Yu et al., 2019).  
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2.5 Conclusion 

We introduced a new model for interpreting tidal response in the presence of a 

localized fault damage zone. The fault-guided flow model can be effective in 

determining hydraulic diffusivity of both the fault damage zone and the host rock as 

well as specific storage of both model components. Variations in diffusivity of fault 

damage zone are inferred to occur due to variations in fault thickness. The resulting 

fault diffusivity for our study site is between 0.08 and 0.33 m2/s (90% confidence 

interval). Host rock diffusivity is several orders of magnitude lower than the fault 

damage zone. Our preferred determined fault permeability is 4×10-14 m2. 

We conclude that fault damage zone diffusivity in geothermal environments is 

higher than previous in situ hydrogeological measurements but remains below 

estimates based on induced seismicity migration. Diffusivity estimates based on 

seismicity migration may be affected by poroelastic stresses and aseismic slip (Chang 

& Segall, 2015; Wei et al., 2015; Goebel et al., 2017; Goebel & Brodsky, 2018). 

Determining the relative importance of these mechanisms remains an open question. 

Nonetheless, the high, in situ damage zone diffusivity determined here reopens the 

debate and demands that future investigations endeavor to directly measure 

hydrogeology and the evolution of induced earthquakes in a single locale.  
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Chapter 3 - Triggering Intensity Changes over 
Time and Space as Measured by Continuous 
Waveforms in Southern California 
3.1 Introduction 

Seismic waves from large earthquakes can induce seismic activity at a 

distance, particularly when the triggering waves have high amplitude and the affected 

faults are near failure (Brodsky & Prejean, 2005; Brodsky & van der Elst, 2014; 

Gomberg et al., 2004; Hill & Prejean, 2015; Kilb et al., 2000; Parsons et al., 2014; 

Velasco et al., 2008). This phenomenon stands out as one of the rare instances where 

a known, measurable natural stress can be identified as the immediate cause of an 

earthquake. Thus, dynamic triggering offers a potential probe of the in situ state of 

stress of the crust and how it varies. Measuring the triggered seismicity rate of a suite 

of faults in a region provides a metric of the distribution of in situ stresses (Brodsky 

& van der Elst, 2014; Miyazawa et al., 2021; van der Elst & Brodsky, 2010). 

Furthermore, since dynamic triggering appears to be a common and anticipated 

outcome following significant earthquakes (Ross et al., 2019; van der Elst & 

Brodsky, 2010; Velasco et al., 2008), there is the possibility that dynamic triggering 

can be used to track how the state of stress on faults varies over time and space.  

Utilizing dynamic triggering to track evolution over space and time is not 

usually possible because datasets suitable for capturing and quantifying the timing of 

dynamically triggered events have been limited (Brodsky, 2006; Shelly et al., 2011). 

Our ability to detect earthquakes is primarily constrained by the magnitude of 

https://www.zotero.org/google-docs/?Yi3m0b
https://www.zotero.org/google-docs/?Yi3m0b
https://www.zotero.org/google-docs/?Yi3m0b
https://www.zotero.org/google-docs/?broken=9qXxRG
https://www.zotero.org/google-docs/?broken=9qXxRG
https://www.zotero.org/google-docs/?KjrWvd
https://www.zotero.org/google-docs/?KjrWvd
https://www.zotero.org/google-docs/?LZaxIp
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completeness of existing catalogs. Achieving statistically significant triggering rates 

necessitates the examination of a substantial population of earthquakes (van der Elst 

et al., 2013). While lowering the magnitude of completeness can enhance the 

observation of earthquake rate changes, there is a scarcity of high-quality catalogs 

meeting these requirements. Although template-matched catalogs are excellent for 

many purposes, the inherent clustering of the method and the occasional 

misidentification of phase arrivals from distant earthquakes are problematic for 

dynamic triggering studies (Hsu et al., 2024).  

Previous studies have successfully employed recorded seismograms for 

measuring triggering stresses. However, such studies are restricted to areas with high-

quality instrumentation (Gomberg et al., 2004; Miyazawa, 2019; Miyazawa & 

Brodsky, 2008; Velasco et al., 2008). An alternative approach involves extrapolating 

attenuation relationships to infer ground motion at a distance from the instruments 

(van der Elst & Brodsky, 2010). However, this method is applicable only in regions 

with a consistent magnitude determination procedure and is challenging for 

composite catalogs. A better strategy would be to employ waveforms directly to 

measure triggering strains and extract local triggered signals. Additionally, if we can 

isolate triggering intensity at individual stations successfully, this analysis could be 

expanded globally to study the degree and general distribution of dynamic triggering.   

This attractive strategy has recently become feasible due to the increased 

availability of publicly accessible seismic records and enhanced computational 

capabilities and thus here we implement it for the first time.  Here we statistically 

https://www.zotero.org/google-docs/?HOZkPX
https://www.zotero.org/google-docs/?R0ecEi
https://www.zotero.org/google-docs/?R0ecEi
https://www.zotero.org/google-docs/?7RgxFK
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observe dynamic triggering in southern California using continuous waveforms from 

239 stations directly to measure triggering strains and extract local triggered signals. 

By comparing the results to prior studies using earthquake catalogs (Miyazawa et al., 

2021), we find that triggering is well-captured by the full waveform approach.  

Once we have a working method, we use it to probe the in situ stresses. First 

of all, we quantify the stresses at which observable triggering occurs and use those 

measures to evaluate the distribution of stresses on the faults in situ. We then proceed 

to use the data to assess how the state of stress on faults varies over the region and 

changes over time. We specifically target the largest regional earthquake in our 

dataset and show it significantly reduces the triggering intensity of Southern 

California. In addition to these empirical results, the new method also allows us to 

probe the mechanism of dynamic triggering, which has been difficult to determine 

(Brodsky & van der Elst, 2014; Fan et al., 2021; Gomberg & Johnson, 2005; Hill et 

al., 1993; Shelly et al., 2011). As will be discussed below, the timing of the triggered 

relative to the triggering wave and the dependence of the triggering on the frequency 

of the incoming waves both have mechanistic significance, which we will be able to 

investigate.  

Thus, this study is organized as follows. After providing an overview of the 

station coverage and seismic data available, we explain the methods of rate 

measurement, extraction of triggers and triggered signals and mechanism evaluation. 

We proceed to measure the relation of the triggering intensity and the peak ground 

velocity and compare to prior work as a first proof-of-concept. We then examine how 

https://www.zotero.org/google-docs/?Q4spxp
https://www.zotero.org/google-docs/?Q4spxp
https://www.zotero.org/google-docs/?ie6mvO
https://www.zotero.org/google-docs/?ie6mvO
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triggering intensity of faults varies regionally and temporally, focusing on the largest 

earthquake (MW 7.1 Ridgecrest earthquake) in our dataset. We also quantify the 

delayed triggering process and study the frequency dependence of dynamic triggering 

which can help probe the mechanism of dynamic triggering. Finally, we explore 

implications and potential extensions for measuring evolving stresses in the crust. 

3.2 Data 

Southern California is famous for its extensive seismological and earthquake 

hazard data observations, facilitated by the establishment of numerous high-quality 

seismic networks since 1927 (Hellweg et al., 2020; Hutton et al., 2010). The dense 

seismic monitoring stations have led to the robust detection of regional faults with a 

substantial number of well-relocated, small earthquakes. Certain local earthquake 

catalogs exhibit exceptional quality with high completeness of earthquake magnitude, 

which can help improve earthquake statistical studies in this region (Hauksson et al., 

2012; Ross et al., 2019). However, even here, triggering studies are limited in part 

due to the spatial variations in detection because of the uneven distribution of seismic 

stations and the biases inherent in template matching (Hsu et al., 2024; Powers & 

Jordan, 2010; Zaliapin & Ben-Zion, 2015). In other regions, the problem is even more 

severe and many regions do not have enough seismic events for statistically robust 

dynamic triggering studies. 

To address the observational need, our approach involves the direct extraction 

of trigger and triggered signals from continuous waveforms, bypassing traditional 

earthquake catalogs. The conventional method of associating stations when compiling 

https://www.zotero.org/google-docs/?ckrSwJ
https://www.zotero.org/google-docs/?yY0sM6
https://www.zotero.org/google-docs/?yY0sM6
https://www.zotero.org/google-docs/?q7DDeC
https://www.zotero.org/google-docs/?q7DDeC
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an earthquake catalog helps eliminate artificial noise but also filters out valuable 

signals from smaller earthquakes. Therefore, our objective is to identify local 

triggering signals directly from the raw data while not excluding too many useful 

local signals. We acquire the broadband three-component continuous waveform data 

from the California Integrated Seismic Network (CISN) through the Southern 

California Earthquake Data Center (SCEDC) Amazon Web Services (AWS) public 

dataset. The dataset we utilized in this study encompasses waveforms of 239 stations 

during our studying period from 2015 to 2021, covering a total of seven years. The 

distribution map of these stations and the earthquake density is depicted in Figure 1 as 

a comparison to the Southern California Seismic Network (SCSN) earthquake catalog 

for the same study period. The comparison to the more dense Quake Template 

Matching (QTM) catalog is presented in Figure S1. For whichever earthquake 

catalog, it illustrates the inclusion of stations at places without many observable small 

earthquakes.  
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Figure 3-1. Map of the earthquake density in the SCSN earthquake catalog (with bins 
measuring 5.5 km by 5.5 km) and the station distribution of CISN. We only present 
results using data before July 1, 2019, or after August 6, 2019, to reduce the direct 
effect of the MW 6.4 and MW 7.1 Ridgecrest earthquake which occurred on July 6, 
2019. Each background bin must contain a minimum of 16 earthquakes with 
magnitude M >= 0.5, which is consistent with Miyazawa et al. (2021) for the purpose 
of this comparison; otherwise, it will not be included in the figure. The color of the 
triangles indicates the event density identified by PhaseNet using a threshold of 0.85 
for each station, as explained in detail in Section 3.3.3. White triangles indicate the 
stations in CISN with too few detected events (<16) to use during the study period. 

3.3 Method 

3.3.1 Triggering Intensity Measured from Interevent Times 

Numerous instances of dynamic triggering have been observed in 

seismological studies; however, comprehensive statistical analyses of such 

phenomena are infrequent due to inherent challenges. Approaches often rely on 

counting triggered earthquakes for each potential trigger and normalizing by the 

background rate, yet encounter significant limitations (Matthews & Reasenberg, 

https://www.zotero.org/google-docs/?B7Lr8g


 

65 
 

1988). Estimating the background seismicity rate, particularly representative before 

and after trigger arrival, proves challenging. A simple counting strategy does not 

work well to address the clustering from secondary aftershocks resulting from locally 

triggered events, which complicates the relationship between triggering amplitude 

and the number of triggered events. 

To identify triggering at exceptionally low dynamic strain amplitudes, we 

adopt the strategy of quantifying triggering intensity using interevent times, as 

proposed by van der Elst & Brodsky (2010). This method incorporates an adaptive 

time window for background rate measurements and is sensitive to minor increases in 

seismicity rates while remaining insensitive to the influence of secondary aftershocks. 

 

Figure 3-2. A schematic cartoon illustrating the definition of interevent times used to 
measure R and then compute the triggering intensity n. Stem length represents 
magnitudes.  

We followed the developed statistical measurement based only on the 

interevent times between the last earthquake before a trigger and the first earthquake 

after. This interevent time ratio R is defined as, 

𝑅 = 0$
0#'0$

,       (3-1) 

https://www.zotero.org/google-docs/?B7Lr8g
https://www.zotero.org/google-docs/?8cWZJ9
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where t1 and t2 are time intervals measured from the trigger arrival to the occurrence 

of the first earthquake before and after the trigger event. The model is depicted in 

Figure 3-2. 

This metric proves to be a robust method to study seismicity rate changes 

under specific simplifying assumptions with a large population of earthquakes. In the 

case of a homogeneous Poisson process experiencing a step-change in seismicity rate 

λ due to the triggering wave, the expectation of R in (van der Elst & Brodsky, 2010) 

is, 

 〈𝑅〉 = !
$$
[(𝑛 + 1) ln(𝑛 + 1) − 𝑛],     (3-2) 

which is a function only of n. In this context, n is defined as the triggering intensity or 

triggerability which is the fractional rate changes occurring abruptly from an initial 

Poissonian background rate λ1 to a new rate λ2 at the arrival of the triggering wave, as 

𝑛 = S$&S#
S#

,        (3-3) 

where λ1 and λ2 are the seismicity rates before and after the passage of triggering 

waves. Additionally, the modeled rates serve as effective indicators of seismicity rate 

variations over time within the framework of nonhomogeneous Poisson process 

scenarios. Our aim is to deduce the triggering intensity n from numerous 

measurements of the interevent time ratio R, which can be directly inferred from the 

spatial and temporal data of triggers and local earthquakes. 

Prior studies have examined how the earthquake rate decays following the 

triggering stress and compared it to aftershocks, which follow the Omori-Utsu law. 

An Omori-Utsu decay would be expected for a cascade model where the triggering 

https://www.zotero.org/google-docs/?0529a8
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waves immediately induce certain local events upon their passage, with subsequent 

events representing aftershocks of the initial waveform-triggered earthquakes 

(Brodsky, 2006). This cascade model can be mathematically expressed as, 

𝜆"(𝑡) = 𝜆 + D
(0'-)2

,      (3-4) 

where the background rate λ is assumed to be equal to λ1 and K, c, and p are the 

model parameters (Miyazawa et al., 2021). Under this model, we can use the 

relationship between the distributions of t1 and t2 to determine the cumulative number 

of first events from and to the triggers, respectively expressed as, 

𝑟T(𝑡) =

⎩
⎪⎪
⎨

⎪⎪
⎧ !&E/U	(&S0)	E/U	L& 3

#420
#42N	

!&E/U	(&S0)
, 𝑝 < 1

!&E/U	L&S0&D WXL5)'!N	N	

!&E/U	(&S0)	
, 𝑝 = 1

!&E/U	Y&S0& 3
#42Z0

#42&-#42[\	

!&E/U	(&S0)	
, 𝑝 > 1	.

  (3-5) 

where ro represents the ratio. This derivation is based on the comparison of the 

independent distributions of t1 and t2 without accounting for their relative values for a 

specific event. Consequently, it differs from the rationale underlying Equation 3-1, 

where the ratio of t1 and t2 is considered for a single trigger.  

By numerically solving Equation 3-(3&5), we can obtain the triggering 

intensity n and the decay rate p with a sufficiently large dataset and accurate 

estimations of an adequate-sized population of 〈R〉 and ro. These measurements allow 

us to evaluate the cascade model of triggering using the Omori-Utsu law as a null 

hypothesis. 
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3.3.2 Extraction of Triggering Signals 

We have collected the continuous data from 239 stations covering the period 

from 2015 to 2021. Instead of solely relying on specific PGV values from surface 

waves of large far-field earthquakes, our current method involves using a sliding 1-

minute time window to identify the highest PGV within each window. Consequently, 

the selected PGV may originate from waveforms of far-field earthquake events or any 

other sources that provide observable data within the surface wave frequency range. 

This underscores our emphasis on comprehending the local statistical behavior and 

mechanisms by which faults respond to dynamic stresses, regardless of the trigger 

types. While we acknowledge that the duration of certain large shallow far-field 

earthquakes may exceed the 1-minute window size, potentially leading to double-

counting of the triggering event, this double counting does not introduce bias but 

rather enhances the robustness of our measurements under the assumption of 

sufficient available data. We have demonstrated in the supplementary material that 

when we increase the window size, in other words, include fewer triggers, the 

determined triggering intensity is approximately the same (Figure C-(2-3)). 

Therefore, in the following sections, we simply use the 1-minute window-size 

strategy. 

3.3.3 Detection of Local Earthquakes 

The computation of R used interevent times between triggering and triggered 

events which requires the information of the arrival time of local earthquakes. 

Previous studies divided the study region into spatial bins and computed R for each 
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bin (Miyazawa et al., 2021; van der Elst & Brodsky, 2010). A higher number of bins 

results in more bracketing pairs for each trigger. This approach generates multiple R 

values for big triggers, preventing the dominance by any single region with 

exceptionally high activity. 

However, this method faces challenges in regions with a sparse station 

network and few detected earthquakes larger than the regional magnitude of 

completeness. Despite the availability of updated earthquake catalogs, there remain 

insufficient detections for quiet regions. We employ machine learning techniques for 

single-station phase picking to address this problem. We use PhaseNet (Zhu & 

Beroza, 2019), a deep learning method designed for phase picking, to identify 

earthquakes individually for each station within CISN in southern California. The 

workflow involves inputting three-component seismic raw waveforms and the station 

response file for each station, with the output being selected P and S wave arrivals, 

each with a probability indicating the likelihood of these picks representing real 

earthquake signals. For each station, we choose earthquakes with the S-P travel time 

difference less than 1.5 seconds. This criterion ensures that the detected events are 

approximately 10 kilometers near the station, consistent with the methodology 

outlined in Miyazawa et al. (2021).  
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Figure 3-3. The probability distribution of the identified earthquakes for selected 
stations in (a) quiet regions and (b) noisy urban areas. Blue bars indicate results for 
the P-phase pickings and red bars represent S-phase pickings respectively. As 
expected, detections at quiet stations are more likely to be real earthquakes than those 
detected at noisy stations. 

Since many stations are in urban areas with significant traffic and artificial 

noise as evident in the distribution of event possibilities in Figure 3-3, where low 

probability picks likely represent false noise detection, we set a high threshold of 0.85 

for picking detection probability. This threshold ensures confidence in our detection 

results while maximizing data retention. Figure 3-4 illustrates examples of the picked-

out earthquakes by PhaseNet: Figure 3-4a shows events recorded at quiet stations 

located on faults; Figure 3-4b shows earthquakes detected in noisy urban regions 

(such as the Los Angeles basin); Figure 3-4c includes events recorded at quiet 

stations but with no documented prior faults. Inspection of these waveforms from 

local earthquakes provides confidence that the detection results at stations in noisy 

regions are convincing and supports our current strategy. 
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Figure 3-4. Examples of earthquakes identified by PhaseNet, including (a) 
earthquakes at quiet stations situated on faults, (b) earthquakes in noisy urban regions 
(Los Angeles basin), and (c) events recorded at quiet stations but with no documented 
prior faults (eastern edge of California). Colored bars represent the picking of the P 
and S arrivals, where blue indicates a probability between 0.6 to 0.85 and red 
indicates a probability above 0.85. Automatic picks appear consistent with visual 
inspection in these examples. 

3.3.4 Evaluation of Mechanisms 

Direct triggering by Coulomb failure, aseismic creep, fluid flow through 

enhanced permeability, and delayed failure through rate-state dependent friction or 

subcritical crack growth have all been suggested as mechanisms for dynamic 

triggering. In the Coulomb failure framework, earthquakes occur when dynamic 

stresses push faults over the frictional failure threshold, with sensitivity to low 

triggering stresses attributed to faults at various stages of their cycles, leading to 

prolonged triggering via a cascade initiated by small, unobservable earthquakes. This 

hypothesis predicts that triggering is frequency-independent, follows Omori’s Law 
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for time dependence, and is more likely in areas with high pore pressure or at the end 

of their earthquake cycle (Gonzalez-Huizar & Velasco, 2011; Hill, 2008; Tape et al., 

2013). Dynamic triggering might involve failure through rate-state friction or fatigue 

that initiates creep, differing from the Coulomb cascade by potentially showing 

frequency dependence, generating geodetic signals, and exhibiting a wide range of 

time decays in delayed seismicity, particularly in areas prone to creep such as 

transition zones between locked and creeping faults (Beeler & Lockner, 2003; Cebry 

et al., 2022; Hill & Prejean, 2015; Maurer et al., 2022; Savage & Marone, 2008; 

Shelly et al., 2011). A less studied mechanism for dynamic triggering is hydrological 

reorganization or unclogging, which involves breaching permeability barriers to 

promote fluid flow and pressurization in fault zones (Brodsky & Prejean, 2005; 

Candela et al., 2015; Wang et al., 2016), supported by hydrological observations and 

showing distinctive characteristics like frequency dependence, observable pore 

pressure changes, and specific geodetic signals, though it remains speculative without 

direct evidence linking hydrological changes to triggered seismicity and struggles to 

explain immediate triggering. 

In this work, we focus on two types of observables that may distinguish some 

of these possibilities: (1) the duration of the dynamic triggering and (2) the frequency 

dependence of dynamic triggering. The duration of the prolonged seismicity is one of 

the major mysteries surrounding dynamic triggering. It is unclear why seismic waves, 

which are transient phenomena, should trigger earthquakes that occur well after the 

waves pass (Brodsky, 2006; Gomberg, 2001). Are the late triggered events a cascade 

https://www.zotero.org/google-docs/?FPQp6P
https://www.zotero.org/google-docs/?FPQp6P
https://www.zotero.org/google-docs/?xNZst0
https://www.zotero.org/google-docs/?xNZst0
https://www.zotero.org/google-docs/?xNZst0
https://www.zotero.org/google-docs/?cbGeAo
https://www.zotero.org/google-docs/?cbGeAo
https://www.zotero.org/google-docs/?hhlszd
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of mutually triggering events or is there another mechanism, such as creep or fluid 

flow, involved? Assessing competing mechanisms requires determining whether the 

timing of the earthquakes follows Omori’s law, like ordinary aftershocks or other 

decay rates (Brodsky & van der Elst, 2014; Miyazawa et al., 2021). The decay rate 

has mechanistic significance for comparing Coulomb stress cascades to the other 

proposed mechanisms. A different time delay might indicate some special mechanism 

such as creep or fluid flow to successfully explore the large-scale interactions of 

earthquakes. 

Any dependence of the dynamic triggering on the frequency of the seismic 

waves also has significance in narrowing down the mechanism of triggering. In the 

Coulomb framework, earthquakes are thought to occur when the dynamic stresses 

push the faults over the frictional failure criteria. Therefore, the observation of 

dynamic triggering should show relatively weak dependence on frequency (Gomberg 

& Johnson, 2005). However, while certain studies propose that higher-frequency 

waves exhibit greater triggering efficacy through modeling tests (Perfettini et al., 

2003), others attribute more triggering power to lower frequencies from seismological 

observations (Brodsky & Prejean, 2005). This problem is hard to access with previous 

data but is approachable now. Therefore, our last goal in this study is to address the 

frequency dependence of dynamic triggering which currently only includes the 

dominant frequency band of body waves (1-3 Hz) and surface waves (0.04-0.1 Hz) 

and can be extended to a broader spectrum of long-period signals in future studies.  

https://www.zotero.org/google-docs/?clI9Vx
https://www.zotero.org/google-docs/?Ov24Ik
https://www.zotero.org/google-docs/?Ov24Ik
https://www.zotero.org/google-docs/?8oCxD3
https://www.zotero.org/google-docs/?8oCxD3
https://www.zotero.org/google-docs/?b2ftGI
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3.4 Results & Discussion 

Following the identification of triggers (Section 3.3.2) and local events 

(Section 3.3.3), we have acquired both the peak ground velocity caused by the 

triggers and R, the interevent time ratios between the triggers and the local 

earthquakes. The triggering intensity n can then be estimated based on Equation 3-2. 

Using these measured parameters, we can explore the stress state and stress 

distribution indicated by the changes in triggering intensity with PGV, the indication 

using the spatial triggering intensity to determine which regions are more likely to be 

triggered, the duration of triggering and the frequency-dependence of the triggering 

process.  

3.4.1 Triggering Intensity as a Function of Peak Ground Velocity 

Figure 3-5 shows the triggering intensity n as a function of peak strain 

changes. The gray dots represent the originally determined n-values derived from the 

expectation of R-values examined by 1,000 bootstrap replications, while the red dots 

denote the averaged n-values using a 90% confidence interval. We can observe that 

for low PGV or low strain changes, the n-value has a small magnitude with minimal 

perturbation in the vertical scale, indicating no significant seismicity rate change 

associated with small strain perturbations. The range of possible n-values expands for 

large PGV or greater strain changes due to the reduced number of observed data for 

each bin. Figure 3-5b reveals that most n-values are positive, indicating a rate 

increase caused by external perturbations. It is evident that the triggering intensity 
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rises with the triggering strain, and this relationship is consistent with the exponential 

model obtained in previous studies (Brodsky & van der Elst, 2014). 

Since the dataset may have a PGV threshold above which there is observable 

triggering, we fit the dataset using the functional form, 

𝑛 = e
0,										𝑃𝐺𝑉 < 𝑃𝐺𝑉,

(𝑃𝐺𝑉)] ,				𝑃𝐺𝑉 ≥ 𝑃𝐺𝑉,
,     (3-6) 

where C and γ are constants, PGV0 represents the threshold. When PGV is smaller 

than the threshold PGV0, the variation of triggering intensity caused by the PGV is 

difficult to observe due to background noise or resolution limitations of the 

measurement. We fit Equation 3-6 using the observable data weighted by the variance 

of the data in each bin. The solid black line in Figure 3-5 represents the best fit 

between triggering intensity n and peak ground velocity with PGV0 = 5.1×10-5 m/s, 

C=129.95 and γ = 1.105. 

 

Figure 3-5. Triggering intensity n (a) on a log scale and (b) on a linear scale as a 
function of peak ground velocity (PGV). Gray dots represent the bootstrapped n-value 
solutions for each bin. Red dots are the averaged values for the gray dots. The black 
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solid line is the regression fit of Equation 3-6 and the dashed line is the relation 
between the triggering intensity and PGV determined in Miyazawa et al. (2021). 

Above the observable threshold PGV0=5.1×10-5 m/s, the triggering intensity 

exhibits a power-law relationship to PGV, which though being measured using 

different methods and datasets, remains consistent with previous studies (Miyazawa 

et al., 2021; van der Elst & Brodsky, 2010). In Figure 3-5a, the log-log plot illustrates 

that the result of this study shows a slightly steeper curve (1.11±0.25 based on 90% 

confidence interval) compared to the previous one (0.94 in Miyazawa et al. (2021)). 

The values are consistent and indistinguishable within the confidence interval. Our 

current method can be comparable to previous studies and can be applied to diverse 

geographical regions beyond those limited to high-quality catalog availability. 

More importantly, the recurrence of the overall triggering pattern 

demonstrates the robustness of the fundamental result of an increase in triggered rate 

with increased peak strain change. In the simplest mechanistic scenario, triggered 

earthquakes occur when the dynamic stresses push the faults over the frictional failure 

criteria under the Coulomb stress failure criteria (Gonzalez-Huizar & Velasco, 2011). 

In this framework, the sensitivity to low triggering stresses stems from the 

distribution of faults in the crust at various stages of their cycles. There are always a 

small number of faults that are late enough in their cycle that the stress required for 

triggering is quite small (Tape et al., 2013). For more general triggering mechanisms, 

the distribution reflects the cumulative distribution of faults that can be activated by 

the observed trigger stress, regardless of the details of failure. The observed slope of 

the distribution is nearly 1, which is consistent with a uniform cumulative distribution 

https://www.zotero.org/google-docs/?dMIE0F
https://www.zotero.org/google-docs/?dMIE0F
https://www.zotero.org/google-docs/?7JSYLs
https://www.zotero.org/google-docs/?OLcKdI
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function. If an equal number of faults are at any particular stress from failure and the 

integrated number of faults failing for a particular trigger is linearly proportional to 

the trigger.  

3.4.2 Spatial Map of Triggering Intensity in Southern California 

A spatial distribution map of triggering intensity can help confirm whether the 

long-range triggering signals are exclusively derived from certain regions. For 

instance, prior work has suggested geothermal areas are more triggerable than other 

areas (Brodsky, 2006; Hill et al., 1993; Miyazawa et al., 2021; van der Elst & 

Brodsky, 2010). However, the higher density of instrumentation, and hence lower 

magnitude of completeness in geothermal areas has made this observation difficult to 

interpret from catalog-based studies that assume a constant magnitude of 

completeness over a large region.  

Here we circumvent this problem by measuring the contribution to the overall 

measured triggering intensity for each station. We aggregate all available triggers 

with a peak ground velocity above 5.1×10−5 m/s in the range where clear triggering 

occurs (as shown in Figure 3-5). We then correct for varying ground motion by 

computing the average measured PGV for each station and normalizing them to 10−4 

m/s using the observed curve value in Figure 3-5 and get the resulting map presented 

of triggering intensity n (Figure 3-6).  

The individual stations in Southern California show a large range of triggering 

intensity, with larger positive than negative values and no clear spatial pattern (Figure 

3-6a). There are negative values which are close to 0 and indicate a lack of 

https://www.zotero.org/google-docs/?Y9NZM7
https://www.zotero.org/google-docs/?Y9NZM7
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statistically observable triggering processes for these stations. Figure 3-6b displays 

the smoothed distribution achieved by applying a two-dimensional Gaussian kernel 

with a standard deviation of 0.3°, following the method and parameterization of 

previous studies (van der Elst & Brodsky, 2010). To prevent the smoothing results 

from being disproportionately influenced by observations with exceptionally high 

positive values, we exclude the top 5% of data with the highest triggering intensities. 

The spatial resolution post-smoothing is constrained by station distribution, resulting 

in localized solutions for regions with sparse station coverage. 

 

Figure 3-6. Maps of the normalized triggering intensity n over the entire study time 
period (a) measured values of n at each station (b) smoothed map using a Gaussian 
filter (see text). Squared data points indicate positive values, while circular dots 
denote negative values. Triggerability in the smoothed map for the total period 
appears highest over the Mojave segment of the San Andreas (~34-35 oN). 

In comparison to the spatial patterns observed in Miyazawa et al. (2021), we 

find distinct differences which are likely due to the normalization process adopted to 

ensure displayed triggering intensity values correspond to the same PGV level, 

https://www.zotero.org/google-docs/?broken=acXmax
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thereby highlighting regions with higher triggering intensity. In Figure 3-6b, we 

observe the highest triggering intensity values along the Mojave segment of the San 

Andreas fault and the intersection of the San Andreas fault and the Garlock fault. 

Despite the low background in these areas, on average over the entire study period, 

they appear to have the highest proportion of faults capable of being pushed to failure 

by the small stresses of the seismic waves.    

Here we investigate the relationship between normalized triggering intensity 

and peak ground velocity (PGV). We applied an additional normalization step 

compared to the prior work (Miyazawa et al., 2021) to ensure that triggering intensity 

measurements are comparable across stations with similar PGV levels. Effectively, 

the normalization allows us to study triggerability rather than aggregate triggering. 

Without this normalization, the observed triggering intensity may reflect the degree of 

triggering over the study period, potentially influenced by the abundance of high-

amplitude seismic waves as potential triggers. For instance, the high triggering 

reported in geothermal and volcanic regions by Miyazawa et al. (2021) is likely 

affected by the significant PGV values from the El Mayor-Cucapah earthquake during 

their study and thus may be an aggregate triggering, rather than triggerability effect. 

That said, the distinct pattern observed in Figure 3-6b compared to the prior work is 

primarily due to a difference in dataset coverage rather than methodological updates. 

The robustness of the results to method is illustrated by the triggering intensity map 

without normalization in Figure C-4, which still shows similar high triggerability 

during our study period in the Mojave segment of the San Andreas fault. 
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In contrast to many previous studies, our study does not reveal high triggering 

intensity in geothermal regions. Triggered seismicity is frequently observed in 

volcanic and geothermal areas where hydrologic systems often play a crucial role in 

triggering events (Hill & Prejean, 2015; van der Elst et al., 2013). However, regions 

with high triggering intensity in our study are located several tens of kilometers or 

very far away from any production platforms which suggests that fluid dynamics may 

not be the primary driving force. The proximity of the production region is not as 

triggerable as expected which can further support this notion. For instance, the 

triggering intensity at the Coso volcanic field is not specifically high as presented in 

Figure 3-6b. Although previous research has documented dynamic triggering of 

earthquakes in the Coso geothermal field (Aiken & Peng, 2014; Alfaro-Diaz et al., 

2020), the overall triggering intensity over the study period is not as pronounced as 

expected. Zhang et al. (2017) observed reduced triggered seismicity within the Coso 

geothermal field compared to surrounding areas, which may explain the lower total 

triggering intensity in this region. 

Additionally, rather than identifying high triggering intensity solely in 

geothermal fields, as often observed in previous studies, our study covers the entire 

southern California and reveals no particularly significant triggering in all active fault 

zones, i.e., the San Jacinto fault and Elsinore fault. Although certain areas of interest 

exist, extreme conditions are not prevalent. By comparing the background seismicity 

rate (Figure 3-1) and the triggering intensity map (Figure 3-6), the result suggests that 

seismicity can be enhanced by dynamic strain changes at various locations, regardless 
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of the background seismicity. This is a finding that directly contradicts the prediction 

by (Dieterich, 1994) that triggering intensity should correlate with the background 

rate, as both variables are influenced by regional stressing rates.  

3.4.3 Reduction in Triggering Intensity at the Time of the Ridgecrest 
Earthquake 

Figure 3-6 illustrates the comprehensive findings for southern California, 

including the occurrence of the 2019 MW 7.1 Ridgecrest earthquake during the 

analyzed period. To address the impact of this earthquake, we depict the spatial 

distribution of triggering intensity before and one month after the earthquake in 

Figure 3-7. More stability tests are available in the supplementary material (Figure C-

(5-8)). The sequence of Ridgecrest earthquakes notably changes the triggering 

intensity pattern, particularly for seismically active regions along the San Andreas 

fault where the determined n-values shift from positive to negative. This shift implies 

a transition in the local region from being triggerable to non-triggerable and stress 

releases near the mainshock epicenter which is consistent with many previous studies 

(Ramos et al., 2020; Sheng & Meng, 2020). The observed decrease in triggering 

intensity following the Ridgecrest earthquake can further support the finding that 

large earthquakes may effectively reset the local earthquake cycle, potentially 

offering a period of reduced seismic activity along the faults (Brodsky et al., 2020; 

Uchida & Bürgmann, 2019).  

https://www.zotero.org/google-docs/?broken=xJyOtn
https://www.zotero.org/google-docs/?broken=3Jroi7
https://www.zotero.org/google-docs/?broken=3Jroi7
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Figure 3-7. The normalized triggering intensity n for (a) before July 1, 2019, and (b) 
after August 6, 2019, after Gaussian smoothing. Squared data points indicate positive 
values, while circular dots denote negative values. Orange stars represent the location 
of the Ridgecrest foreshock and mainshock. 

3.4.4 Decay Rate of Dynamic Triggering 

Perturbations can induce changes in the stress state, but once the seismicity 

rate increases due to the perturbation, it should eventually return to the background 

rate. Following the defined strategy in Section 3.3.1, we now examine how late 

dynamic triggering can occur and how triggered seismicity decreases with time. We 

compare the distribution of observed times t1 to that of t2 and fit the cumulative 

number ratio ro using the functional form of Equation 3-5. Similar to previous studies, 

we limit the data to strong triggering events, defined as those with local peak ground 

velocity changes exceeding 3.5×10−3 m/s. Since the times of events t1 and t2 are 

sorted in ascending order for statistical analysis, the association of t1 and t2 for a given 
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trigger is not preserved, as there is not enough data to apply this statistical analysis for 

a single triggering case. 

 

Figure 3-8. (a) The cumulative number of events as a function of t1 and t2 for PGV 
larger than 3.5×10−3 m/s. (b) The ratio of the cumulative numbers of events for t1 and 
t2 as a function of time. The dashed lines represent the fitting results for the data 
shown in the black line using the model of Equation 3-5. The blue dashed line 
denotes the fitting result of two parameters p and K with λ=0.23, determined from the 
background seismicity. The red dashed line represents the fitting result using three 
free parameters p, K and λ. 

Figure 3-8a presents the cumulative number of the measured t1 and t2. The 

cumulative number of events at small times t2 is generally larger than that for t1 as the 

trigger should advance the occurrence of earthquakes, resulting in smaller t2 values. 

Therefore, more t2 values will be clustered towards smaller values. In Figure 3-8b, we 

compute the ratio of the distribution ro for t2 by interpolation to get the cumulative 

count of t1 corresponding to t2. The ratio exhibits a gradual decay pattern with time, 

starting at around 0.1 days. The other three parameters in this model, including 

background seismicity λ, aftershock activity K and the decay exponent p, are then 

estimated using a nonlinear fit of Equation 3-5.  



 

84 
 

The cumulative curve for t1 (background) in Figure 3-8a may not strictly 

follow the form of 1-exp(-λ*t), potentially resulting in a local peak appearing in the 

cumulative number ratio curve between 10 and 100 days (Figure 3-8b). To address 

this issue, we employ two fitting strategies. Firstly, we estimate λ using the selected 

events by PhaseNet for the 30 days prior to the trigger and then fit the data to get p 

and K. Secondly, we fit the three parameters independently. Both strategies (blue and 

red dashed lines in Figure 3-8b) exhibit a rate decay consistent with the model of 

Equation 3-5. To objectively limit the data to the decaying time and eliminate the 

early period likely incomplete due to observational limitations, we constrain the data 

to at least two hours after the trigger or the time when the cumulative number for t2 is 

at least 20, whichever comes later (black line in Figure 3-8b). 

The fitted model curves (dashed lines in Figure 3-8b) demonstrate that our 

model based on the Omori-Utsu law for the triggered earthquakes can successfully 

explain the observations. The resulting values of p and K are 0.25 and 0.18, 

respectively, for a given λ determined from the background seismicity. For the other 

case, p, K and λ are 0.41, 0.02, and 0.04, respectively. In both cases, the small value 

of the fit parameter p is significantly less than the usual p-value of about one for 

aftershock sequences (Utsu et al., 1995). Thus, regardless of the parameterization, the 

physical conclusion is that the decay of dynamic triggering is slower than ordinary 

aftershocks (Dieterich, 1994). 

This slow decay is a crucially important characteristic of remotely or 

dynamically triggered seismicity and constrains the mechanism of delayed triggering. 

https://www.zotero.org/google-docs/?lbIqM5
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Physical processes that prolong the process beyond the current observational level are 

still possible. However, the observable triggered seismicity returns to the background 

seismicity within quite a few days (Figure 3-8b) and the relationship between p-value 

and peak strain change or PGV is still not clear (Miyazawa et al., 2021). It may imply 

that the prolonged nature of dynamic triggering differs from ordinary aftershocks. 

From a physical perspective, the implication is that some special mechanism such as 

creep or fluid flow must be invoked. From a hazard or statistical perspective, the 

implication is that an additional triggering law is needed to successfully explore the 

large-scale interactions of earthquakes.  

3.4.5 Dynamic Triggering Dependence on Triggering Wave 
Frequency 

Previous studies utilizing this statistical approach to determine the relationship 

between triggering intensity and peak ground velocity (PGV) typically focus on low-

frequency waveforms within the surface wave range (van der Elst & Brodsky, 2010; 

Miyazawa et al., 2021) due to the dominance of surface waves in the amplitude of 

seismic waves passing through far-field large earthquakes. However, the question of 

whether earthquakes are more likely to be dynamically triggered by low-frequency or 

high-frequency signals remains debated. Some studies suggest that high-frequency 

signals dominate the triggering process (Perfettini et al., 2003; Velasco et al., 2008), 

while others argue for the significance of low-frequency signals (Brodsky & Prejean, 

2005; Fan et al., 2021; Parsons & Velasco, 2009; Voisin, 2001). Gomberg & Johnson 

(2005) suggested that both frequency ranges contribute to dynamic triggering. 

https://www.zotero.org/google-docs/?QxyzCZ
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Figure 3-9. Triggering intensity n in a linear scale as a function of peak ground 
velocity for two frequency bands. Orange and blue dots represent the average of 
1000-times bootstrapped n-value solutions for the 0.04-0.1 Hz and 1-3 Hz frequency 
bands, respectively, and the error bars represent 90% confidence intervals. The black 
solid and dashed lines represent the regression fits using Equation 3-6 for the 0.04-0.1 
Hz and 1-3 Hz data, respectively. Upper and lower boundaries of the orange and blue 
areas are fitted from the error bars. 

In our study, employing continuous waveforms allows us to easily apply our 

method to both frequency ranges. We utilize both low-frequency (0.04-0.1 Hz) and 

high-frequency (1-3 Hz) signals as triggers to determine their respective relationships 

to triggering intensity (Figure 3-9). The triggering intensity at high PGV (>10-4 m/s) 

at high frequency is lower than that at low frequency, suggesting that at the same high 

PGV level, low-frequency waveforms might be more effective in the dynamic 

triggering process. In contrast, at low PGV (<10-4 m/s), high-frequency signals appear 

to dominate the triggering process. However, due to challenges in filtering out 

background noise for low amplitude signals, we are more cautious in interpreting 

these results.  



 

87 
 

The separation by frequency raises a subtle point about the triggering 

waveform. When a teleseismic event occurs as a trigger, the high-frequency P and S 

waves are always followed by low-frequency surface waves. Therefore, the time 

interval t2 determined from the arrival of body waves is longer than that from surface 

waves; the interval t1 is shorter for body wave triggers. In principle, this implies that 

the calculated R-value will be higher and the n-value for high-frequency triggers from 

body waves should be smaller compared to low-frequency triggers from surface 

waves, assuming delayed triggering of the first local earthquake. This effect can be 

more significant for a larger PGV where both body waves and surface waves are 

observable. To address this issue, we impose a constraint that the time difference 

between the arrival of S waves and surface waves is less than 500 seconds. The 

observed frequency pattern remains consistent when we incorporate this correction 

into our analysis (Figure C-9). Thus we conclude that to the resolution of the current 

data, long-period waves are more effective at triggering earthquakes at high ground 

motions. 

3.5 Implications and Potential Extensions 

3.5.1 Large Earthquakes Effects on the Regional State of Stress 

The most important and surprising result of this work is that a regional 

earthquake, the Ridgecrest earthquake, appears to have changed the state of stress in 

Southern California. Stress shadows and cascading relationships have long been 

suspected, but are difficult to assess based only on seismicity rate or the sparse record 

of large earthquakes (Felzer & Brodsky, 2005; Harris, 2017; Stein et al., 1997). 

https://www.zotero.org/google-docs/?Auag8P
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Dynamic triggering has provided a new tool for this problem. The limited data here 

does not permit a systematic time series of triggering intensity and thus we focused 

our attention on the most significant event in the catalog, the Ridgecrest earthquake 

and showed a widespread decrease in susceptibility to triggering at the time of the 

earthquake.  

The decrease in triggering could be attributed to the redistribution of the stress 

field statically or a dynamic triggering effect. The static stress redistribution, or stress 

shadow, would be expected to have a typical butterfly pattern, as is commonly seen 

for strike-slip faults (Ma et al., 2005; Toda, 2008; Toda & Stein, 2020). This pattern 

is not obvious in Figure 3-7; however, the sparse station distribution may obscure it. 

In addition, dynamic triggering could produce earthquakes directly after the 

mainshock on any regional faults that are near failure, which then would result in a 

prolonged quiescence as faults would need to reload to resume a more ordinary rate 

of background seismicity. The latter scenario appears to be a significant factor here 

given the broad distribution of the reduced triggering intensity.  

3.5.2 Generalizing the Method 

While PGV serves as a reasonable predictor of triggering, it does not address 

how a region responds to prolonged or repeated sources of seismic waves. There are 

physical reasons to suspect that prolonged ground motion should significantly 

contribute to triggering earthquakes. Mechanisms that multiple cycles of stressing can 

have an increasing effect (Barbot et al., 2012; Brodsky & van der Elst, 2014; 

Lyakhovsky et al., 2001; Miyazawa, 2015). This cumulative effect can be captured by 

https://www.zotero.org/google-docs/?OEMc2P
https://www.zotero.org/google-docs/?8DRhKc
https://www.zotero.org/google-docs/?8DRhKc
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the cumulative energy in the seismic signals. However, datasets systematically 

comparing the predictive power of energy and PGV for earthquake triggering have 

been limited thus far, presenting an opportunity for further exploration of continuous 

waveforms as a more useful tool. 

Furthermore, the continuous waveform approach suggests exploring the 

triggering effects of sources of ground motion other than earthquakes. Oceanic 

microseisms, tides, and traffic all produce seismic waves that can be quantified 

through the same network approach. Examining non-earthquake sources is crucial for 

quantitatively addressing the question of how important dynamic triggering is 

(Delorey et al., 2017; Gibney, 2020; Tang et al., 2020). This exploration could yield 

surprising effects; for instance, if oceanic microseisms are effective triggers, their 

daily perturbations could constitute a significant contribution to the overall dynamic 

triggering budget despite their small amplitudes, which can be a potential future 

extension of this study. 

3.6 Summary & Conclusions 

We use continuous waveforms to measure dynamic triggering, which enables 

measurements of the temporal and spatial pattern of susceptibility to triggering 

anywhere seismometers are deployed, thereby eliminating the artificial constraints 

imposed by seismic catalogs, which are limited spatially and temporally. This 

approach is feasible for single-station cases and can be extended to regions with 

sparse seismic observations but great scientific interest.  

https://www.zotero.org/google-docs/?dzHzcT
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Our validation of this strategy involved comparing our findings with a 

previous study (i.e., Miyazawa et al., 2021) which was conducted in the same region 

but utilizing a high-quality catalog. We established a similar empirical relationship 

between the defined triggering intensity and peak ground velocity, as well as a 

comparable slow decay rate pattern. We also tested the frequency dependence of 

dynamic triggering which is subtle with perhaps stronger triggering with lower 

frequency waves. The triggering process differs from conventional aftershock 

triggering which might indicate a creep-assisted or hydrological triggering 

mechanism.  

The sensitivity to dynamic triggering in Southern California shows that the 

stress state was changed by the MW 7.1 Ridgecrest earthquake, particularly for seismic 

active regions. For a while, at least, Southern California appears safer, possibly due to 

the transient triggering of the population of faults that had previously been near 

failure.  
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Appendices 

Appendix A – Supplemental Information for Chapter 1 

A-1. Discussion of Fault Characteristics and Seismic Observations 
for Recent Large Earthquakes  

Our analysis is restricted to continental, primarily strike-slip faults for which 

surface outcrops are accessible, emphasizing portions of the fault system that have 

had a large recent earthquake for which seismological measures are available. 

Geological estimates of the cumulative slip during the fault’s evolution (which 

intrinsically varies along the length of the fault, as it tapers to zero at either end of the 

fault) and any assessments of large-scale localization/segmentation of the surface 

outcrop of the fault are used in evaluating the fault system maturity.  

Estimates of cumulative fault slip are extracted from previous literature. These 

are often poorly constrained and may give maximum offsets of central portions of the 

fault rather than estimates of variable cumulative offset along the length of the fault 

system. For those faults that do not have documented measures of cumulative fault 

slip (usually for immature fault systems), we estimate or bound the cumulative slip 

based on the tectonic setting, slip rate, and age. 

The coseismic slip of a fault during a recent large earthquake provides 

additional valuable information about the fault’s maturity and structural properties. 

Inferences about fault maturity are thus also based on characteristics of surface 

rupture traces obtained from field mapping or satellite imaging (e.g., Perrin et al., 

2016; Klinger et al., 2018). Prior inferences of fault zone maturity and additional fault 
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system information are documented for many of the events considered here in the 

Supporting Information of Perrin et al. (2016). 

Surface ruptures for recent large earthquakes provide individual event 

measures including the number of segments, azimuth changes between segments, and 

stepover widths between segments. The values for these measures listed in Table 1-1 

are the results of our semi-automatic analysis of the digitized fault rupture traces for 

22 events, as well as previous literature for all events. See section 2.1.2 of the main 

text for a discussion of the semi-automatic method.  Note that the semi-automatic 

method provides an estimated number of segments; segment boundaries are chosen to 

be consistent with the estimate. The automatic segment boundaries are used as a 

starting point for the characteristic measurements and then adjusted as necessary 

based on the mapped rupture data. The varying resolution and detail of the mapped 

surface ruptures results in uncertainty in all estimates. 

We use three measurements of seismological characteristics for the recent 

large ruptures of each fault, including (a) relative aftershock productivity, (b) average 

rupture velocity, and (c) moment-scaled radiated energy. 

Relative aftershock productivity for each earthquake is determined by 

comparing the observed aftershock counts for specified space-time windows with the 

global average productivity measures for events of the corresponding event 

magnitude and space-time window. The detailed procedure is provided in the main 

text. 
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Rupture velocities listed in Table 1-1 are the average rupture speed 

determined from previous literature. There is substantial variation in rupture velocity 

estimates among studies of the same event and between methodologies. The range is 

used for the vertical error bars in Figure A-28 and A-33 and to assess p-values as 

described in section 3 of the main text. 

Moment-scaled radiated energy is the ratio between the observed teleseismic 

radiated energy from IRIS EQEnergy (https://ds.iris.edu/ds/products/eqenergy/ using 

the broadband (BB) channel measurements) and the seismic moment estimated from 

long period seismic waves by the U.S. Geological Survey National Earthquake 

Information Center. EQEnergy provides a relatively self-consistent measurement of 

the teleseismic radiated energy (Convers & Newman, 2011) for the earthquakes 

selected in this study except for the older Hector Mine earthquake, for which the 

radiated energy is extracted from previous literature.  

The following section summarizes how we have obtained or estimated the 

fault characteristics and recent earthquake seismological parameters for each 

earthquake. 

A-2. Description of the Parameters for the Earthquakes in Table 1-1 
(ordered by MW) 

Some earthquakes have surface rupture data provided by Natural Hazards 

Risk and Resiliency Research Center (NHR3) and their surface ruptures are shown in 

Figures A-(2-24). These events include: 1-Denali, 2-Kunlun, 3-Kaikoura, 4-

Balochistan, 5-Luzon, 6-Izmit, 7-Palu, 9-Landers, 10-Zirkuh, 11-Duzce, 14-El 

Mayor-Cucapah, 15-Hector Mine, 16-Ridgecrest mainshock, 17-Neftegorsk, 18-
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Darfield, 19-Kumamoto, 21-Yutian, 22-Yushu, 26-Superstition Hills, 31-Ridgecrest 

foreshock, 32-Imperial Valley, 33-Napa, 34-Parkfield. The segmentation results of 

these events are thus from both prior works and l1 trend filtering analysis that is 

described in detail in the main text.  

Other earthquakes whose surface rupture is not available from NHR3 have 

segmentation results documented in previous studies. These events include: 8-Maduo, 

12-Nippes, 13-Sarez, 20-Haiti, 23-Tarlay, 24-Sivrice, 25-Bam, 27-Stanley, 18-

Jiuzhaigou, 29-Monte Cristo Range, 30-Petrinja. Their surface rupture distributions 

are available in the cited literature but are not shown in this study. 

1. The 3 November 2002 Denali Earthquake 

Segmentation: The MW 7.9 Denali earthquake in Alaska produced 341 km of 

surface rupture on the Susitna Glacier, Denali, and Totschunda faults (Haeussler et 

al., 2004). Apart from using previous segmentation results, we also use the surface 

rupture dataset of this earthquake provided by NHR3 and compiled from Haeussler et 

al. (2004) shown in Figure A-2. 

• Number of segments: The automatic analysis of the surface rupture suggests 3 

to 5 segments of the main rupture (Figure 1-3).  There is also one small branch 

of the Susitna fault that is neglected in the analysis of the main rupture (S1’). 

From previous mapping of suspected large strike slip faults in Alaska (Grantz, 

1966), the rupture of the Denali earthquake can be separated into 5 segments 

including the Susitna fault (which appears to have involved initial thrust 

faulting during the 2002 Denali event), McKinley strand, Shakwak Valley 
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segment, Chilkat River fault zone and the Chatham Strait fault. Therefore, we 

take the additional small branch into consideration and conclude 3 to 6 

possible segments from the prior work and our analysis. 

• Maximum azimuth changes: The intersection of the Susitna Glacier thrust fault 

and the Denali fault has an azimuth change of ~48°, whereas the strike angle 

change at the Denali-Totschunda fault intersection, which is along the pure 

strike-slip section of the rupture, is ~17° in Haeussler et al. (2004) and ~20°-

27° in our measurement. Although the earthquake initiated on the Susitna 

Glacier thrust fault, the primary rupture took place along the two strike-slip 

faults. Due to the ambiguity in determining which azimuth change value to 

use, we consider these values to define the lower and upper range, as rupture 

negotiated each fault transition. 

• Stepover width/ Offset: Observations of the Denali and Totschunda surface 

ruptures were made during two main field campaigns (Haeussler et al., 2004; 

http://quake.wr.usgs.gov/research/seismology/alaska/). However, due to 

substantial gaps present in the surface rupture map depicted in Figure A-2, 

measuring the offset between segments based solely on the map is 

challenging. Therefore, we have utilized the measurement provided by 

Haeussler et al. (2004), which indicates a 4-km right step between the West 

Fork ruptures and the main trace of the Denali fault and a 4.2-km right step 

between the two ruptured strands of the Totschunda fault. 
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Cumulative net slip: Several previous investigations have reported estimates 

of the lateral displacement that has occurred along the Denali fault. Amand (1957) 

estimated the right-lateral movement to be over 150 miles (241 km) on the Denali 

fault. Lanphere (1978) determined that ~350 km of dextral displacement happened 

between 55 and 38 Ma ago and less than 40 km of displacement has occurred since 

38 Ma ago. Lowey (1998) measured 300 to 400 km of dextral slip on the Denali fault 

system based on the presence of carbonate boulders. In this study, we consider the 

range of net slip for this event to be between 241 and 400 km. 

Rupture velocity: Ozacar and Beck (2004) employed pulse stripping inversion 

of teleseismic P data to estimate an average rupture velocity of 3.2 km/s. Dreger et al. 

(2004) and Asano et al. (2005) utilized multiple window inversion of regional seismic 

data, where the former estimated the average rupture velocity to be ~3.3 km/s and the 

latter found a value of 3.4 km/s along the major section of the surface rupture. 

Frankel (2004) observed an averaged rupture speed of 3.5 km/s at the central section 

of the rupture and a supershear value of 5 km/s at the western section. To represent 

the general behavior of the rupture, we adopt a range of 3.2-3.5 km/s as the average 

rupture velocity for this event. 

Bimodal maturity characterization: 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 cumulative fault offset as large as 

241 – 400 km. We infer that this event primarily occurred on a mature fault system, 

consistent with the assessments of Manighetti et al. (2007) and Perrin et al. (2016). 
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2. The 14 November 2001 Kunlun Earthquake  

Segmentation: The MW 7.8 Kunlun earthquake (Figure A-3) occurred on the 

Kunlun fault located near the northern boundary of the Tibetan Plateau that extends 

∼1600 km along strike with high slip rate (Van Der Woerd et al., 2002). The total 

surface rupture length of this earthquake is ~430 km, which is the longest coseismic 

surface rupture recorded for a continental earthquake (Fu et al., 2005). Surface 

rupture mapping for this earthquake has been compiled from high-resolution satellite 

(Landsat ETM, ASTER, SPOT and IKONOS) images combined with field 

measurements by Xu et al. (2002), Fu et al. (2005), and Klinger et al. (2005), with the 

NHR3 dataset in Figure A-3 capturing the previous surface rupture mapping.  

• Number of segments:  Our automatic estimation of the number of segments for 

the Kunlun earthquake surface rupture indicates 5 primary segments and 1 

branch from the map shown in Figure A-3. Fu et al. (2005) suggested that the 

surface rupture zone of the Kunlun earthquake can be divided into five 

segments, including the Sun Lake, Buka Daban–Hongshui River, Kusai Lake, 

Hubei Peak and Kunlun Pass segments from west to east. Thus, we infer 5-6 

segments for the Kunlun surface rupture. 

• Maximum azimuth changes: Our estimation indicates an azimuth change of 

~22° to 27° between the western segments (Figure A-3). Previous literature 

suggested that the strike angle has ~8° change during its propagation along the 

primary rupture (Robinson et al., 2006). We apply 8°-27° as the possible 

range for the azimuth change. 
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• Stepover width/ Offset: Fu et al. (2005) reported that the approximate width of 

the left-lateral stepover between the Sun Lake and Buka Daban-Hongshui 

River segments was measured to be ~10 km, while the maximum stepover 

width to the east of Hongshui River was estimated to be ~1 km. 

Cumulative net slip: The net slip, decreasing from the central part of the 

Kunlun fault is ~85 km reported in Gaudermer et al. (1989). There are also studies 

estimating the total left-lateral offset along this fault to be ∼150 km (Van Der Woerd 

et al., 2002; Klinger, 2010). We thus consider a range of 85-150 km as the possible 

cumulative slip for the Kunlun fault in this study. 

Rupture velocity: Bouchon & Vallée (2003) suggested an averaged rupture 

speed of 3.9 km/s, while Antolik et al. (2004) estimated the average rupture velocity 

along the main segment to be ∼3.6 km/s. Both studies indicated that the rupture speed 

was faster than the local shear-wave velocity. Robinson et al. (2006) gave an average 

speed of 3.4-3.6 km/s, with an apparent rupture speed exceeding the S-wave speed 

over a distance of 150 km after propagating 120 km at 3.3 km/s. Therefore, we have 

considered a possible range of 3.4-3.9 km/s for the rupture velocity in this event. 

Bimodal maturity characterization: We infer that this event occurred on a 

mature fault system, consistent with the assessments of Manighetti et al. (2007) and 

Perrin et al. (2016). 

3. The 13 November 2016 Kaikōura Earthquake 

Segmentation: The MW 7.8 Kaikōura earthquake in New Zealand (Figure A-4) 

ruptured in the northeastern part of the South Island. It produced a complex surface 
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rupture that extended for ~165 km with more than 17 faults being involved, including 

many previously unmapped ones (Nicol et al., 2018). NHR3 provides a digitized 

surface rupture of this earthquake with the measurements and ruptures from FDHI 

Manual Compilation based on GNS Science and Zinke et al. (2019). 

• Number of segments: Our semi-automatic analysis suggests 7 to 9 segments 

along the trend of the main rupture, and by adding the distributed branches 

marked in Figure A-4, we estimate up to 15-18 possible segments. A series of 

fault rupture models have been developed for the Kaikōura earthquake. 

Generally, many studies have accepted ~12 of the crustal faults defined in the 

rupture region (Hamling et al., 2017; Litchfield et al., 2018). Nicol et al. 

(2018) suggested rupture of at least 17 faults during the event. Therefore, we 

set the range of the total number of segments of the surface rupture for this 

earthquake to be 12 to 18. 

• Maximum azimuth changes: Due to the orthogonality of some secondary 

segments in the surface rupture map (Figure A-4), we estimate the maximum 

azimuth change to be ~90°.  

• Stepover width/ Offset: The Humps fault, which is the left section of the 

rupture, consists of five primary segments separated by left and right steps 

which can be up to 3 km normal to the fault strike (Nicol et al., 2018). Based 

on our segmentation result, we infer that the maximum offset between 

segments is ~3 km. 
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Cumulative net slip: Although there is no clear documentation of the 

cumulative slip measured on all of the ruptured faults, we approximate this value 

from nearby faults such as the Clarence fault and the Hope fault, which are two right-

lateral strike-slip faults north of the rupture. These faults have modest cumulative slip 

of 15 km and 19 km, respectively (Stirling et al., 1996). 

Rupture velocity: Zhang et al. (2017) shows unilateral rupture of at least two 

southwest-northeast striking faults with an average rupture speed of 1.4–1.6 km/s 

using backprojection of high-frequency P waves. Bai et al. (2017) suggests a patchy 

slip model with rupture velocity of 2 km/s on the strike-slip faults and a higher 

rupture speed (3.5 km/s) along the megathrust fault at depth. Given our focus on the 

behavior of the crustal strike-slip faults, we use an average rupture speed of 1.5-2 

km/s for this event. 

Bimodal maturity characterization: We classify the complex, highly 

segmented and not-localized fault system for this earthquake as immature according 

to the proposed classification by Manighetti et al. (2007). 

4. The 24 September 2013 Balochistan Earthquake 

Segmentation: The MW 7.7 Balochistan earthquake (Figure A-5) occurred in 

southern Pakistan and ruptured the Hoshab fault for ∼200 km. Although the Hoshab 

fault had been previously identified as a reverse fault, this event displayed 

predominantly left-lateral strike slip motion (Avouac et al., 2014; Barnhart et al., 

2015). Surface rupture of this event can be found in NHR3 compiled from Gold et al. 

(2015). 
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• Number of segments: The surface rupture has been spatially separated into 

two fault sections by the Wahli Kaur Stepover (Barnhart et al., 2015), the 

same as our semi-automatic analysis result of the main rupture (Figure A-5). 

We also consider the small branch extending southwest near the stepover and 

thus conclude that there are 3 main segments for the Balochistan surface 

rupture. 

• Maximum azimuth changes: We estimate the maximum azimuth change 

among these segments to be ~27° based on our segmentation result (Figure A-

5).   

• Stepover width/ Offset: The surface rupture of this earthquake is curvilinear 

and geometrically simple. The width of the Wahli Kaur stepover is ~1.5 km 

(Barnhart et al., 2015), with our mapping of the surface rupture dataset 

suggesting a width of ~2 km. Therefore, we have used a range of 1.5-2 km for 

the stepover width for this rupture.    

Cumulative net slip: While the cumulative strike-slip offset has been locally 

estimated to be approximately 11 km from river drainages (Zinke et al., 2014), it is 

approximately 460 km for the Chaman fault, a NS strike-slip fault connected with the 

northern end of the Hoshab fault (Valdiya & Sanwal, 2017). Therefore, we consider 

both values as possible for the cumulative slip. 

Rupture velocity: This earthquake ruptured unilaterally on a pure strike slip 

fault and propagated at an average rupture velocity of 3 km/s (Avouac et al, 2014; 

Jolivet et al., 2014). Wang et al. (2016) estimated the average rupture speed to be 3-4 
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km/s, with estimates of 3.7-4.1 km/s from back-projection for datasets from different 

networks. In general, we conclude the rupture velocity of this earthquake is 3-4 km/s. 

Bimodal maturity characterization: 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 the Balochistan earthquake is relatively simple (Barnhart et al., 

2015) with no geodetically observed shallow slip deficit (Lauer et al., 2020) and 

potential large net slip (460 km from Valdiya & Sanwal, 2017). Therefore, in 

combination with the large estimated slip for the Chaman fault, we consider this fault 

to be a mature fault system. 

5. The 16 July 1990 Luzon Earthquake  

Segmentation: The MW 7.7 Luzon earthquake (Figure A-6) has a surface 

rupture of at least 120 km along the left-lateral Philippine fault with limited variation 

in the strike angle (Klinger, 2010). As the rupture extended offshore towards the 

southern end, the total rupture length remains uncertain. Surface rupture can be found 

in NHR3 compiled from Nakata et al. (1996). 

• Number of segments: Klinger (2010) suggested 6 (+1/−0) segments of the 

Luzon surface rupture, and our semi-automatic model also indicates 6±1 

segments as the best fitting. Therefore, we use 5-7 as the possible number of 

segments for this event. 

• Maximum azimuth changes: 14° of azimuth change is shown in the 

segmentation result in Klinger (2010). The maximum azimuth change in our 

segmentation is ~27°. Thus, we use 14°-27° as the possible azimuth change. 
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• Stepover width/ Offset: There is a ~1 km restraining step and slip gap 

(Wesnousky, 2006, Figure A-6). 

Cumulative net slip: 40 to 100 km of cumulative net slip can be estimated 

from a study of modeled slip rate and fault age (Barrier et al. 1991). Corresponding 

estimates by Klinger (2010) vary from 100 to 200 km since the Miocene. Thus, we 

consider the possible net slip measurement to be in the range of 40-200 km. 

Rupture velocity: The instrumental and computational constraints on this 

earthquake limited the estimates of rupture velocity. Velasco et al. (1996) suggested 

that a rupture speed of 3-3.5 km/s is consistent with the observed slip and model. 

Bimodal maturity characterization: Overall, the Luzon earthquake ruptured a 

fault system with a large cumulative fault slip (40-200 km) and small variations in 

azimuth (~10°). Therefore, we consider the Philippine fault to be a mature fault 

system. 

6. The 17 August 1999 Izmit Earthquake 

Segmentation: The MW 7.6 Izmit earthquake (Figure A-7) generated a total of 

110 km of dextral surface rupture at the western end of the North Anatolian Fault 

Zone (NAFZ) (Langridge et al., 2002). NHR3 provides the surface rupture dataset of 

this earthquake compiled from Petersen et al. (2011). 

• Number of segments: Previous studies suggest that the Izmit earthquake 

ruptured five major fault segments of the dextral North Anatolian Fault Zone 

(Reilinger et al., 2000; Langridge et al., 2002). Our semi-automatic analysis 

also indicates 5 to 6 segments for this earthquake rupture (Figure A-7).  
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• Maximum azimuth changes: There is a high-angle bend (18°-29°) between the 

last two fault segments of the rupture (Langridge et al., 2002), which is similar 

to our measurement from the surface map (~32.5°). 

• Stepover width/ Offset: Based on the surface rupture map, we measured the 

offset between segments to be ~1 km. 

Cumulative net slip: Previous studies have estimated the total net slip of the 

north branch of the NAFZ, including the East Marmara where the Izmit earthquake 

occurred, to be around 70 to 88 km (Armijo et al., 1999; Sengör et al., 2005; Sunal & 

Erturaç, 2012; Akbayram et al., 2016). Although a small fault offset of only 4 km was 

observed at the western margin of the Central Basin of the Sea of Marmara (LePichon 

et al., 2001; LePichon et al., 2003), this value may not represent the total offset but 

rather the offsets of secondary branches or of rivers formed after fault formation 

(Bohnhoff et al., 2016). Therefore, we consider 70-88 km as the appropriate range for 

this study. 

Rupture velocity: Tibi et al. (2001) approximated the unilateral rupture 

propagating with a rupture velocity of 4.5 km/s using regional seismic wave 

inversion. Ellsworth & Celebi (1999) inferred a very high rupture velocity of ~4.7 

km/s from strong motion recordings. Bouchon et al. (2001) reported that the rupture 

speed of the Izmit earthquake was 4.8-4.9 km/s using seismic wave inversion. All 

these solutions indicate supershear rupture velocity in the eastern portion of the 

rupture. 
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Bimodal maturity characterization: In the classification proposed by previous 

studies (Manighetti et al., 2007; Perrin et al., 2016), the structural maturity of the 

north branch of the North Anatolian Fault is intermediate, which is a state between 

mature and immature. In this study, we consider the most mature part of the eastern 

portion of the rupture. Therefore, we classify the fault system ruptured by the Izmit 

earthquake as a mature fault system in our bimodal categorization. 

7. The 28 September 2018 Palu Earthquake  

Segmentation: The MW 7.5 Palu earthquake initiated on an unmapped fault in 

the north and extended southward for over 180 km, traversing two major releasing 

bends. Part of the rupture is notably linear with slight offset from the mapped 

geological fault at the surface and no shallow slip deficit (Socquet et al., 2019). 

Surface rupture data of this earthquake is provided by NHR3 compiled from 

Natawidjaja et al. (2021). 

• Number of segments: Previous studies have suggested a fault geometry with 

three major fault segments which provides a better fit to the geodetic data (He 

et al., 2019; Ulrich et al., 2019). Socquet et al. (2019) applied a high-

resolution displacement field to examine the structural behavior at the 

southern rupture and suggested a six-segment model. Our semi-automatic 

analysis suggests that the main rupture consists of 6 to 8 segments with a ~10 

km-long secondary rupture trace, and therefore, we consider 3-8 as the 

possible range of the number of segments. 
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• Maximum azimuth changes: He et al., (2019) determined a 14° azimuth 

change between two segments in their fault model solved from the joint 

inversion of InSAR and SAR datasets. Socquet et al. (2019) suggested a ~10° 

clockwise rotation from the northern segment to the south. In contrast, we 

observe a larger azimuth change of ~33° at the bending zone of the southern 

rupture (Figure A-8). 

• Stepover width/ Offset: The earthquake rupture occurred at a large fault 

discontinuity in a transition zone from regional extensional to compressional 

tectonic regimes and passed through large releasing bends (Natawidjaja et al., 

2021). The largest bend was observed to be 5.3 km (Wang et al., 2019) or 7 

km (Natawidjaja et al., 2021) wide but did not terminate the rupture 

propagation southward. The bend itself is recognized as a segment in the 

surface map, thus the measured stepover width is much smaller than the 

reported values, only ~1.5 km shown in Figure A-8. 

Cumulative net slip: The Palu earthquake occurred on an active strike-slip 

fault at the main plate boundary between the Makassar block and the North Sula 

block. The total slip along the Matano–Palukoro faults based on geological 

reconstructions is ~120 to 250 km (Silver et al. 1986; Socquet et al., 2019; 

Natawidjaja et al., 2021). 

Rupture velocity: The average rupture velocity was roughly estimated to be 

4.3–5.2 km/s by Socquet et al. (2019). Fang et al. (2019) and Bao et al. (2019) suggest 

a supershear rupture with an average speed of ~4.1 km/s using either kinematic finite 
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fault inversion or backprojection. Hence, we consider the range of the rupture 

velocity for the Palu earthquake to be 4.1-4.3 km/s. 

Bimodal maturity characterization: In general, the large cumulative fault slip 

(120-250 km) and the straight geological fault lines suggest a mature fault 

(Natawidjaja et al., 2021). We note that 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). 

8. The 21 May 2021 Maduo Earthquake  

Segmentation: The MW 7.3 Maduo earthquake occurred on the internal Bayan 

Har Block in the central Tibetan Plateau and generated a ~154 km-long surface 

rupture (Ren et al., 2022). 

• Number of segments: Previous studies have divided the rupture zone into three 

major segments (Ren et al., 2022; Yuan et al., 2022; Zhang et al., 2022) while 

telemetry observations suggest a more segmented fault system. The coseismic 

and postseismic displacement field of the Maduo earthquake from inverting 

InSAR interferograms and SAR pixel offsets showed five segments with 

curved geometry for the surface rupture (He et al., 2021). On the other hand, 

Cheng et al. (2023) characterized the surface rupture trace by releasing steps 

and bends and suggested seven segments of the rupture. Wei et al. (2022) used 

ten fault segments to mimic the first-order strike variations due to bending and 

bifurcation. Therefore, we consider the possible number of segments for the 

Maduo earthquake to be between 5-10. 
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• Maximum azimuth changes: The eastern triple junction of the rupture shows a 

fault bend angle ranging from 17-20° from the main rupture (He et al., 2021; 

Wei et al., 2022; Yuan et al., 2022).  

• Stepover width/ Offset: The widest releasing stepover occurred at a pull-apart 

basin with the width ~2-3 km (Ren et al., 2022; Yuan et al., 2022).  

Cumulative net slip: The Jiangcuo fault, one of the eight subparallel left-

lateral strike-slip faults forming a diffuse zone between the Eastern Kunlun Fault and 

the Ganzi-Yushu-Xianshuihe fault system, was activated during the Maduo 

earthquake (Yuan et al., 2022). Previous field observations indicate that the surface 

rupture of the Maduo earthquake crossed the riverbank and river terraces, but there 

was no evidence for cumulative slip on the old geomorphic units (Ren et al., 2022). 

Local observations suggest that the cumulative displacement of the Jiangcuo fault is 

not smaller than 4-5 km (Li et al., 2022), although it might not represent the total 

offset. We use 5-10 km as the cumulative net slip for the Jiangcuo fault, as no other 

supporting information is available. 

Rupture velocity: The Maduo earthquake had an average rupture speed of 2.5-

2.8 km/s, according to several studies, despite the existence of supershear when the 

rupture propagated on straight segments (Chen et al., 2022; Lyu et al., 2022; Pan et 

al., 2022; Wei et al., 2022; Zheng et al., 2023). 

Bimodal maturity characterization: The nature of the Jiangcuo fault is still 

debated. Li et al. (2022) suggested that the Maduo earthquake occurred on an 

immature fault based on the measurement of off fault deformation, while Jiang et al. 
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(2022) analyzed the shallow slip deficiency of this earthquake and suggested that the 

Jiangcuo fault is a mature fault system. A more granular classification for the 

Jiangcuo fault classifies it as intermediate mature based on the previous classification 

method (Manighetti et al., 2007). However, in the bimodal analysis where the fault 

should be either mature or immature, we infer this earthquake was generated on an 

immature fault due to its modest cumulative slip. 

9. The 28 June 1992 Landers Earthquake 

Segmentation: The MW 7.3 Landers earthquake (Figure A-9) ruptured ~75 km 

along several right-lateral faults within the eastern California shear zone (ECSZ) 

(Klinger, 2010). Surface rupture can be found at NHR3 compiled from Petersen et al. 

(2011). 

• Number of segments: Our processing of the surface rupture data set with l1 

trend filtering suggests 11 to 13 segments (8 to 10 for the main rupture and 3 

sub-branches S5’’, S9 & S10 shown in Figure A-9d). The result using the 

same method determined in Klinger (2010) is 4 segments. On the other hand, 

Milliner et al. (2016) has suggested 69 segments for the rupture of the Landers 

earthquake in high resolution using the COSI-Corr program by correlating 

pairs of aerial photographs. However, this high-resolution measurement is not 

available for all our study events, and so to ensure consistency, we only 

consider 4-13 as the possible number of segments for the Landers earthquake 

for the scale enabled by the NHR3 data sets. 
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• Maximum azimuth changes: The maximum azimuth change estimated from 

the surface rupture map is ~41° (Figure A-9).  

• Stepover width/ Offset: The right steps which separated the fault were 

measured to be ~2-3 km wide (Spotila & Sieh, 1995; Zachariasen & Sieh, 

1995; Wesnousky, 2006), consistent with the observation from the surface 

rupture map. 

Cumulative net slip: Previous studies on this area have estimated the total 

offset across the ECSZ to be more than 40 km (Klinger, 2010), while the net slip 

measured on the strike-slip faults is much lower 3.5-4.6 km (Jachens et al., 2002). We 

consider the slip for the most mature section of the ruptured faults to be in the range 

of 4.6-40 km. 

Rupture velocity: The averaged rupture speed of the Landers earthquake was 

determined to be ~2.5-2.9 km/s as suggested by many previous papers (Cohee & 

Beroza, 1994; Dreger, 1994; Wald & Heaton, 1994). 

Bimodal maturity characterization: The Landers earthquake occurred on a 

relatively immature fault system based on the classification proposed by Manighetti 

et al. (2007) and as discussed in Perrin et al. (2016). 

10. The 10 May 1997 Zirkuh Earthquake 

Segmentation: The MW 7.2 Zirkuh earthquake (Figure A-10) ruptured the 

northern part of the Abiz fault, which is the longest surface rupture in Iran and the 

fault bounds the Luth block to the East (Marchandon et al., 2018). The total length of 
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the surface rupture of this event is ~125 km (Ansari, 2021; Marchandon et al., 2018). 

Surface rupture dataset is available at NHR3 compiled from Francesca (2020). 

• Number of segments: Klinger (2010) applied the l1 trend filtering to the strike-

slip section of the Zirkuh earthquake rupture and identified 6±1 segments, 

while Ansari (2021) divided the Abiz fault into 7 segments based on some 

geometric behavior of faults. Our semi-automatic analysis using the NHR3 

dataset suggests 5 segments for the main rupture and 2 segments for the 

distributed rupture. Thus, we conclude that the number of segments for the 

surface rupture of the Zirkuh earthquake is in the range of 5-7. 

• Maximum azimuth changes: The maximum azimuth change on the rupture 

map was estimated to be ~17° by Klinger (2010), while our estimation from 

the surface rupture suggests a maximum azimuth change of ~28.5° for the 

intersection of segments at the southeast part.  

• Stepover width/ Offset: Ansari (2021) found the largest stepover with ~ 2 km 

width, same as our measurement indicated from the map (Figure A-10). 

Cumulative net slip: The cumulative net slip along the northern part of the 

Abiz fault, ruptured by the Zirkuh earthquake, has been estimated to be between 70 

and 105 km (Walker & Jackson, 2004), while the total net slip along the rupture zone 

is ~80 km (Walker et al., 2004; Klinger, 2010). 

Rupture velocity: The rupture is unilateral with the rupture velocity has been 

estimated to be 3.5 km/s in Berberian et al. (1999) and ~3.0 km/s in Tan et al. (2019). 
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Bimodal maturity characterization: Ansari (2021) suggested that the northern 

section of the Abiz fault has a longer slip history without splay branches and is more 

mature than the southern section. We conclude that the fault system ruptured in 1997 

is mature, given the cumulative slip estimates and absence of significant shallow slip 

deficit along the Abiz fault (Marchandon et al., 2018).   

11. The 12 November 1999 Düzce Earthquake 

Segmentation: The MW 7.2 Düzce earthquake (Figure A-11) occurred on the 

North Anatolian Fault Zone with the rupture length estimated to be ~40 km (Duman 

et al., 2005). NHR3 provides the surface rupture of this earthquake with the dataset 

from FDHI Manual Compilation that cites pers. comm., Dawson, T., Akyuz et al. 

(2002) and Duman et al. (2005). 

• Number of segments: Previous studies indicated that the Düzce earthquake 

ruptured 3 distinct segments from west to east (Aydin & Kalafat, 2002; 

Duman et al., 2005). Our semi-automatic analysis suggests that the best 

estimate for the number of segments is 4 to 5 (Figure A-11). Thus, we 

conclude a possible range of 3 to 5. 

• Maximum azimuth changes: Using the bend angle and strike of the primary 

ruptures (Duman et al, 2005), we estimate that the azimuth change of the 

segments is ~15°, similar to our semi-automatic analysis of the surface map 

which suggests a maximum azimuth change of 15.8° (Figure A-11). 
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• Stepover width/ Offset: The stepover width reported in Duman et al. (2005) is 

0.8 km, 1 km, 1.5-2 km for various sections of the rupture, which is similar to 

our measurement of ~1 km from the rupture map. 

Cumulative net slip: The rupture of the Düzce earthquake occurred on the 

north strand of the NAFZ and overlapped with the eastern end of the Izmit earthquake 

(Hartleb et al., 1999; Akyüz et al., 2002). We estimate that the cumulative net slip for 

the ruptured region of the Düzce earthquake is similar to that of the Izmit earthquake, 

which is 70-88 km. 

Rupture velocity: Bouchon et al. (2001) suggested a supershear rupture 

velocity of ~4.3 km/s. Birgoren et al. (2004) found that the apparent velocity of 

rupture propagation was ~3.2 km/s, with a higher rupture speed in the east (3.5-4.8 

km/s) and a slower one in the west (2.9 km/s). The average rupture velocity inferred 

from the shear arrival was 4.1 km/s (Bouin et al., 2004). Thus, we consider the 

possible range of rupture velocity for the Düzce earthquake to be 3.2-4.3 km/s. 

Bimodal maturity characterization: Following the discussion for the Izmit 

earthquake on the same fault, we infer the ruptured fault zone of the Düzce 

earthquake to be mature. 

12. The 14 August 2021 Nippes Earthquake 

Segmentation: The MW 7.2 Nippes earthquake initiated on a blind thrust fault 

in between the Trois-Baies Fault and the Enriquillo-Plantain Garden Fault zone 

(EPGFZ), a long left-lateral strike-slip fault that extends over ~1100 km (Calais et al., 

2023; Douilly et al., 2023). The earthquake jumped onto EPGFZ and propagated 
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westward along a network of segmented faults with diverse faulting conditions 

(Okuwaki & Fan, 2022).  

• Number of segments: Based on the schematic fault model proposed by Maurer 

et al. (2022), we estimate the involvement of 4-5 segments in the earthquake 

rupture. Aftershocks indicate at least 3 northward-dipping faults with different 

strikes, located to the north of the Enriquillo-Plantain Garden fault, with 

minor shallow activity on the latter (Douilly et al., 2023). 

• Maximum azimuth changes: The strike angle change on the strike-slip fault is 

relatively small (~4°) (Saint Fleur et al., 2020). Estimation from the fault 

model in Maurer et al. (2022) suggests the angle change of ~10° between the 

faults, whereas Douilly et al. (2023) infer up to 60° differences in strike. 

• Stepover width/ Offset: Without clear surface ruptures, measures are not 

reliable for the stepover widths in the system of faults and thus not used. 

Cumulative net slip: The total net slip of the EPGFZ at Massif de la Hotte 

where the earthquake occurred is estimated to be 40±10 km (Saint Fleur et al., 2020). 

Rupture velocity: NA 

Bimodal maturity characterization: Considering that the EPGFZ gets more 

complex to the east of the Trois-Baies Fault, where the earthquake occurred and 

involved multiple fault strands, we infer that the regional fault zone is immature 

(Saint Fleur et al., 2020). 

13. The 7 December 2015 Sarez Earthquake  
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Segmentation: The MW 7.2 Sarez earthquake reactivated a ~79 km section of 

the Sarez-Karakul fault with surface ruptures extending discontinuously for 37 km 

(Elliott et al., 2020; Sangha et al., 2017). 

• Number of segments: InSAR and SAR data suggested three fault segments in 

the rupture region (Metzger et al., 2017; Sangha et al., 2017). 

• Maximum azimuth changes: The maximum strike angle variation in Sangha et 

al. (2017) is 24.5°. 

• Stepover width/ Offset: NA 

Cumulative net slip: The Sarez earthquake ruptured the Sarez-Karakul fault 

system (SKFS), which comprises left-lateral faults that accommodate north-south 

shortening and east-west extension in the Pamir interior (Schurr et al., 2014; Jin et al., 

2022). Although there is no clear measurement of the total offset along this fault, this 

event highlights the importance of the NE-trending SKFS in the central Pamir. The 

determined displacement of the Pamir relative to Tibet for the strike-slip systems of 

the Pamir can be as large as 300 km (Burtman & Molbar, 1993; Schmidt et al., 2011; 

Schurr et al., 2014). 

Rupture velocity: This earthquake had a unilateral rupture with the average 

rupture speed of ~ 3 km/s, although supershear occurred at two sections during the 

rupture (Sangha et al., 2017). 

Bimodal maturity characterization: Following the classification criteria 

proposed by Manighetti et al. (2007) and detailed discussed in Jin et al. (2022), we 

consider the Sarez-Karakul fault system to be mature. 
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14. The 4 April 2010 El Mayor- Cucapah Earthquake 

Segmentation: The MW 7.2 El Mayor- Cucapah earthquake (Figure A-12) in 

2010 ruptured for ∼120 km from the northern tip of the Gulf of California to the 

U.S.–Mexico border (Hauksson et al., 2010; Fletcher et al., 2014). Surface rupture 

data of this earthquake is provided by NHR3 compiled from Fletcher et al. (2014) and 

Teran et al. (2015). 

• Number of segments: The surface rupture of the El Mayor-Cucapah 

earthquake expanded across three domains: Delta, Sierra, and Yuda Desert 

(Fletcher et al., 2014; Teran et al., 2015), controlled by at least three faults in 

the Delta domain, four faults in the Sierra domain, and the north branch of the 

Laguna Salada fault in the Yuda Desert domain (Fletcher et al., 2014), 

resulting in 8 total segments. Our semi-automatic solution also estimates 6 to 

8 segments for the primary rupture and 4 segments for the distributed rupture 

(Figure A-12). Thus, we infer 8-12 segments. 

• Maximum azimuth changes: Many faults in the Yuha Desert domain strike 

nearly orthogonal to the primary rupture in the south (Fletcher et al., 2014). 

From the surface rupture map (Figure A-12), the estimated maximum angle 

between the faults is ~70°. 

• Stepover width/ Offset: The documented stepover width between the 

Pescadores fault and the Borrego fault in Fletcher et al. (2014) is 2-3 km. The 

largest stepover width measured in Figure A-12 is ~3 km. 
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Cumulative net slip: The estimated cumulative slip value for the faults where 

the El Mayor- Cucapah earthquake occurred is only 1-2 km (Perrin et al., 2021). 

Rupture velocity: The rupture velocity of this earthquake is variable and 

relatively low with an average of ~2.5 km/s (Wei et al., 2011). 

Bimodal maturity characterization: Based on the structural complexity and 

the low total slip of the rupture zone, we conclude that the El Mayor-Cucapah 

earthquake occurred on a relatively immature portion of the fault system as previous 

literature suggested (Xu et al., 2016). The northwestward extension of the fault 

system along the Laguna Salada and Elsinore faults (e.g., Donnellan et al., 2018) 

involves larger cumulative slip and the El Mayor-Cucapah segment has been 

considered of intermediate maturity in previous work (Perrin et al., 2016; Manighetti 

et al., 2021).  

15. The 16 October 1999 Hector Mine Earthquake 

Segmentation: The MW 7.1 Hector Mine (Figure A-13) earthquake has a ~48 

km-long dextral surface rupture within the eastern California shear zone (ECSZ) 

including various branches and segments (Treiman et al., 2002). Surface rupture data 

of this earthquake is provided by NHR3 compiled from Petersen et al. (2011). 

• Number of segments: Klinger (2010) suggested 4±1 segments using the l1 

trend filtering method while our result gives 5 to 6 segments for the main 

rupture. In addition, we consider the other three branches (marked in Figure 

A-13d) and our semi-automatic solution output tends to be 8 to 9 segments in 
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total. We use 5-9 as the range for the number of segments for the Hector Mine 

earthquake. 

• Maximum azimuth changes: The maximum angle change for the surface 

rupture is estimated to be ~60°, occurring at the junction of the small branch 

and the main fault (Figure A-13). Klinger (2010) did not consider the small 

branch so that the measurement indicated a maximum angle change of 28°, 

similar to our measurement of the azimuth change (~25°) for the main rupture. 

• Stepover width/ Offset: The rupture is quite continuous, but some steps that 

separate poorly known faults to the well-mapped faults are presented to be 2 

km wide (Treiman et al., 2002). Our measures indicate some ~2-3 km wide 

stepping at the southeast section of the rupture (Figure A-13), which is 

consistent with the previous finding. 

Cumulative net slip: ECSZ have long-term displacements ranging from 1.5 to 

14.4 km and a net total slip of about 65 km. Most of the faults ruptured during the 

Hector Mine earthquake had prior late-Quaternary displacement while the evidence 

for Holocene displacement is limited (Treiman et al., 2002). The net slip measured on 

the northern Pisgah fault section is 6-14 km (Dokka 1983; Dokka and Travis 1990; 

Jachens et al., 2002). On the southern Bullion-Mesquite fault section, the cumulative 

slip is ~20 km (Jachens et al., 2002). Based on these findings, we use a cumulative 

slip value of 10-20 km for the Hector Mine rupture region as suggested by Perrin et 

al. (2021). 
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Rupture velocity: The overall rupture process of the Hector Mine earthquake 

was relatively slow, with an average velocity of approximately 1.9 km/s, which is 

much lower than typical values of rupture speed (Ji et al., 2002). 

Bimodal maturity characterization: In our analysis, we classify the rupture 

region of the Hector Mine earthquake as an immature fault system, consistent with 

previous classification proposals (Manighetti et al., 2007; Milliner et al., 2016; Perrin 

et al., 2016). 

16. The 6 July 2019 Ridgecrest Mainshock 

This study includes analysis of both the Ridgecrest mainshock and the 

foreshock that occurred in the central eastern California shear zone (ECSZ) during the 

Ridgecrest sequence (Figure A-14).  

Segmentation: The MW 7.1 Ridgecrest right-lateral mainshock and the MW 6.4 

left-lateral foreshock produced cross-fault ruptures for ~50 km, including many 

previously unmapped orthogonal faults (Barnhart et al., 2019; DuRoss et al., 2020). 

Surface rupture data of these two earthquakes can be found in NHR3 compiled from 

DuRoss et al. (2020) and Ponti et al. (2020). 

• Number of segments: In total, DuRoss et al. (2020) reported 26 sections of 

surface rupture for the two events based on field observations in total, 

including 12 segments for the foreshock rupture and 14 segments for the 

mainshock rupture. l1 trend filtering analysis of the rupture dataset revealed 

that the mainshock rupture can be separated into approximately 13-15 

segments (Figure A-14) which matches the result in DuRoss et al. (2020).  



 

120 
 

• Maximum azimuth changes: Cross-fault ruptures are suggested in many 

previous studies (Goldberg et al., 2020; Shi & Wei, 2020; Milliner et al., 

2021), with the largest angle between the segments for the mainshock rupture 

is ~ 66° (Milliner et al., 2021). We measured ~80° of azimuth changes in 

Figure A-14. 

• Stepover width/ Offset: We measured the largest offset between the segments 

corresponding to the mainshock rupture is ~2 km (Figure A-14). 

Cumulative net slip: Amos et al., (2013) determined the right-lateral offset of 

the Little Lake fault near Ridgecrest is ~140- 250 m. Thompson Jobe et al. (2020) 

made estimates of the cumulative displacement of the nearby East Airport Lake fault 

(8-9 m), the Salt Wells Valley (~ 300 m) and of the HighWay 178 (30-60 m), with the 

cumulative net slip for the foreshock rupture determined from optical images ranging 

from 256-600 m (Milliner et al., 2021). For this study, we use 0.25-0.6 km as the 

cumulative net slip for the Ridgecrest rupture zone. 

Rupture velocity: The average rupture velocity determined for the two 

Ridgecrest events are relatively low, varying in the range of 1.5-2 km/s as shown in 

many studies (Liu et al., 2019; Chen et al., 2020; Goldberg et al., 2020). 

Bimodal maturity characterization: The Ridgecrest sequence occurred on 

distributed strike-slip faults which are young (Ross et al., 2019; Xu et al., 2020) and 

have limited cumulative fault offset as discussed. The structural complexity of the 

rupture region suggests an immature fault system as suggested in previous studies 
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(Liu et al., 2019; Ross et al., 2019; Goldberg et al., 2020; Fialko & Jin, 2021; Milliner 

et al., 2021 and many others). 

17. The 27 May 1995 Neftegorsk Earthquake  

Segmentation: The MW 7.1 Neftegorsk earthquake (Figure A-15) ruptured ~46 

km at the northern end of Sakhalin Island, which is considered to be an almost 

inactive plate boundary between the North American and Eurasian plates (Arefiev et 

al., 2000). Surface rupture data of this earthquake is provided by NHR3 that cites 

pers. comm., Pinegina, T., Kozhurin, A., & Arcos, B. 

• Number of segments: Arefiev et al. (2000) suggested that the surface rupture 

region of this earthquake included 2 segments, as indicated by the distribution 

of aftershocks. However, the geometric distribution of the surface rupture is 

not that simple. Our semi-automatic analysis identified that the main rupture 

can be separated into 5 to 6 segments. There are also 2 potential segments 

(marked in Figure A-15d) that run parallel to the main rupture at the north end 

of the rupture, which we have taken into consideration. Therefore, we 

conclude that the number of segments for the Neftegorsk earthquake is 

between 7-8. 

• Maximum azimuth changes: The azimuth change resolved between the two 

segments in Arefiev et al. (2000) is 11°. Our estimation from the map of the 

rupture (Figure A-15) is ~ 19.5°. 

• Stepover width/ Offset: The distance between the main rupture and the parallel 

secondary segment (marked in red in Figure A-15) is ~1 km. 
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Cumulative net slip: The main structure involved in the rupture is the 

Sakhalin–Hokkaido right‐lateral strike‐slip fault. Measurement at Schmidt peninsula, 

north of Sakhalin, suggests 14 km offset of Pliocene units (Arefiev et al., 2000). The 

strike-slip offsets of faults from the East Sakhalin Mountains to the Schmidt 

peninsula are estimated to accumulate at least ~50 km offsets since Miocene time 

(Fournier et al., 1994). We use 50 km as the cumulative net slip for the Sakhalin-

Hokkaido fault. 

Rupture velocity: The average rupture velocity is determined to be 1.9±0.2 

km/s (Kraeva, 2004). 

Bimodal maturity characterization: Based on its symmetric slip behavior 

(Arefiev et al., 2000) and large cumulative slip estimate, we infer that the Sakhalin–

Hokkaido fault is a mature fault following the strategy proposed in Manighetti et al. 

(2007). 

18. The 3 September 2010 Darfield Earthquake 

Segmentation: The MW 7.0 Darfield earthquake (Figure A-16) in New Zealand 

occurred on a previously unidentified fault system and ruptured the surface for ~29.5 

km (Quigley et al., 2012). Surface rupture data of this earthquake is provided by 

NHR3 compiled from Villamor et al. (2012) and Langridge et al. (2016). 

• Number of segments: Our semi-automatic analysis suggested 5 segments for 

the surface rupture (Figure A-16). 

• Maximum azimuth changes: Our estimation from the rupture map (Figure A-

16) indicated the maximum azimuth change is ~ 18.5°. 
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• Stepover width/ Offset: The stepover width between the two eastern segments 

is measured to be ~1.8 km (Figure A-16). 

Cumulative net slip: The Darfield earthquake ruptured the Greendale fault 

near the outer edge of the broad zone of deformation and marked the boundary 

between the Australian and Pacific Plates (Villamor et al., 2012). Its geomorphic 

expression of being an active fault is obscured by alluvial deposits (Villamor et al., 

2012). Therefore, there is no measurement of the net slip of the Greendale fault. 

Rupture velocity: Elliott et al. (2012) assumed bilateral rupture for the 

Darfield earthquake and determined a rupture speed of ~2.5 km/s. Similarly, Quigley 

et al. (2019) suggested that the rupture spread across multiple branching faults in a 

bilateral manner with the rupture speed of ~2-2.5 km/s. 

Bimodal maturity characterization: The fault network in the ruptured zone has 

high structural complexity (Quigley et al., 2019). But due to its simple segmentation 

behavior, i.e., few segments with moderate variation in the strike angle (~18.5°), we 

consider the Greendale fault to be a mature fault. 

19. The 14 April 2016 Kumamoto Earthquake 

Segmentation: The MW 7.0 Kumamoto earthquake (Figure A-17) ruptured ~40 

km of the Futagawa-Hinagu Fault Zone (FHFZ) on Kyushu Island, Japan (Scott et al., 

2018).  Surface rupture data for this earthquake is provided by NHR3 from FDHI 

Manual Compilation based on Shirahama et al. (2016) and Goto et al. (2017). 

• Number of segments: Many previous studies have suggested that three strike-

slip faults, Hinagu fault, Futagawa fault, and Idenokuchi fault are involved in 
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the rupture process of the Kumamoto earthquake (Shirahama et al., 2016; 

Toda et al., 2016; Scott et al., 2018), but there is currently no segmentation 

result available to further separate these three faults in the literature. Our 

semi-automatic analysis on the surface rupture of the Kumamoto earthquake 

suggests 9 segments (Figure A-17). 

• Maximum azimuth changes: The Idenokuchi fault predominantly had a normal 

faulting surface rupture zone, comprised of several left-stepping sections and 

a significant fault bend, where the strike differed by approximately 50° from 

the overall trend of the fault zone (Toda et al., 2016). Our estimation of the 

maximum azimuth change is also ~50° (Figure A-17). 

• Stepover width/ Offset: The separation distance between the normal faulting 

surface rupture zone and the main fault zone is measured to be 1.2-2.0 km 

(Toda et al., 2016), 2-2.5 km (Shirahama et al., 2016). 

Cumulative net slip: FHFZ activated around 0.7-0.5 Ma (Toda et al., 2016) 

and has a cumulative displacement of ~800-1,400 m (Lin et al., 2017; Scott et al., 

2018). The measured offset on the south-western Hinagu fault is ~750 m (Scott et al., 

2018). Therefore, we infer that the cumulative net slip for the FHFZ is 0.75-1.4 km. 

Rupture velocity: The rupture velocity is estimated to be ~2.6 km/s (Hao et al., 

2016), 2.8 km/s (Pitarka et al., 2018), and 3 km/s (Yue et al., 2017). 

Bimodal maturity characterization: The rupture involved many strands or 

branches scattering in space and varying in strike angle (Shirahama et al., 2016). 
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Based on this structural complexity, we infer that the FHFZ is an immature fault 

system. 

20. The 12 January 2010 Haiti Earthquake 

Segmentation: The MW 7.0 Haiti earthquake may or may not have initiated on 

the steeply dipping left-lateral strike-slip Enriquillo-Plantain Garden (EPG) fault, but 

the largest slip appears to have been located on the previously unmapped north-

dipping Léogâne blind thrust fault (Calais et al., 2010; Hayes et al., 2010; Hashimoto 

et al., 2011; Douilly et al., 2013, 2015), and a third southward-dipping fault to the 

east (Hayes et al., 2010) or the Troi Vaies fault to the west (Douilly et al., 2015). 

Previous fault models had suggested that most of the earthquake moment release was 

not on the EPGFZ (Calais et al., 2010; Hayes et al., 2010), with only minor lateral 

slip and surface rupture from field observations (Prentice et al., 2010). 

Cumulative net slip: The total net slip of the EPGFZ at Massif de la Selle 

where the earthquake occurred is estimated to be 40±10 km (Saint Fleur et al., 2020), 

but the inferred northward-dipping thrust fault surface involved in the rupture likely 

has much lower cumulative slip. 

Rupture velocity: The Haiti earthquake has a unilateral rupture towards the 

west with the average rupture velocity determined to be 2.6 km/s (de Lépinay et al., 

2011) or 3.3 km/s (Meng et al., 2012). 

Bimodal maturity characterization: We infer the fault system to be immature 

considering the multiple faults involved in the rupture offset from the through-going 

EPG fault, as discussed in previous literature (Saint Fleur et al., 2020).   
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Further comment: 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. 

21. The 12 February 2014 Yutian Earthquake 

Segmentation: The MW 6.9 Yutian earthquake (Figure A-18) ruptured for ~45 

km while the mapped surface rupture is only 25 km featuring a large stepover. 

Surface rupture data of this earthquake is provided by NHR3 that cites pers. comm., 

Liu-Zeng, J. 

• Number of segments: The surface failure traces of the Yutian earthquake have 

four segments surveyed in previous literature (Zhang et al., 2014; Li et al., 

2016). Our semi-automatic analysis on the surface rupture suggests 4 to 5 

segments for the main rupture, together with a northwest-extending secondary 

rupture (marked as S5 in Figure A-18). Thus, we infer the number of 

segments to be 5-6. 

• Maximum azimuth changes: Two rupture zones at the western and eastern side 

of the rupture have orientations that differ by ~30°-40° (Li et al., 2016). Our 

estimation from the map of the surface rupture gives ~40° of azimuth change 

(Figure A-18). 

• Stepover width/ Offset: If we infer the junction section between the two 

rupture zones to be a large gap (Zhang & Ge, 2017), then the measured 

stepover width is ~ 3.4 km. Alternatively, if it is assumed to be a bend, the 

stepover width is ~0.6 km (Figure A-18).  
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Cumulative net slip: The earthquake occurred in the western section of the 

Altyn Tagh fault (ATF) which is a long active left lateral strike-slip fault that forms 

the north-western boundary of the Tibetan Plateau with the Tarim Basin (Tapponnier 

et al., 2001). The total net slip of ATF is measured to be ~360-475 km since the 

middle Oligocene (Yue & Liou, 1999; Ritts & Biffi, 2000; Ni & Hong, 2014). Stirling 

et al. (1996) reported the left-lateral strike-slip offset of Mesozoic and Palaeozoic 

rocks across the fault to be 65-75 km. The Yutian earthquake ruptured the western 

margin of the ATF at the eastern end of the South Xiaoerkule Fault. Therefore, the 

cumulative net slip for the rupture area is expected to be smaller than that of the entire 

ATF. We have taken the smallest reported value (i.e., 65 km) to represent the 

cumulative net slip in this case. 

Rupture velocity: NA for average rupture velocity. 

Bimodal maturity characterization: We infer that the rupture zone is immature 

based on the structural complexity of the rupture zone. 

22. The 13 April 2010 Yushu Earthquake 

Segmentation: The MW 6.9 Yushu earthquake (Figure A-19) occurred on the 

Ganzi–Yushu fault, which is part of the Yushu–Ganzi–Xianshuihe fault zone, one of 

the most active fault zones in eastern Tibet (Lin et al., 2011; Zhang et al., 2016). The 

surface rupture is separated by some stepovers a few kilometers wide and by small 

azimuth changes (Li et al., 2012). Surface rupture data of the Yushu earthquake is 

provided by NHR3 compiled from Li et al. (2012). 
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• Number of segments: Field investigations and detailed mapping suggested 3 

rupture sections, including the Ganda section, the Thrangu section, and the 

western segment (Li et al., 2012). SAR images also indicated 3 fault segments 

(Li et al., 2011). Our semi-automatic solution suggests 4 to 5 segments 

(Figure A-19). 

• Maximum azimuth changes: Maximum strike angle change from the fault 

model in Li et al. (2011) is ~4°. Li et al. (2012) estimated the angle between 

the Ganda section and the Thrangu section is ~20°. We include both in this 

study. 

• Stepover width/ Offset: The largest stepover width in Li et al. (2012) is ~1.4 

km while our estimation from the surface rupture map is ~2 km (Figure A-19).   

Cumulative net slip: The maximum strike-slip amount of the Ganzi-Yushu-

Xianshuihe fault zone is estimated to be ∼60 km (Yan & Lin, 2015) or ~80 km based 

on the lateral offset of a granitic pluton in the southeastern part of the Garze-Yushu 

fault (Wang & Burchfiel, 2000; Wang et al., 2009). 

Rupture velocity: Zhang et al. (2010) used Love wave inversion and 

determined an average rupture velocity of 1.6 km/s for the first sub-event and 4.0 

km/s for the second one, which indicates supershear. Yokota et al. (2012) suggested 

that the rupture first propagated at 2.5–3.5 km/s, and then slightly faster than 3.5 

km/s, which also indicates supershear. Wang & Mori (2012) determined a high 

rupture speed of ~5 km/s from near-field and teleseismic data. In this study, we 
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approximate 3-5 km/s as the potential average rupture velocity for the Yushu 

earthquake. 

Bimodal maturity characterization: The structural maturity of the Ganzi-

Yushu fault would be intermediate based on the classification proposed by previous 

studies (Manighetti et al., 2007; Perrin et al., 2016). However, in this bimodal 

analysis, we would consider this fault to be mature based on its simple rupture traces 

and large cumulative slip. 

23. The 24 March 2011 Tarlay Earthquake 

Segmentation: 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 ruptured fault 

line appears to be relatively straight without significant bends or branches (Tun et al., 

2014). 

• Number of segments: Based on the analysis of surface cracks presented in Tun 

et al. (2014), we estimate that the rupture zone comprises ~2-4 segments. 

• Maximum azimuth changes: We estimate ~30° of azimuth change from the 

western section of the surface maps presented in Tun et al. (2014). 

• Stepover width/ Offset: We estimate ~0.5 km of offset between the segments 

based on the previous surface crack maps in Tun et al. (2014). 

Cumulative net slip: The Nam Ma fault, on which the Tarlay earthquake 

occurred, has a left-lateral offset of 12±2 km, as measured from the Mekong River 

channel (Lacassin et al., 1998).  
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Rupture velocity: NA 

Bimodal maturity characterization: We consider the Nam Ma fault to be an 

immature fault system as suggested in previous literature (Tun et al., 2014). 

24. The 24 January 2020 Sivrice Earthquake 

Segmentation: 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. No clear surface 

rupture was documented, but small cracks occurred along a 48 km-long region (Çetin 

et al., 2020). Although the EAFZ has been well-mapped in recent years, this study 

focuses on segmentation based on surface rupture and is limited by the lack of data 

available for this event. 

• Number of segments: NA 

• Maximum azimuth changes: The azimuth change at the Pütürge segment of 

the EAFZ where the earthquake occurred is ~10° (Duman & Emre, 2013). 

Nevertheless, it remains unclear whether secondary faults were involved in 

the rupture process. 

• Stepover width/ Offset: NA 

Cumulative net slip: Several studies have measured the net slip of the EAFZ 

in the past 2-5 Ma, ranging from 22-33 km (Dewey et al., 1986; Şaroğlu et al., 1992; 

Trifonov et al., 2018). Besides, the measured sinistral offset of the basement rocks 

and morphological features in the Fırat River valley, which cuts across the rupture 

zone, varies from 9 to 22 km (Duman & Emre, 2013; Tatar et al., 2020). The Fırat 
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River valley is offset sinistrally by ~11 km along the Hazar-Şiro fault of the Pütürge 

segment (Duman and Emre 2013). Taking all the information, this study uses 11 km 

as the cumulative net slip for the rupture zone of the Sivrice earthquake. 

Rupture velocity: The rupture propagation of the Sivrice earthquake was 

unilateral, occurring from northeast to southwest, with an average rupture speed of ~2 

km/s (Gallovič et al., 2020), or ~2.2 km/s (Melgar et al., 2020), or 2.5 km/s (Konca et 

al., 2021). 

Bimodal maturity characterization: Previous literature suggests that the 

Pütürge segment of the EAFZ is immature (Gallovič et al., 2020; Pousse-Beltran et 

al., 2020) and we adopt that designation. 

25. The 26 December 2003 Bam Earthquake 

Segmentation: 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. Although no direct surface faulting features were observed, some surface cracks 

were produced, extending along a region with a total length of 22.5 km (Jackson et 

al., 2006; Asayesh et al., 2020). 

• Number of segments: The documented co-seismic surface cracks involved at 

least five sub-parallel segments (Asayesh et al., 2020) and we estimate 6 

segments from the surface cracks presented in Jackson et al. (2006). 

• Maximum azimuth changes: Azimuth changes of ~10° were estimated by 

Jackson et al. (2006) at the southern segments. 
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• Stepover width/ Offset: We estimate ~1 km of offset between the segments 

based on the previous surface crack maps (Jackson et al., 2006; Asayesh et al., 

2020).   

Cumulative net slip: The faults in the vicinity of Bam, which are ~50 km to 

the east of the active Gowk-Sarvestan-Sabzevaran faults, exhibit both N-S strike-slip 

and some degree of thrusting (Asayesh et al., 2020). Walker & Jackson (2002) 

provided evidence for a total net slip of ∼12 km on the Gowk-Sarvestan faults. 

However, for the causal faults of the Bam earthquake, the net slip is probably much 

smaller than 12 km (Jackson et al., 2006). Due to the absence of corroborating data, 

we infer the net slip for the rupture zone of the Bam earthquake is 12 km. 

Rupture velocity: The rupture velocity of the Bam earthquake was estimated 

to be ~2.8 km/s by Jackson et al. (2006) using the best fit of timing of the rupture 

pulses. 

Bimodal maturity characterization: The lack of shallow slip for the Bam 

earthquake (Fialko et al., 2005) and its small cumulative net slip (<12 km) suggest a 

relatively immature fault system. 

26. The 24 November 1987 Superstition Hills Earthquake 

Segmentation: The MW 6.6 Superstition Hills earthquake (Figure A-20) 

ruptured a ~26 km-long section at the southern part of the right-lateral San Jacinto 

fault system with significant afterslip (Klinger, 2010). Surface rupture of this event 

can be found in NHR3 compiled from Sharp et al. (1989). 
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• Number of segments: The Superstition Hills earthquake can be approximated 

to have ruptured 3 segments using l1 trend filtering (Klinger, 2010). Our 

analysis using the same method suggests 5 segments for the primary surface 

rupture (Figure A-20c). The two segments from the distributed rupture in 

Figure A-20d can be regarded as the extension of segment No.2 and No.3 and 

thus we infer 5 segments in total. 

• Maximum azimuth changes: We estimated ~20° of azimuth changes between 

segment No. 3 and No. 4 based on the surface rupture map (Figure A-20). 

• Stepover width/ Offset: The stepover width between segments ranges from 

0.2-0.6 km, as reported by Wesnousky (2006). 

Cumulative net slip: The cumulative net slip along the Superstition Hills fault 

is not well documented. The best estimate is ~25 km based on the intrusive igneous 

rock in the central part of the fault (Sharp, 1967). 

Rupture velocity: Hwang et al. (1990) estimated the rupture velocity of the 

Superstition Hills earthquake as ~2.5 km/s. 

Bimodal maturity characterization: The structural maturity of the San Jacinto 

fault, which the Superstition Hills fault is part of, would be intermediate in the 

classification proposed by Manighetti et al. (2007) (Perrin et al., 2016). For our 

bimodal designation, we categorize this fault as immature based on the modest 

cumulative net slip (~25 km). 

27. The 31 March 2020 Stanley Earthquake 
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Segmentation: 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 (notably the 

nearby Sawtooth fault). This event initiated on an unmapped strike-slip fault and 

traversed a 10-km-wide (at the surface) stepover as it ruptured southward (Yang et 

al., 2021).  

• Number of segments: At least three fault segments are strongly suggested by 

seismic waveform inversion, geodetic modeling and aftershock relocation 

(e.g., Pollitz et al., 2020; Yang et al., 2021, Luo et al., 2022), but there are no 

surface outcrops to infer more details of the structure. 

• Maximum azimuth changes: The detailed geometry of a central cross-fault is 

not well-resolved, but the strike is from 60° to nearly orthogonal to the 

northern and southern rupture segments. 

• Stepover width/ Offset: There is about a 10 km offset of the surface 

projections of the northern and southern segments, but the opposing dips 

suggest that the offset is much smaller (possibly zero) at depth (Yang et al., 

2021). 

Cumulative net slip: The lack of prior fault mapping and absence of surface 

break suggests that cumulative slip is very small, likely less than 1 km.   

Rupture velocity: The rupture velocity is not well resolved from the finite-

fault inversion. 
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Bimodal maturity characterization: The lack of prior fault mapping and lack 

of surface break, combined with the faulting characterization from InSAR, aftershock 

seismicity, and finite-fault inversion indicate that the fault system is immature.  

28. The 8 August 2017 Jiuzhaigou Earthquake 

Segmentation: The MW 6.5 Jiuzhaigou earthquake occurred on an unknown 

fault in the Sichuan Province, along the easternmost Kunlun/Tazang fault zone as the 

system diverts southward toward the Longmenshan Fault. This event had no surface 

rupture, but projects along the unmapped northern extension of the Huya fault. It is 

inferred that there is a strong shallow slip deficit, which may reflect immaturity of 

this fault zone. 

• Number of segments: Apparently two primary fault segments at depth are 

involved in the slip (Zhang et al., 2021), but the resolution is limited. 

• Maximum azimuth changes: As much as 20° difference in strike has been 

included in two-segment models, but resolution is very limited. 

• Stepover width/ Offset: No resolved stepover is constrained. 

Cumulative net slip: No estimate is available, but the lack of surface 

expression indicates little cumulative slip has occurred on the fault, probably less than 

a few kilometers. 

Rupture velocity: The rupture process appears to involve two patches, with an 

upper bound on rupture velocity of 3.5 km/s (Zhang et al., 2021). 
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Bimodal maturity characterization: The lack of prior mapped surface 

expression of the fault, the lack of surface break (large slip deficit), and lack of early 

afterslip are indicative of an immature fault (Li et al., 2020).  

29. The 15 May 2020 Monte Cristo Range Earthquake 

Segmentation: The MW 6.5 Monte Cristo Range left-lateral earthquake 

ruptured the eastern extension of the Candelaria fault in a region without prior 

mapped Quaternary faulting in the easternmost central Walker Lane Belt (WLB). The 

WLB is a complex shear zone in the Pacific-North America plate boundary. The 2020 

faulting located on the eastern end of the Mina deflection and appears to be bounded 

on the eastern end by the northwest-trending Petrified Springs fault system, which 

may define the transition to the Basin and Range Province (Liu et al., 2021; Koehler 

et al., 2021).  

• Number of segments: The western domain of the rupture has irregular surface 

rupture trending northeast along about 28 km with parallel bands of fractures 

offset northward by 1 to 2 km (Koehler et al., 2021).  There are multiple short 

left-lateral segments with displacements of <5 cm to ~20 cm, much less than 

the estimated 0.8-1.5 m of slip at depth (Sethanant et al., 2023; Liu et al., 

2021; Zheng et al., 2020), and in the eastern domain there are extensional and 

right-lateral displacements on north-south striking planes that likely represent 

expression of fracture in shallow sediments overlying deeper east-west 

faulting inferred from geophysical analysis. 
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• Maximum azimuth changes: An overall 23° change in strike is observed 

between the western and eastern primary rupture planes, primarily constrained 

by InSAR and aftershock locations (Liu et al., 2021). 

• Stepover width/ Offset: There is no clear surface offset between the western 

and eastern primary rupture surfaces in the aftershock seismicity and finite 

fault analysis (Liu et al., 2021; Zheng et al., 2020), but the difference in 

orientation of surface features in the eastern and western domain makes it 

difficult to establish stepover offset with confidence. 

Cumulative net slip: No clear estimate has been made, but the lack of through-

going fault trace indicates that cumulative slip is smaller than a few kilometers at 

most. 

Rupture velocity: An average rupture velocity of 1.5 km/s is inferred by the 

finite-fault inversion of Liu et al. (2021). 

Bimodal maturity characterization: The lack of prior through-going mapped 

fault trace, complexity of the en echelon surface fractures in the western part of the 

rupture and the near-orthogonal (N-S) surface fractures in the eastern part of the 

rupture indicate that the fault system is immature. 

30. The 29 December 2020 Petrinja Earthquake 

Segmentation: The MW 6.4 Petrinja earthquake has a ~13 km-long rupture at 

conjugate faults dominated by the active Petrinja-Pokupsko fault (PPKF) associated 

with the motion between Adria and the Eurasian Plate (Baize et al., 2022; Xiong et 

al., 2022).   
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• Number of segments: The Petrinja earthquake rupture consists of 4 main right-

lateral sections, including the Međurače section, the Župić section, the Križ 

section, and the Cepeliš section (Baize et al., 2022). 

• Maximum azimuth changes: We estimate the maximum azimuth change 

between the four segments is ~30° from the distribution map of the surface 

rupture in Baize et al. (2022). 

• Stepover width/ Offset: We estimate the offset between segments is ~2 km, 

based on the distribution map of the surface rupture in Baize et al. (2022). 

Cumulative net slip: Baize et al. (2022) estimated a total right-lateral 

displacement of ~560 m on the PPKF. 

Rupture velocity: NA 

Bimodal maturity characterization: Based on the conjugation of the local 

faults and being consistent with previous studies (Xiong et al., 2022), we classify the 

PPKF as an immature fault. 

31. The 4 July 2019 Ridgecrest Foreshock   

Segmentation: The MW 6.4 foreshock of the Ridgecrest sequence (Figure A-

21) occurred in the central eastern California shear zone (ECSZ). The foreshock 

ruptured two primary orthogonal faults, one of which is along the trend of the MW 7.1 

mainshock (Liu et al., 2019; Barnhart et al., 2019; DuRoss et al., 2020). Surface 

rupture data can be found in NHR3 compiled from DuRoss et al. (2020) and Ponti et 

al. (2020). There appears to be very limited cumulative fault offset, probably of less 
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than 1 km, given the lack of offset of intersecting orthogonal structures and no prior 

mapping of the southwest striking rupture segment. 

• Number of segments: l1 trend filtering analysis of the rupture dataset revealed 

that the foreshock rupture can be separated into approximately 12 segments 

(Figure A-21), with many of the mapped surface cracks likely being 

superficial.  

• Maximum azimuth changes: Cross-fault ruptures are suggested in previous 

studies for the foreshock and mainshock (Goldberg et al., 2020; Shi & Wei, 

2020; Milliner et al., 2021), with the largest angle between the segments 

measured to be ~86° for the foreshock (Milliner et al., 2021). We measured 

~80° from the surface rupture map (Figure A-21). 

• Stepover width/ Offset: We measured the largest offset between the segments 

of ~1 km for the foreshock rupture (Figure A-21). 

Cumulative net slip: Amos et al., (2013) had determined the right-lateral 

offset of the Little Lake fault near Ridgecrest is ~140- 250 m. Thompson Jobe et al. 

(2020) made estimates of the cumulative displacement of the nearby East Airport 

Lake fault (8-9 m), the Salt Wells Valley (~ 300 m) and of the HighWay 178 (30-60 

m), with the cumulative net slip for the foreshock rupture determined from optical 

images ranging from 256-600 m (Milliner et al., 2021). For this study, we use 0.25-

0.6 km as the cumulative net slip for the Ridgecrest foreshock. 
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Rupture velocity: The average rupture velocity determined for the Ridgecrest 

foreshock is relatively low, varying in the range of 1.5-2 km/s (Liu et al., 2019; Chen 

et al., 2020; Goldberg et al., 2020). 

Bimodal maturity characterization: The foreshock rupture zone is judged to 

be immature due to the lack of prior expression of the faulting, the lack of cumulative 

slip and the complexity of the surface fractures. 

32. The 15 October 1979 Imperial Valley Earthquake 

Segmentation: The MW 6.4 Imperial Valley earthquake (Figure A-22) 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 (Singh et al., 1982; Wesnousky, 2006). 

Surface rupture of this event can be found in NHR3 compiled from Petersen et al. 

(2011) 

• Number of segments: Using semi-automatic analysis on the NHR3 dataset, we 

estimated 4 to 6 segments for the primary surface rupture of this earthquake 

and 2 potential segments from the distributed rupture (Figure A-22). Thus, we 

conclude 6 to 8 segments in total. 

• Maximum azimuth changes: We estimated ~28.5° of azimuth change between 

segment No.1 and No.2 from the surface rupture map (Figure A-22). 

• Stepover width/ Offset: We estimate the lateral offset between the segments to 

be ~0.5-2 km (Figure A-22). 

Cumulative net slip: The Imperial fault has the same slip rate as the San 

Jacinto fault with moderate cumulative fault slip to be ~24-28 km (Lindsey & Fialko, 
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2016; Powers & Jordan, 2010; Stirling et al., 1996). The cumulative offset of the 

Imperial fault is estimated to be up to 85 km (Powers & Jordan, 2010). Therefore, we 

use 24-85 km as the potential range of net slip for the Imperial fault in this study. 

Rupture velocity: The rupture velocity at depth for the Imperial Valley 

earthquake was determined to be ~3.1 km/s (Archuleta et al., 1984). 

Bimodal maturity characterization: Similar to the analysis for the Superstition 

Hills fault, the structural maturity of the Imperial fault would possibly be intermediate 

(Perrin et al., 2016), but in this bimodal analysis, we categorize this fault as immature 

due to its segmentation and azimuthal changes despite its moderate slip accumulation 

(net slip ~24-85 km). 

33. The 24 August 2014 Napa Earthquake 

Segmentation: The MW 6.0 South Napa earthquake (Figure A-23) occurred in 

the San Francisco Bay Area and produced a 12 km long surface rupture with right-

lateral strike-slip displacement (Floyd et al., 2016). NHR3 provides the surface 

rupture of this earthquake compiled from Ponti et al. (2019). 

• Number of segments: Using semi-automatic analysis, we estimated ~7 

segments for the surface rupture of this earthquake (Figure A-23). 

• Maximum azimuth changes: We estimated ~22° of azimuth change between 

the two long strands from the surface rupture map (Figure A-23). 

• Stepover width/ Offset: The distance between the short segment and the two 

longer segments is estimated to be ~1 km from the rupture map (Figure A-23). 
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Cumulative net slip: The earthquake occurred on the West Napa fault (WNF) 

and the Carneros fault at the south end of WNF (Langenheim et al., 2010; Ji et al., 

2015). The amount of displacement on the West Napa fault is not well known. 

Previous studies have suggested 5-40 km of offset using magnetic anomalies of this 

region (Langenheim et al., 2006; Langenheim et al., 2010). The Carneros fault has the 

right-lateral displacement of ~35 km measured from the correlation of Tertiary strata 

of the San Pablo Group (Fox, 1983). In this study, we use 35 km as the cumulative 

net slip for the rupture zone. 

Rupture velocity: The rupture velocity is determined to be 2.9 km/s from 

simultaneous inversion of the seismic waveforms, GPS, and InSAR data (Dreger et 

al., 2015), or 3 km/s from seismogram inversions (Ji et al., 2015). 

Bimodal maturity characterization: We designate the rupture zone of the 

Napa earthquake as immature based on its structural complexity and moderate net slip 

(~35 km). 

34. The 28 September 2004 Parkfield Earthquake 

Segmentation: The MW 6.0 Parkfield earthquake occurred on the central 

section of the San Andreas Fault, extending for ~30 km, and is composed of two 

linear, sub-parallel strands (Perrin et al., 2019). Surface rupture of this event is 

straight without distributed branches, which can be observed from the surface rupture 

dataset from NHR3 compiled from Rymer et al. (2006). 
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• Number of segments: There are two strands involved in the surface rupture. 

Our semi-automatic analysis suggests 3 segments on the longer strand, thus 

indicating 4 segments for the entire rupture (Figure A-24) 

• Maximum azimuth changes: We estimate the maximum azimuth change 

between the segments to be ~11° from the surface rupture map (Figure A-24). 

• Stepover width/ Offset: We estimate the offset between the two strands to be 

~2 km (Figure A-24). 

Cumulative net slip: The cumulative slip of the San Andreas fault at Parkfield 

since the initiation is measured to be ~315±10 km (Matti & Morton, 1993; Powers & 

Jordan, 2010; Perrin et al., 2019). 

Rupture velocity: The Parkfield earthquake has an asymmetric bilateral 

rupture with a relatively fast propagation velocity of ~3 km/s (Ma et al., 2008; Uchide 

et al.,2009). 

Bimodal maturity characterization: Previous studies suggest that the central 

San Andreas fault, where the Parkfield earthquake occurred, is mature. (Wang et al., 

1978; Fialko, 2006; Popov et al., 2012; Jeppson & Tobin, 2015). 
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A-3. l1 Trend Filtering Analysis Result (Figure A-1) and 
Segmentation Result of Surface Ruptures (Figures A-(2-24)) 

 

Figure A-1. The l1 trend filtering analyses for events with digitized surface rupture 
data. The number of segments listed in the figure is determined from the main surface 
rupture following the systematic segmentation method, and distributed branches are 
not counted. Figure A-(2-24) present the final parameterizations for the number of 
segments for each event. 
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Figure A-2. Surface rupture and segmentation results for the Denali earthquake. (a) 
Original surface rupture where black lines represent the main rupture and red lines 
represent the distributed rupture. (b) Segmentation results include the segmentation 
for the main rupture from l1 trend filtering (blue line) and the segmentation for the 
distributed rupture by visual inspection (green line). (c) Details for segmentation of 
the main rupture. Blue line is the modeled best-fitting line for the rupture and black 
lines indicate segment limits. Vertical dash lines show alternative possibilities if 
several interpretations are possible. (d) Segmentation of the distributed rupture picked 
by visual inspection. The potential number of segments is 3 (S1, S2, S3) to 6 (S1, S1’, 
S2, S2’, S3, S3’).  
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Figure A-3. Surface rupture and segmentation results for the Kunlun earthquake. (a) 
Mapped surface rupture where black lines represent the main rupture and red lines 
represent the distributed rupture. (b) Segmentation results include the segmentation 
for the main rupture from l1 trend filtering (blue line) and the segmentation for the 
distributed rupture by visual inspection (green line). (c) Details for segmentation of 
the main rupture. Blue line is the modeled best-fitting line for the rupture and black 
lines indicate segment limits. Vertical dash lines show alternative possibilities if 
several interpretations are possible. (d) Segmentation of the distributed rupture picked 
by visual inspection (green line). The potential number of segments is 6.  

 



 

147 
 

 
Figure A-4. Surface rupture (a) and segmentation results (b-d) for the Kaikoura 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 15-18.  
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Figure A-5. Surface rupture (a) and segmentation results (b, c) for the Balochistan 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) are results from the best fit of l1 trend filtering. 
The green line in (c) is from visual inspection. Determined number of segments for 
the rupture is 3. 
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Figure A-6. Surface rupture (a) and segmentation results (b-c) for the Luzon 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. The potential number of segments is 5-7. 
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Figure A-7. Surface rupture (a) and segmentation results (b) for the Izmit earthquake. 
Black lines in (a) represent the main rupture and red lines represent the distributed 
rupture. Blue lines in (b) are results from the best fit of l1 trend filtering. The potential 
number of segments is 5-6. 
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Figure A-8. Surface rupture (a) and segmentation results (b-d) for the Palu 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 6 (S1-S6) to 8 (S1-S6, S1’, S2’). 
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Figure A-9. Surface rupture (a) and segmentation results (b-d) for the Landers 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. As S4’ and S4’’ are at 
the same straight fault line as S4 and S7’’ line up well with S7, we do not count S4’, 
S4’’ as independent segments. The potential number of segments is 11 (S1-S10, S5’’) 
-13 (S1-S10, S5’, S5’’, S7’). 
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Figure A-10. Surface rupture (a) and segmentation results (b-d) for the Zirkuh 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 7. 
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Figure A-11. Surface rupture (a) and segmentation results (b-d) for the Düzce 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. The potential number of segments is 4 (S1-S4) to 5 (S1-S4, S4’). 
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Figure A-12. Surface rupture (a) and segmentation results (b-d) for the El Mayor-
Cucapah earthquake. Black lines in (a) represent the main rupture and red lines 
represent the distributed rupture. Blue lines in (b) and (c) are results from the best fit 
of l1 trend filtering. Green lines in (b) and (d) are from visual inspection. As S1’ and 
S2’’ line up well with S1 and S2 correspondingly, we do not count them as 
independent segments. The potential number of segments is 10 (S1-S10) -12 (S1-S10, 
S2’, S3’). 
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Figure A-13. Surface rupture (a) and segmentation results (b-d) for the Hector Mine 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 8 (S1-S8) -9 (S1-S8, S2’). 
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Figure A-14. Surface rupture (a) and segmentation results (b-d) for the Ridgecrest 
mainshock. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 13 (S1-S13) -15 (S1-S13, S2’, S7’). 
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Figure A-15. Surface rupture (a) and segmentation results (b-d) for the Neftegorsk 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 7 (S1-S7) -8 (S1-S7, S7’). 
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Figure A-16. Surface rupture (a) and segmentation results (b-d) for the Darfield 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering whose segmentation details are provided in (c). The potential number of 
segments is 5. 
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Figure A-17. Surface rupture (a) and segmentation results (b-d) for the Kumamoto 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 9. 
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Figure A-18. Surface rupture (a) and segmentation results (b-d) for the Yutian 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 5 (S1-S5) - 6 (S1-S5, S2’). 
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Figure A-19. Surface rupture (a) and segmentation results (b-d) for the Yushu 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. The potential number of segments is 4 (S1-S4) -5 (S1-S4, S3’). 
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Figure A-20. Surface rupture (a) and segmentation results (b-d) for the Superstition 
Hills earthquake. Black lines in (a) represent the main rupture and red lines represent 
the distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 5 (S1-S5) as S2’ and S3’ line up well with S2 and S3 correspondingly. 
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Figure A-21. Surface rupture (a) and segmentation results (b-d) for the Ridgecrest 
foreshock. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. The potential number 
of segments is 12 (S1-S12). 
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Figure A-22. Surface rupture (a) and segmentation results (b-d) for the Imperial 
Valley earthquake. Black lines in (a) represent the main rupture and red lines 
represent the distributed rupture. Blue lines in (b) and (c) are results from the best fit 
of l1 trend filtering. Green lines in (b) and (d) are from visual inspection. As S2’’’ 
lines up well with S2’, we do not count it as an independent segment. The potential 
number of segments is 6 (S1-S16) - 8 (S1-S6, S2’, S2’’). 
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Figure A-23. Surface rupture (a) and segmentation results (b-d) for the Napa 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines in (b) and (c) are results from the best fit of l1 trend 
filtering. Green lines in (b) and (d) are from visual inspection. As S1’ lines up well 
with S1, we conclude 7 potential segments (S1-S7) for the Napa earthquake. 
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Figure A-24. Surface rupture (a) and segmentation results (b-d) for the Parkfield 
earthquake. Black lines in (a) represent the main rupture and red lines represent the 
distributed rupture. Blue lines and green lines in (b) and (c) represent the 
segmentation of the main rupture and the distributed rupture correspondingly. The 
potential number of segments is 4 (S1-S4). 
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A-4. Discussion on the Resolution of the NHR3 Surface Rupture 
Datasets (Table A-1, Figure A-25 – A-26) 

The measured segmentation of faults can vary in different studies with 

varying resolution, and this may affect the consistency and objectivity of 

segmentation results obtained from the l1-trend filtering analysis. Table A-1 lists the 

basic types of measurements in the NHR3 surface rupture dataset for our events. 

These mostly rely on field-based measurements, except for the Kunlun earthquake 

(event ID 2) and the Balochistan earthquake (event ID 4), which use high-resolution 

satellite imagery measurements.  

We tested the resolution sensitivity of the l1-trend filtering method for 

immature fault zones. Figure A-25 shows the resolution test using the principal 

surface rupture data of the Ridgecrest mainshock. We interpreted the original data 

using different sampling rates (1pt/100m, 1pt/1km, 1pt/5km) and applied the l1-trend 

filtering method. The reported number of segments in the main text for this 

earthquake is 7 to 9 for the principal ruptures (Figure A-25a). With the decrease of 

resolution, the fitted principal rupture is less smooth and has segments with abrupt 

turning points. The largest number of segments in Figure A-25b and A-25c is 

restricted by the limited resolution. However, we manually identified the best fit 

choice when the RMS-misfit no longer drops rapidly and found that the determined 

number of segments does not vary significantly from the result for the higher 

resolution dataset. For those earthquakes with distributed and scattered surface 

rupture traces, we did the segmentation of the secondary ruptures by visual inspection 

which should make the variation in the segmentation of the principal rupture less 
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important. We also consider the segmentation results from previous literature to 

obtain a compiled result for all study earthquakes, and thus we find that the surface 

rupture resolution from the NHR3 database does not play a dominating role in our 

final measurements.  

Measurement based on only field visits without satellite imagery may be 

restricted by the terrain of the rupture zone, which could impose a sparse dataset with 

lower resolution. Figure A-26 shows the principal rupture and the data sampling 

interval of six earthquakes, i.e., Kunlun, Izmit, Palu, Zirkuh, Neftegorsk, and Yushu, 

which are those events with larger data sampling intervals (> 2 km) among our study 

events. Note that the principal rupture in Figure A-26 is not shown in the original map 

scale. The original mapped rupture traces can be found in Section 3 in this 

supplement file. The ruptured faults of all six earthquakes are classified as mature in 

our bimodal maturity characterization (Section 2 in the supplement) with straight, less 

corrugated traces. The segmentation results for these earthquakes are sensitive to the 

segment strike angle variation which suggests that the resolution of the mapping may 

not be a critical factor in the segmentation result as long as the mapping indicates the 

basic shape of the rupture trace. 

We conclude that the resolution of the NHR3 dataset should not strongly 

affect our analysis in the relation between the composite maturity and the seismic 

measurements. Overall, the mapping of a fault does not need to be at a high resolution 

to indicate the corrugation level which is a relevant metric in quantifying the 

structural maturity of a fault (Manighetti et al., 2021). 
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Table A-1. Reported Measurement Type of the Surface Rupture for the 23 NHR3 
Earthquakes 

Event ID, 
Name 

Measurement 
Type 

Event ID, 
Name 

Measurement 
Type 

Event ID, 
Name 

Measurement 
Type 

ID 1, Denali field-based 
measurements ID 10, Zirkuh field-based 

measurements ID 21, Yutian field-based 
measurements 

ID 2, Kunlun 

post-event high-
resolution 
satellite imagery 
measurements 

ID 11, Duzce field-based 
measurements ID 22, Yushu field-based 

measurements 

ID 3, Kaikoura field-based 
measurements 

ID 14, El 
Mayor – 
Cucapah 

field-based 
measurements 

ID 26, 
Superstition 
Hills 

field-based 
measurements 

ID 4, 
Balochistan 

post-event high-
resolution 
satellite imagery 
measurements 

ID 15, Hector 
Mine 

field-based 
measurements 

ID 31, 
Ridgecrest 
Foreshock 

field-based 
measurements 

ID 5, Luzon field-based 
measurements 

ID 16, 
Ridgecrest 
Mainshock 

field-based 
measurements 

ID 32, Imperial 
Valley 

field-based 
measurements 

ID 6, Izmit field-based 
measurements 

ID 17, 
Neftegorsk 

field-based 
measurements ID 33, Napa field-based 

measurements 

ID 7, Palu field-based 
measurements ID 18, Darfield 

field-based 
measurements; 
post-event lidar 
measurements; 
post-event high-
resolution 
satellite imagery 
measurements 

ID 34, 
Parkfield 

field-based 
measurements 

ID 9, Landers field-based 
measurements 

ID 20, 
Kumamoto 

field-based 
measurements   
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Figure A-25. Resolution test of the l1 trend filtering method. Segmentation results for 
the Ridgecrest mainshock with the rupture data sample rates of (a) 1pt/100m, (b) 
1pt/1km, and (c) 1pt/5km. We conclude that the best fit number of segments for (a) is 
7-9, for (b) is 6-8, and for (c) is 5-7. The preferred segmentation result for each case 
is shown at the right side where the blue lines represent the fitted rupture trace. Black 
solid lines represent estimates of the segment boundaries and dashed lines indicate 
possible segment boundaries. 
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Figure A-26. Distribution of the principal surface rupture traces (black lines) and 
data sampling interval (red lines and right vertical axis) for 6 earthquakes: Kunlun, 
Izmit, Palu, Zirkuh, Neftegorsk, and Yushu. 
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A-5. Supplementary Information for Statistical Approach (p-value 
analysis) of Quantifying Maturity (Figure A-27 – A-34, Table A-2 – 
A-3) 

A-5-1. Alternative Scaling Analysis 

In addition to conducting the fitting analysis of the three seismic observations 

in logarithmic scale as depicted in Figure 1-(4-6) in the main text, we have also 

employed linear scale as an alternative approach. The corresponding results are 

presented in Figure A-(27-29). The objective was to assess the robustness and 

consistency of the results across different scaling methods.  

The calculated average p-values suggest the aftershock productivity of an 

earthquake yields statistically modestly significant fits to the number of segments (p 

= 0.051) in Figure A-27b However, in the context of linear scale analysis, limited to a 

p-value above 0.1, little correlation is observed between earthquake aftershock 

productivity and the cumulative net slip of the fault (Figure A-27a), the maximum 

azimuth change (Figure A-27c), or the stepover width (Figure A-27d). Figure A-28 

shows the comparison between earthquake rupture velocity and geological 

measurements. Both cumulative net slip and the number of segments exhibit distinct 

trends and display significant correlations with rupture velocity (Figure A-28a, A-

28b) in linear scale, with p-values below 0.01. Furthermore, maximum azimuth 

change may be a prospective predictor of seismic behavior through its statistically 

significant linear-log fit (p = 0.031) with the rupture velocity. Other measurement 

pairs appear intricate and do not show are simply straightforward relationship. 
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This dual-scaling analysis brings to light compelling insights. Correlations are 

observed between variables such as cumulative net slip with rupture velocity, the 

number of segments and relative aftershock productivity (modestly significant) with 

rupture velocity, as well as the maximum azimuth change with rupture velocity. The 

stepover width comparisons yield p-values that are too large to denote any 

meaningful correlation. 

It is crucial to highlight that the results obtained from the linear scale fitting 

closely align with those from logarithmic scale fitting. This consistency indicates that 

the observed correlations between variables remain strong, regardless of the scaling 

employed.  

A-5-2. Bootstrapping and its Limitations for our Small Dataset 

Here we bootstrap the data as an alternative strategy to determine the strength 

of the correlation between variables. In the main text p-value are computed based on 

a standard linear regression, which assumes Gaussian error distribution. Here we 

randomly resample each dataset and compute the p-value of the regression on each 

resampled dataset. We report the median and standard deviation p-values over the 

population of resampled datasets in Table A-3 and compare it to the linear regression 

with the full dataset. The errors on the inferred p-value derived from bootstrapping 

are noticeably larger.   

Bootstrapping is a technique that assumes that infers the error structure 

empirically from the data set. Often this is a more attractive approach than 

theoretically assuming a Gaussian error. However, if the datasets are small, as they 
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are here, the empirical error structure may not be fully captured. For instance, the 

resampling may overlook instances of very mature or very immature faults that are 

particularly sparse within our dataset. Consequently, this omission of extreme cases 

in the resampled dataset can lead to larger uncertainties and wider confidence 

intervals, as observed in the p-value distribution illustrated in Figure A-32. Thus, the 

larger error bars of the bootstrap may not be as accurate as the theoretical model. 

Although bootstrapping is a valuable analytical tool when considering the statistics, 

we shall approach the outcomes with a discerning understanding of these potential 

limitations and maintain a balanced perspective when interpreting the results. 

A-5-3. Utilizing Normalized Number of Segments and Considerations 

The incorporation of the normalized number of segments per 100-km rupture 

length, as listed in Table 1-1, emerges as a modification of one of the parameters used 

to gauge maturity. This metric takes into account the potential variations in each 

segment length across different states of maturity within fault systems. It incorporates 

rupture length which might be important for addressing the fault maturity for some 

cases, such as, a fault with a seemingly average number of segments but an 

exceptionally short or long rupture. This consideration is valuable as it offers insights 

into seismic behavior and provides more useful information within the context of 

varying fault characteristics. However, we also need to recognize the significance of 

preserving the absolute segment number values, as showcased in previous literature 

(Manighetti et al., 2007, 2021). While the normalized number of segments introduces 

additional contextual information, it simultaneously obscures the absolute counts of 
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segments or endpoints of a rupture, which have been identified in past research as 

potentially crucial in delimiting earthquake rupture processes (Wesnousky, 2006).  

In the main text, we have presented the results of utilizing the total number of 

segments. Here, we extend our analysis to encompass the results derived from the 

consideration of the normalized number of segments. Figure A-32 illustrates the 

relationship between the normalized number of segments per 100-km rupture length 

versus the three seismological observations. Similar to our earlier approach, p-values 

are utilized to establish the statistical significance of the correlations. 

The analysis suggests statically significant correlations of the number of 

segments with the relative aftershock productivity (p = 0.0064 in Figure A-32a) and 

the rupture velocity (p = 0.0059 in Figure A-32b), but no correlation with the 

moment-scaled radiated energy. The normalized number of segments exhibits 

stronger correlation with the relative aftershock productivity in comparison to the 

absolute number of segments. However, the correlation with rupture velocity appears 

relatively weaker, which is in line with our prior discussion that the rupture velocity 

is an averaged parameter across the entire earthquake rupture scale.  

Additionally, to determine the composite maturity using the normalized 

number of segments, we apply the equation as presented in the main text:  
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  (A-1) 

where D represents the cumulative net slip, N represents the normalized number of 

segments, A represents the maximum azimuth between the segments. max, min, and 

obs in the subscript represent the upper boundary, lower boundary and the real 
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observation for each measurement. And Dmax = 500 km, Dmin = 0.2 km, Nmax = 70, 

Nmin = 0.5, Amax = 90°, Amin = 4° for the case involving the normalized number of 

segments as a pertinent geological parameter. 

Figure A-33 illustrates the composite maturity from the utilization of the 

normalized number of segments. The pattern persists that mature faults align with 

higher rupture velocities and, to a slightly lesser extent, lower aftershock 

productivity; immature faults exhibit lower rupture velocities and higher aftershock 

productivity, which is consistent with the observations in the main text. 

While the merits of utilizing the number of segments versus the normalization 

by rupture length for addressing fault maturity remains ambiguous, it is worth 

highlighting that both measurements provide basically consistent results in our 

current analysis, which suggests that both approaches effectively contribute to our 

understanding of fault maturity. 



 

178 
 

 
Figure A-27. Relative aftershock productivity versus (a) cumulative net slip of faults, 
(b) number of segments, (c) maximum azimuth change between segments, and (d) 
stepover width. The y-axis is displayed in linear scale. Error bars represent the range 
of the parameters which are listed in Table 1-1. Dots indicate the central point of the 
error bars for ease of visualization. Each data point is labeled with an Event ID. 
Colored dots include results from previous literature, whereas black circles denote 
results from our l1 trend filtering measurement using the NHR3 dataset. For each 
subplot, p value of the dataset is reported along with the errors in the 50% confidence 
interval. 
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Figure A-28. Rupture velocity versus (a) cumulative net slip of faults, (b) number of 
segments, (c) maximum azimuth change between segments, and (d) stepover width. 
The y-axis is displayed in linear scale. Error bars represent the range of the 
parameters which are listed in Table 1-1. Dots indicate the central point of the error 
bars for ease of visualization. Each data point is labeled with an Event ID. Colored 
dots include results from previous literature, whereas black circles denote results from 
our l1 trend filtering measurement using the NHR3 dataset. For each subplot, p value 
of the dataset is reported along with the errors in the 50% confidence interval. 
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Figure A-29. Moment-scaled radiated energy versus (a) cumulative net slip of faults, 
(b) number of segments, (c) maximum azimuth change between segments, and (d) 
stepover width. The y-axis is displayed in linear scale. Error bars represent the range 
of the parameters which are listed in Table 1-1. Dots indicate the central point of the 
error bars for ease of visualization. Each data point is labeled with an Event ID. 
Colored dots include results from previous literature, whereas black circles denote 
results from our l1 trend filtering measurement using the NHR3 dataset. For each 
subplot, p value of the dataset is reported along with the errors in the 50% confidence 
interval. 
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Figure A-30. p value distribution between the four geological measurements 
(cumulative net slip, number of segments, normalized number of segments, maximum 
azimuth change, stepover width) and the three seismic measurements, including (a) 
relative aftershock productivity, (b) rupture velocity, and (c) moment-scaled radiated 
energy. Results are from Figure 1-(4-6) using linear regression with a gaussian 
assumption. 
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Figure A-31. p value distribution between five geological measurements (cumulative 
net slip, number of segments, normalized number of segments, maximum azimuth 
change, stepover width) and the three seismic measurements, including (a) relative 
aftershock productivity, (b) rupture velocity, and (c) moment-scaled radiated energy. 
Results are from using bootstrapping in the correlation analysis. 
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Figure A-32. Normalized number of segments per 100-km of rupture versus (a) 
relative aftershock productivity, (b) rupture velocity, (c) moment-scaled radiated 
energy. Errors are determined by linear regression with a Gaussian assumption. 
Distributions of each measurement in the regression are presented in Table A-2. 

 
 
 
 
 
 

 
Figure A-33. The measure of relative maturity from field measurements, including 
cumulative net slip, normalized number of segments and maximum azimuth change, 
compared to (a) relative aftershock productivity, (b) rupture velocity, and (c) 
moment-scaled radiated energy. The y-axes are in linear scale. Event ID is used for 
each individual event corresponding to the legends in Figure 1-1. 
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Figure A-34. Composite maturity measurement in relation with the earthquake 
magnitude. The composite maturity is determined from cumulative net slip, 
normalized number of segments, and maximum azimuth change. 
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Table A-2. Distribution Scaling of the Studied Measurements 

Measurement Data Selection Distribution 

Cumulative Net Slip log scale 
Number of Segments linear scale, integer only 
Normalized Number of Segments linear scale 
Maximum Azimuth Change linear scale 
Stepover Width linear scale 
Relative Aftershock Productivity log/linear scale 
Rupture Velocity linear scale 
Moment-scaled Radiated Energy log/linear scale 

 
 
 
 
 

Table A-3. Comparing of p-values Determined from Linear Regression and 
Bootstrapping 

 Linear Regression with Gaussian Assumption Bootstrapping 

Cumulative 
Net Slip 

Segmentation 

Cumulative 
Net Slip 

Segmentation 

Number of 
Segments 

Maximum 
Azimuth 
Change 

Stepover 
Width 

Normalized 
Number of 
Segments 

Number of 
Segments 

Maximum 
Azimuth 
Change 

Stepover 
Width 

Normalized 
Number of 
Segments 

Relative 
Aftershock 
Productivity 

0.11±0.032 0.016±0.0061 0.064±0.023 0.52±0.1 0.0064±0.001
5 0.21±0.18 0.066±0.053 0.12±0.099 0.48±0.26 0.23±0.19 

Rupture 
Velocity 

0.00072±0.0003
6 

0.00079±0.00
059 

0.015±0.007
8 0.85±0.081 0.0059±0.002

8 0.0017±0.0017 0.0018±0.001
8 0.037±0.036 0.55±0.22 0.012±0.011 

Moment-
scaled 
Radiated 
Energy 

0.78±0.073 0.69±0.12 0.63±0.13 0.36±0.06 0.75±0.05 0.51±0.25 0.50±0.24 0.48±0.26 0.40±0.25 0.54±0.25 

Bolds indicate p-values less than 0.01, i.e., very significant. Italics indicate p-values between 0.01 and 
0.05, i.e., marginally significant. 
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Appendix B – Supplemental Information for Chapter 2 

B-1. Analysis Method 

We measure the amplitude and phase response of the semidiurnal lunar tide 

(M2). By fixing ω to be 1.405×10-4 rad/s, we can learn the hydraulic properties and 

determine the fault thickness. Amplitude and phase response in Figure B-3 are 

determined using SlugTide, which is a .zip file containing the MATLAB codes 

dealing with tidal response. More information can be found in 

https://websites.pmc.ucsc.edu/~seisweb/SlugTide/. 

B-2. Validation of Grid Search Approach 

We test the inversion approach by investigating the limits of a thin and thick 

fault. The diffusivity solutions of the previous two cases (b=0 and H) and error 

analysis for 86-22 show solution approach recovers the expected limits (Figures B-(5-

6)).  

Figure B-5 shows the solution at two specific conditions for 86-22. When the 

fault thickness is zero, the solutions are shown in Figure B-5 (a-d). In this case, host 

rock diffusivity tends to be the same as the effective diffusivity of the system which is 

consistent with Figure B-5b where the probability is 1 at the corresponding bin. Fault 

diffusivity does not affect the result, shown in Figure B-5a where all possible values 

have the same probability. Specific storage of both the fault and the host rock would 

be consistent with the effective specific storage, shown in Figure B-5c&d. When the 

fault thickness is the same as the aquifer thickness, the solutions are shown in (e-h). 

In this case, diffusivity of the fault damage zone tends to be the same as the effective 

https://websites.pmc.ucsc.edu/~seisweb/SlugTide/
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diffusivity of the system. In Figure B-5e, the corresponding bin of the effective value 

has the highest probability. Host rock diffusivity can be any possible value which is 

shown in Figure B-5f, all bins have similar probability. Specific storage of both the 

fault and the host rock would be consistent with the effective specific storage.  

Figure B-6 is a measurement of the system calculation error. In this forward 

modelling, we make the diffusivity of the host rock and the specific storage of both 

the fault damage zone and the host rock same as the solved effective value of the 

system for the case when the fault thickness is zero. The error is calculated as: 

𝑒^1U =
^1U"CDEFG

^1U
− 1      (B-1) 

𝑒UC^ =
UC^"CDEFG

UC^
− 1      (B-2) 

where  𝑒^1U and 𝑒UC^ are the error of the amplitude and phase response respectively, 

𝑎𝑚𝑝(TP_E. and 𝑝ℎ𝑎(TP_E. are solutions of the modelling, 𝑎𝑚𝑝 and 𝑝ℎ𝑎 are the 

observed amplitude and phase response. Errors shown in Figure B-6a are small 

enough (about 10-6) for both amplitude and phase response and these errors may 

come from measurements of effective values. Similarly, Figure B-6b shows the error 

of the case when the fault thickness is the same as the aquifer thickness. The 

diffusivity of the fault damage zone and the specific storage of both the fault damage 

zone and the host rock are set to be the same as the solved effective value of the 

system. 
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B-3. Constrain the Model 

B-3-1. Alternative Scaling Analysis Fault Damage Zone Thickness 

The fault damage zone width of 34-23 and 41-27 are two free parameters 

while for 86-22, we choose 40 m for the fault damage zone width from its well log 

based on veining. Table B-3 lists the general lithology recorded in the well logs. 

There are two different veining zones in the well log files: quartz veining and calcite 

veining. Our collaborators in the geothermal field used circulation injection tests to 

have rough measurement of the fault depth. Zones with observed calcite veining 

coincide with zones of significant circulation loss during drilling indicating that 

fractures at these depths are highly permeable. These observations provide a rough 

estimate of fault damage zone thickness which is later refined in the flow model. 

A reanalysis of the cuttings from 86-22 confirmed this well has an 

anomalously high abundance of calcite veining from 3900-4030 ft which is about 40 

meters of fault zone thickness in our study. 34-23 does not have clear veining zones 

in this kind of test. Stimulation of this 41-27 would provide a pathway into the 

reservoir at about 6000 ft along strike. However, we could not determine the exact 

thickness of the fault and need to solve it in our new model. 

B-3-2. Tests on assumption: Relaxing specific storage of the fault and the host 
rock 

We also solved our new model under a different assumption apart from the 

assumption used for Figure 2-3 and Table 2-1. We assumed the fault diffusivity to be 

same for all the three sites and other properties can vary. Figure B-11 shows the 

determined hydraulic properties and Table B-5 lists the inferred average values for 
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these properties. Compared with results in Table 2-1, slight differences exist which 

confirms the robustness of our determined values.  

B-3-3. Determine Permeability 

Permeability of either the fault or the host rock can be determined using 

Equation B-3 (or Equation 2-1) as: 

𝑘 = -	4")
*+

       (B-3) 

𝜌 = *H
!'`(a&aH)

       (B-4) 

𝜇 = 𝐴	10	
I

J4K       (B-5) 

where c is the determined hydraulic diffusivity, 𝑆( is the determined specific storage. 

Water density 𝜌 can be determined from Equation B-4, where 𝜌, is 1000 kg/m3 when 

𝑇, is 4℃, 𝛽 is the thermal expansion coefficient (2.1×10-4 1/℃ for water). Dynamic 

viscosity 𝜇 can be determined from Equation B-5, where A, B, and C are constants. 

For water, A=2.414×10-5 Pa•s, B=247.8 K, and C=140 K. Since our temperature 

measurement is around 37.5 ℃, we determined the water density is about 993 kg/m3 

and the dynamic viscosity is 6.84×10-4 Pa•s.  

B-4. Uncertainty Analysis 

The uncertainty of our model can be separated into three parts as following. 

The first part is model uncertainty. Although our model introduces fault into the 

aquifer system, we assume the fault to be homogeneous. This is an appropriate 

simplification for the fault damage zone. We also assume the host rock layers have 

the same lithology, which works for our study area. At the open portion depth (lower 
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than 1000 ft), phyllite and quartzite are the main rock types in the Blue Mountain 

geothermal area. 

The second part is data uncertainty. The measured water level may have 

amplitude and time error which causes response errors in fitting the data. However, 

this response error is usually smaller than 1% which doesn’t affect the determined 

hydraulic properties much. 

The third part is solution uncertainty. One big problem is that the solutions are 

partially constrained. In our assumption of same fault diffusivity and specific 

storages, we used 6 equations to solve 8 free parameters (results in Figure 2-3, Table 

2-1). We solved the probability distributions of the variables (shown in Figure B-(7-

10)) and found that solutions within 90% confidence intervals are distributed in a 

narrow range for most of the variables. Only the host rock diffusivity for 34-23 is not 

well-constrained which may be caused by the insensitive response for low 

diffusivities. If we relax the constraint on specific storages, we need to solve 12 free 

parameters (results in Figure B-11, Table B-5). Although results for these two cases 

are similar, hydraulic properties for the host rock determined are worse constrained 

for the second case due to its more unknown parameters.  
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Figure B-1. The observed water level of (a) 86-22, (b) 34-23, (c) 41-27, (d) synthetic 
tidal volumetric strain, (e) barometric pressures. Note that the long-term trends result 
in different y-axis scales in (a)-(c). 
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Figure B-2. (a) Amplitude response, (b) standard deviation of amplitude response, (c) 
phase response, and (d) standard deviation of phase response between original water 
level and tidal forcing. The blue, red, and black dots are data points from 86-22, 34-
23, and 41-27 respectively. Compared with the determined response values, the 
standard deviations are very small. 
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Figure B-3. Change in (a) effective diffusivity and (b) permeability over time for 
three wells assuming a homogeneous, isotropic aquifer model (Hsieh et al., 1988). 
Solutions are performed on a moving window of 28 day and thus diffusivity and 
permeability are both reported as a function of time for each well. The consistency of 
the inferred values over time is an indication of the robustness of the results. Blue, red 
and black data points represent result of wells 86-22, 34-23 and 41-27 respectively. 
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Figure B-4. Specific storage of 86-22 (blue dots), 34-23 (red dots), and 41-27 (black 
dots) determined from tidal response. 
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Figure B-5. Probability of (a) fault diffusivity, (b) host rock diffusivity, (c) specific 
storage of fault, and (d) specific storage of host rock of 86-22 at the condition with no 
fault existing in the aquifer system, and (e) fault diffusivity, (f) host rock diffusivity, 
(g) specific storage of fault, and (h) specific storage of host rock of 86-22 at the 
condition of the entire aquifer system being the fault damage zone. The solutions are 
determined using grid search method where each property has 50 possible presettings. 
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Figure B-6. Errors of (a) phase and (b) amplitude response between model fitting and 
observation when b = 0, and errors of (c) phase and (d) amplitude response between 
model fitting and observation when b = H. 
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Figure B-7. Probability of (a) fault thickness at 34-23 and (b) fault thickness at 41-27. 
Grey solid line is determined from grid search method using the fault -guided model. 
Yellow solid line is the moving average of the grey lines where the span is 20%. 
Black dashed lines are the lower and upper limits of the 90% confidence interval. 
Blue area represents the possible range of the solution at 90% confidence interval and 
green area is the left 10%. 
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Figure B-8. Probability of fault diffusivity. Grey solid line is determined from grid 
search method using the fault -guided model. Yellow solid line is the moving average 
of the grey lines where the span is 20%. Black dashed lines are the lower and upper 
limits of the 90% confidence interval. Blue area represents the possible range of the 
solution at 90% confidence interval and green area is the left 10%. 
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Figure B-9. Probability of (a) host rock diffusivity at 86-22, (b) host rock diffusivity 
at 34-23, and (c) host rock diffusivity at 41-27 solved under the assumption that fault 
diffusivity is consistent for three wells. Grey solid line is determined from grid search 
method using the fault-guided model. Yellow solid line is the moving average of the 
grey lines where the span is 20%. Black dashed lines are the lower and upper limits of 
the 90% confidence interval. Blue area represents the possible range of the solution at 
90% confidence interval and green area is the left 10%. 
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Figure B-10. Probability of (a) specific storage of fault and (b) specific storage of 
host rock solved under the assumption both properties keep consistent for three wells. 
Grey solid line is determined from grid search method using the fault -guided model. 
Yellow solid line is the moving average of the grey lines where the span is 20%. 
Black dashed lines are the lower and upper limits of the 90% confidence interval. 
Blue area represents the possible range of the solution at 90% confidence interval and 
green area is the left 10%. 
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Figure B-11. (a) Diffusivity, (b) permeability, (c) and specific storage from the 
homogeneous and the fault-guided model. Black dots are effective values from the 
homogeneous isotropic aquifer model. The yellow and red color bars are possible 
ranges of solutions solved for the fault damage zone and the green color bars are 
possible ranges of solutions solved for the host rock. The fault diffusivities of three 
wells in (a) are assumed to be same in the model. Permeabilities in (b) are solved 
from (a) and (c). 
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Table B-4. Well Construction and Location Information 

Well 
Name latitude (°) longitude (°) Elevation 

(m) 
Radiusa 

(m) 
length 

(m) 
length of open 

portion (m) 

41-27 40.9719 -118.1531 1290.5 0.2223 2330.8 1257.8 

86-22 40.9772 -118.1417 1284.7 0.2159 1578.6 881.4 

34-23 40.9817 -118.1353 1299.1 0.2159 1268.0 758.7 
a: radius of well open hole 

 

 

 

 
Table B-5. Instrument and Deployment Information 

Well 
Name Instrument Uninterrupted 

Data Retrieval 
Level Range 

(mH2O) Accuracy Resolution Sampling 
Interval (s) 

41-27 Solinst 
Levelogger 5* yes 5 ±0.05%FS 0.001% FS to 

0.0006% FS 300 

86-22 RBR solo* no 20 ±0.05%FS <0.001% FS 5 

34-23 

HolyKell 
HPT604 with 
extern 
datalogger 
(Campbell 
CR300) 

yes 20 ±0.5%FS ~0.001% FS 60 

*Sensor and datalogger are an integrated package for these instruments. 
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Table B-6. Lithology of Three Study Wells 

86-22 34-23 41-27 

depth lithology depth lithology depth lithology 

100-350 ft gravel, sand 75-150 ft gravel 100-700 ft gravel, sand, 
clay 

350-600 ft clay, sand 150-350 ft clay 700-900 ft silica breccia, 
quartzite 

600-900 ft phyllite, quartzite, 
silica breccia 350-650 ft NA 900-1800 ft clay 

900-2800 ft NA 650-750 ft gravel, sand 1800-2300 ft phyllite, 
quartzite 

2800-2870ft siltstone 750-950 ft 
quartzite, 
phyllite, silica 
breccia 

2300-3300 ft clay, mudstone, 
phyllite 

2870-5700 ft 
phyllite, quartzite, 
veining, 
granodiorite 

950-1725 ft NA 3300-8050 ft 

phyllite, 
quartzite, clay, 
granodiorite, 
felsite, veining, 

  1725-4200 ft 
phyllite, 
quartzite, diorite, 
granodiorite 
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Table B-7. Prior Distribution of Grid Search 

Variable Name Prior 
Distribution 

Lower 
Boundary 

Upper 
Boundary 

Number of 
Bins 

Fault Diffusivity (m2/s) linear 6.7×10-2 0.5 87 

Host Rock 
Diffusivity (m2/s) 

86-22 linear 5.5×10-2 6.6×10-2 58 

34-23 log space 10-6 9.0×10-3 100 

41-27 linear 5.0×10-3 9.6×10-3 100 

Fault Thickness (m) 
34-23 linear 1 15 15 

41-27 linear 10 30 21 

Fault Specific Storage (1/m) linear 1.9×10-6 10-5 82 

Host Rock Specific Storage 
(1/m) log space 10-9 5.6×10-7 100 
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Table B-8. Mean Inferred Hydraulic Properties Under the Same-fault-diffusivity 
Assumption 

Well 
Name 

Diffusivity 
of Fault 

Diffusivity 
of Host Rock 

Specific 
Storage of 
Fault 

Specific 
Storage of 
Host Rock 

Permeability 
of Fault 

Permeability of 
Host Rock 

𝐷L (m2/s) 𝐷: (m2/s) 𝑆M
L (1/m) 𝑆M: (1/m) 𝑘L (m2) 𝑘: (m2) 

86-22 

0.1997 

6.3 × 1001 3.2 × 1002 1.2 × 1003 5.9 × 10045 5.9 × 10042 

34-23 1.1 × 1005 2.8 × 1002 2.3 × 1003 5.0 × 10045 1.9 × 10047 

41-27 6.9 × 10NO 
2.5
× 10NP 8.9 × 10NQ 4.0 × 10NRS 5.0 × 10NRT 
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Appendix C – Supplemental Information for Chapter 3 

C-1. Map of the Earthquake Density for the QTM Catalog and the 
Detections of CISN 

 

 

 

Figure C-1. Map of the earthquake density in the Quake Template Matching (QTM) 
seismicity catalog (with bins measuring 5.5 km by 5.5 km) and the station distribution 
of California Integrated Seismic Network (CISN). Each background bin must contain 
a minimum of 16 earthquakes with magnitude M >= 0.5, which is consistent with 
Miyazawa et al. (2021) and limits the dataset by magnitude of completeness for the 
purpose of this comparison; otherwise, it will not be included in the figure. The color 
of the triangles indicates the event density identified by PhaseNet using a threshold of 
0.85 for each station, as explained in detail in Section 3.3.3. We only present results 
using data before July 1, 2019, or after August 6, 2019, to reduce the direct effect of 
the MW 7.1 Ridgecrest earthquake which occurred on July 6, 2019. White triangles 
indicate the stations in CISN with too few detected events (<16) to use during the 
same study period (2015 to 2021). 
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C-2. Tests of Window Sizes for Triggers-Picking 

We illustrate the variations in triggering intensity relative to peak ground 

velocity (PGV) using different window sizes for trigger selection, as depicted in 

Figure 3-5 of the main text. The slope observed in Figure 3-5 is approximately 1.11. 

In this section, we extend our analysis by employing window sizes of 10 minutes 

(Figure C-2) and 1 hour (Figure C-3). The resulting slopes based on 90% confidence 

intervals are approximately 0.98±0.21 and 0.95±0.24, respectively. These values are 

close to the slope of 1.1 observed in the main text and the slope of 0.94 reported in 

Miyazawa et al. (2021). 

 

 

Figure C-2. Triggering intensity n as a function of peak ground velocity using 10-
minute windowed triggers (a) in a log scale and (b) in a linear scale. Gray dots 
represent the bootstrapped n-value solutions for each bin. Red dots are the averaged 
values for the gray dots. The black solid line represents the regression fit of Equation 
3-6 in the main text and the dashed line represents the relation between the triggering 
intensity and PGV determined in Miyazawa et al. (2021). 
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Figure C-3. Triggering intensity n as a function of peak ground velocity using 1-hour 
windowed triggers (a) in a log scale and (b) in a linear scale. Gray dots represent the 
bootstrapped n-value solutions for each bin. Red dots are the averaged values for the 
gray dots. The black solid line represents the regression fit of Equation 3-6 and the 
dashed line represents the relation between the triggering intensity and PGV 
determined in Miyazawa et al. (2021). 
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C-3. Test of Normalization Effect 

We present a triggering intensity map without normalization in Figure C-4, 

which can be compared to Figure 3-6b in the main text to probe how normalization 

affects the estimation of triggering intensity changes. During our study period, still 

the Mojave segment of the San Andreas fault presents high triggerability without 

normalization (Figure C-4) which is similar to Figure 3-6b. This comparison indicates 

that the observed differences between our study and the prior work are not due to the 

additional normalization step but probably the changes of triggerability with time. 

 

Figure C-4. Map of the triggering intensity n over the entire study time period after 
Gaussian smoothing. Squared data points indicate positive values, while circular dots 
denote negative values. 

  



 

210 
 

C-4. Triggering Intensity Changes Caused by the 2019 Ridgecrest 
Earthquake 

The 2019 MW 7.1 Ridgecrest earthquake occurred in our study area and has 

great local impact and subsequent aftershock activities that could influence regional 

stress conditions. This section focuses on changes in triggering intensity caused by 

this earthquake sequence.  

We divided the data into two groups: (1) data before July 1, 2019, three days 

prior to the MW 6.4 foreshock, and (2) data after August 6, 2019, excluding most 

aftershocks occurring within one month after the mainshock. Specific patterns in the 

original distribution of the normalized triggering intensity map without Gaussian 

smoothing (Figure C-5) are difficult to discern. Thus, we use a two-dimensional 

Gaussian kernel with a standard deviation of 0.3° to smooth the distribution (Figure 

3-7). The Ridgecrest earthquake significantly modifies the triggering intensity pattern 

in southern California, especially in seismic active regions where the triggering 

intensity transitions from positive to negative. This shift indicates a change in the 

likelihood that earthquakes in these areas are dynamically triggered, moving from a 

feasible occurrence to an unlikely scenario. In regions with less seismic activity, such 

as the Los Angeles basin and the eastern edge of California, the triggering intensity 

remains less affected by the Ridgecrest earthquakes. 

Figure 3-7 excludes data from one month after the Ridgecrest earthquake 

which is a significant local event that may cause extended aftershock activity and 

introduce noise into the entire study area. We further tested this exclusion in Figure 
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C-6, which excludes data from three months post-Ridgecrest, and found consistent 

patterns with Figure 3-7. 

Additionally, we assessed the sensitivity and robustness of our results across 

different station thresholds. Figure 3-7 illustrates the smoothed triggering intensity for 

stations with a minimum of 16 n-values. In Figures C-7 and C-8, we present results 

for stations requiring at least 50 and 100 n-values, respectively. Figure C-9 

demonstrates changes in triggering intensity across the datasets depicted in Figures 3-

9, C-7, and C-8. As the station count decreases and robustness increases, the Los 

Angeles (LA) basin begins to exhibit negative triggering intensity changes due to 

Ridgecrest, suggesting potential widespread stress rearrangement beyond seismic 

active regions. Interestingly, the junction of the Garlock fault and the San Andreas 

fault and the Salton Sea geothermal field consistently displays positive triggering 

intensity changes. The triggering processes for these two regions require further 

investigation in future studies. 
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Figure C-5. Normalized original triggering intensity n without Gaussian smoothing 
for (a) before July 1, 2019, and (b) after August 6, 2019. Squared data points indicate 
positive values, while circular dots denote negative values. Orange stars represent the 
location of the Ridgecrest foreshock and mainshock. 
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Figure C-6. Normalized triggering intensity n for different time windows (a) before 
July 1, 2019, and (b) after October 6, 2019, after Gaussian smoothing. Squared data 
points indicate positive values, while circular dots denote negative values. Orange 
stars represent the location of the Ridgecrest foreshock and mainshock. 
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Figure C-7. Normalized triggering intensity n for a moderately higher required 
number of measurements (a) before July 1, 2019, and (b) after August 6, 2019, after 
Gaussian smoothing for stations requiring at least 50 n-values. Squared data points 
indicate positive values, while circular dots denote negative values. Orange stars 
represent the location of the Ridgecrest foreshock and mainshock. 
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Figure C-8. Normalized triggering intensity n for a much higher required number of 
measurements (a) before July 1, 2019, and (b) after August 6, 2019, after Gaussian 
smoothing for stations requiring at least 100 n-values. Squared data points indicate 
positive values, while circular dots denote negative values. Orange stars represent the 
location of the Ridgecrest foreshock and mainshock. 
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Figure C-9. Gaussian-smoothed normalized triggering intensity changes caused by 
the Ridgecrest earthquake for stations requiring at least (a) 16 n-values (b) 50 n-
values, and (c) 100 n-values. Squared data points indicate positive values, while 
circular dots denote negative values. Orange stars represent the location of the 
Ridgecrest foreshock and mainshock. 
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C-5. Discussion of Systematic Shifts for High-Frequency (1-3 Hz) 
Triggers 

Teleseismic events as triggers create longer time intervals t2 and shorter 

intervals t1 from body wave arrivals than those from surface waves and then can 

affect R-values and n-values. This results in systematically smaller n-values for high-

frequency body wave triggers, particularly evident at higher PGV levels. We adjust 

the measured t2 by subtracting 500 seconds and the measured t1 by adding 500 

seconds, subsequently calculating the adjusted R-value and determining the 

corresponding adjusted n-values, as illustrated in Figures C-10 and C-11. 

In Figure C-10, the pattern of PGV as a function of triggering intensity for the 

adjusted results is close to the original pattern. Consequently, when comparing the 

fitted pattern of low-frequency triggers with the measured and adjusted high-

frequency triggers, we observe that low-frequency triggers exhibit higher triggering 

intensity at larger PGV levels. This study does not include instant dynamic triggering 

discussions but indicates that for delayed dynamic triggering, low-frequency triggers 

are more effective in the triggering process, particularly at higher PGV levels. 
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Figure C-10. Triggering intensity n as a function of peak ground velocity for the 
measured high frequency triggered and the tested dataset (a) in a log scale and (b) in a 
linear scale. Red circles and black squares represent the averaged values in each bin 
for the observed and tested data, respectively. The black solid and dashed lines 
illustrate the regression fits using Equation 3-6 from the main text for the two 
datasets, respectively. 
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Figure C-11. Fitted triggering intensity n in a linear scale as a function of peak 
ground velocity for the observed low-frequency triggers, high-frequency triggers and 
the tested high-frequency trigger dataset. 
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