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ABSTRACT OF THE DISSERTATION

Seeking Supershear Earthquakes

by

Han Bao

Doctor of Philosophy in Geophysics and Space Physics

University of California, Los Angeles, 2022

Professor Lingsen Meng, Chair

Supershear earthquakes, whose rupture speeds are faster than that of the seismic shear waves,

can be highly destructive owing to the associated strong ground shaking. These events are

rare, and understanding why they occur may provide insights into fault mechanics. However,

identified samples of supershear earthquakes are rare, which hinders systematic analysis of

their mechanism. In this work, I optimized observational methods and applied them to

find more supershear earthquakes. Eventually, a global survey of earthquake rupture speeds

reveals that supershear earthquakes occur much more frequently than previously thought.

Our findings provide a much greater basis for evaluating the conditions favourable for driving

supershear rupture. We observe that supershear rupture is more common along faults that

separate oceanic and continental plates. These oceanic–continental supershear events also

generate rupture in the same relative direction as the stiffer fault block moves. We find

that fault zone width is thicker in regions where supershear earthquakes occur, and that

supershear ruptures occur relatively frequently in mature oceanic transform faults. Our

works confirm observations made from laboratory and numerical experiments and will be

able to guide future research into these destructive earthquakes.
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CHAPTER 1

Introduction

1.1 Supershear Earthquakes

Seismologists now know that one of the important parameters controlling earthquake dam-

age is the speed at which an earthquake fault ruptures, and changes in this rupture speed

(Madariaga, 1977; Madariaga, 1983). The rupture speed can vary substantially, and this

influences the severity of the ground motion associated with the earthquake (Dunham and

Bhat, 2008). Sometimes ruptures can propagate faster than the seismic shear waves, which

is known as supershear ruptures. Figure 1.1 shows permissible values of the rupture speed

at different rupture modes, which are distinguished by the direction of slip relative to the

rupture front. Mode II slip generates both shear and dilational waves and can propagate at

supershear speeds (speeds faster than the S-wave speed).

Supershear earthquakes can cause localised, strong ground motion, even far away from

the fault, as the radiated waves coalesce into a pair of beams (known as a Mach cone)

that propagate obliquely from the fault. Figure 1.2 shows how waves from different parts

of the fault interfere with each other and how shear wavefronts emitted when the rupture

passes the solid dots. When the rupture is subshear, the wavefronts are concentrated in the

forward direction and separated in the backward direction. This leads to larger amplitudes

and higher frequencies in the forward direction. For supershear ruptures, the source outruns

the waves and a Mach front is formed (Figure 1.2). Figure 1.3 illustrates wavefronts from

a three-dimensional supershear rupture on a surface-breaking fault. The superposition of
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waves from all points along the rupture front generates a Mach wedge capped at the bottom

by half of a Mach cone. In addition to generating shear Mach waves, a surface breaking

rupture also excites Rayleigh Mach waves. Rayleigh waves are surface waves comprised of

evanescent shear and dilational waves; they propage at a speed slightly less than the S-

wave speed. Consequently, a supershear source is also a super-Rayleigh one, so Rayleigh

Mach fronts (dark blue lines) will appear on the free surface slightly behind the shear Mach

fronts. Supershear events can be highly destructive owing to the associated strong ground

shaking, and understanding why and how they occur provides insights into fault mechanics

and seismic hazards assessment.

Ever since Reid’s illustration of earthquakes as propagating ruptures (Reid, 1910), the

analysis of rupture propagation speed came a long way from studying directivity effect and

spectra of long-period seismic waves (Gutenberg, 1955; Benioff, 1955; Benioff et al., 1961;

Ben-Menahem and Toksoz, 1963) to the modern seismology era where a broader frequency

range are exploited within frameworks of forward and inverse modeling (S. Hartzell and

Helmberger, 1982; Olson and Apsel, 1982; S. H. Hartzell and Heaton, 1983; Kikuchi and

Kanamori, 1991) as well as grid-search for subsequent source locations (Spudich and Cran-

swick, 1984; Vallée et al., 2008; Bao et al., 2019). Such a development process has witnessed

the first unrealistic supershear laboratory experiment (Wu et al., 1972), the birth of the

Burridge-Andrew mechanism of supershear transition (Andrews, 1976; Burridge, 1973; Das

and Aki, 1977), the first reported supershear event (Archuleta, 1984; Spudich and Cranswick,

1984), the 25-year quiescence before the revolutionary experiments led by Rosakis (Rosakis

et al., 1999; Xia et al., 2004), and the theoretical and observational blossom of supershear

rupture transition and propagation in the 21st century.

In the 1950–1960s, it was believed that earthquake ruptures could only reach the Rayleigh

wave speed. This was based partly on very idealized models of fracture mechanics, originating

from results on tensile crack propagation velocities which cannot exceed the Rayleigh wave

speed and which were simply transferred to shear cracks. In the early 1970s, Wu et al.
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(Wu et al., 1972) conducted laboratory experiments on plastic polymer, under very low

normal stresses, and found supershear rupture speeds. This was considered unrealistic for

real earthquakes, both the material and the low normal stress, and the results were ignored.

Soon after, Burridge, 1973 demonstrated that faults with friction but without cohesion across

the fault faces could exceed the shear wave speed and even reach the compressional wave

speed of the medium. But since such faults are unrealistic for actual earthquakes, the results

were again not taken seriously. In the mid- to late 1970s the idea that for in-plane shear

faults with cohesion, terminal speeds exceeding not only the Rayleigh wave speed but even

being as high as the compressional-wave speed was possible finally started being accepted,

based on the work of Andrews, 1976, Das, 1976, and Das and Aki, 1977. Once the theoretical

result was established, scientists interpreting observations became more inclined to believe

results showing supershear fault rupture speeds, and at the same time the data quality and

the increase in the number of broadband seismometers worldwide, required to obtain detailed

information on fault rupture started becoming available. Thus, the theory spurred the search

for supershear earthquake ruptures.

The first earthquake for which supershear wave rupture speed was inferred was the 1979

Imperial Valley, California earthquake which had a moment-magnitude (Mw) of 6.5, studied

by Archuleta, 1984, and by Spudich and Cranswick, 1984 using strong motion accelerograms.

But since the distance for which the earthquake propagated at the high speed was not long,

the idea was still not accepted universally. And then for nearly 25 years there were no

further developments, perhaps because earthquakes which attain supershear speeds are rare,

and none are known to have occurred. This provided ammunition to those who resisted the

idea of supersonic earthquake rupture speeds being possible.

Then, in the late 1990 to early 2000s, there were two major developments. Firstly, a

group at Caltech, led by Rosakis, measured earthquake speeds in the laboratory, not only

exceeding the shear wave speed (Rosakis et al., 1999; Xia et al., 2004) but even reaching

the compressional wave speed (Xia et al., 2005). Secondly, several earthquakes with su-

3



pershear wave rupture speeds actually occurred, with one even reaching the compressional

wave speed. The first of these was the strike-slip earthquake of 1999 with Mw 7.6 in Izmit,

Turkey (Bouchon et al., 2000), with a total rupture length of 150 km, and with the length

of the section rupturing at supershear speeds being about 45 km. This study was based

on two components of near-fault accelerograms recorded at one station (SKR). Then two

larger supershear earthquakes occurred, namely, the 2001 Mw 7.8 Kunlun, Tibet earthquake

(Antolik et al., 2004; Bouchon and Vallée, 2003; Robinson et al., 2006; Vallée et al., 2008;

Walker and Shearer, 2009), and the 2002 Mw 7.9 Denali, Alaska earthquake (Dunham and

Archuleta, 2004; Ellsworth et al., 2004; Frankel, 2004; Ozacar and Beck, 2004; Walker and

Shearer, 2009). Both were very long, narrow intraplate strike-slip earthquakes, with signif-

icantly long sections of the faults propagating at supershear speeds. At last, clear evidence

of supershear rupture speeds was available. Moreover, by analysing body wave seismograms

very carefully, Robinson et al., 2006 showed that not only did the rupture speed exceed the

shear wave speed of the medium; it reached the compressional wave speed, which is about

70% higher than the shear wave speed in crustal rocks. Once convincing examples of super-

shear rupture speeds started to be found, theoretical calculations were carried out (Bernard

and Baumont, 2005; Dunham and Bhat, 2008) and these suggested that the resulting ground

shaking can be much higher for such rapid ruptures, due to the generation of Mach wave

fronts. Such wave fronts, analogous to the “sonic boom” from supersonic jets, are charac-

teristics and their amplitudes decrease much more slowly with distance than usual spherical

waves do.

However, identified samples of supershear earthquakes are still rare, which prohibits sys-

tematically studying the kinematic and dynamic features of previous supershear earthquakes.

Until the year of 2019, only eight shallow strike-slip (mode-II) supershear ruptures have

been occasionally reported, including the 1979 Imperial Valley (Archuleta, 1984; Spudich

and Cranswick, 1984), 1999 Izmit and Düzce (Bouchon et al., 2001), 2001 Kunlun (Antolik

et al., 2004; Bouchon and Vallée, 2003; Vallée et al., 2008; Walker and Shearer, 2009), 2002

4



Denali (Ellsworth et al., 2004; Frankel, 2004; Ozacar and Beck, 2004; Walker and Shearer,

2009), 2010 Yushu (Wang et al., 2012), 2013 Craig (Yue et al., 2013), and 2018 Palu (Bao

et al., 2019) earthquakes. There are a few more reported cases but remain arguable due to

limited datasets and resolution, or disagreement between different groups (Duputel et al.,

2012; Olsen et al., 1997; Sangha et al., 2017; Song et al., 2008; Wald and Heaton, 1994;

Wang et al., 2012; Yue et al., 2012). Note that, only one deep supershear earthquake has

been reported (Zhan et al., 2014), but we only consider crustal strike-slip earthquakes here.

Moreover, reporting supershear earthquakes has never been a routine or effortless task and

was prone to be questionable. Inferential studies deducing rupture speeds through forward

or inverse modeling are subjected to nonunique solutions and trade-offs between source pa-

rameters (rupture size, rupture speed, slip, risetime). Although having stations right on a

supershear segment or close to the fault can provide significant constraint (Archuleta, 1984;

Ellsworth et al., 2004; Wang et al., 2012), it seldom was a granted case. On the other hand,

direct measurement of slowness with local, regional array (Spudich and Cranswick, 1984;

Vallée et al., 2008) or teleseismic source tracking (Walker and Shearer, 2009) can extract

rupture speed independently from the slip but tend to suffer from many artifacts and spatial

bias (Bao et al., 2019)].

The scarcity of observed supershear ruptures hinders systematic analysis of their mech-

anisms while leaving the appearance that they are rare in nature (Bouchon et al., 2010;

Das, 2015; Passelègue et al., 2013). More specifically, the lack of statistical analysis makes

it difficult to validate theoretical findings and to address questions such as the following:

Do structural features control the occurrence of supershear ruptures? For instance, do they

happen more often on faults with wider seismogenic widths? Do they have a preferred propa-

gation direction due to bimaterial effects? Can they propagate at sub-Eshelby speeds (slower

than
√
2 times S-wave speed)?

Through out my Ph.D. study, I have been working on two things: (1) optimizing obser-

vational methods that can help better identify supershear ruptures, namely, the Slowness-
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Enhanced Back-Projection (SEBP) and surface Mach Waves; and (2) apply such methods

to find more supershear earthquakes. Such efforts enable me to conduct systematic investi-

gations of supershear earthquakes in the past two decades and statistical analysis to validate

theoretical findings of supershear ruptures.

1.2 Thesis Structure

Chapters 2, 4, 5, 6 and 7 of this thesis were originally written for individual publication.

They can be read in isolation, but the main chapters are closely related to the theme of

observations of supershear earthquakes.

Chapter 2, in full, is a reformatted version of the material as it is submitted to Journal

of Geophysical Research: Zhang, Y., Bao, Han., Meng, L., Aoki, Y., Understanding and

Mitigating the Spatial Bias of Earthquake Source Imaging with Regional Slowness Enhanced

Back-Projection (2022). I was the primary investigator and author of this paper, in which we

optimized the theory of the Slowness-Enhanced Back-Projection (SEBP) and investigated

the uncertainties of SEBP.

Chapter 3 introduces the surface Mach Wave method that I extensively applied to identify

supershear ruptures. Surface Mach waves is a unique signature of supershear ruptures, which

can be effectively identified in the far-field surface wavefield. Through synthetic tests, we

gained a better understanding of this method and designed an optimized version to identify

Mach waves.

Chapter 4, in full, is a reformatted version of a section of the material as it appears

in Nature Geoscience: Bao, H., Xu, L., Meng, L., Ampuero, J.P., Gao. L., Zhang, H.,

Global frequency of oceanic and continental supershear earthquakes. Nat. Geosci. (2022).

https://doi.org/10.1038/s41561-022-01055-5. I was the primary investigator and author of

this paper. For this part, we conducted comprehensive synthetic test to investigate uncer-

tainties of Back-projection and extensively discuss how we applied synthetic tests to validate
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rupture speed estimation using Back-projection.

Chapter 5, in full, is a reformatted version of the material as it appears in Nature Geo-

science: Bao, H., Ampuero, JP., Meng, L., Fielding, E.J., Liang, C., Milliner, C.W.D., Feng,

T., Huang, H., Early and persistent supershear rupture of the 2018 magnitude 7.5 Palu

earthquake. Nat. Geosci. 12, 200–205 (2019). https://doi.org/10.1038/s41561-018-029. I

was the primary investigator and author of this paper, in which we identified a supershear

rupture speed of the 2018 magnitude 7.5 Palu earthquake.

Chapter 6, in full, is a reformatted version of the material as it appears in Nature Geo-

science: Bao, H., Xu, L., Meng, L., Ampuero, J.P., Gao. L., Zhang, H., Global frequency of

oceanic and continental supershear earthquakes. Nat. Geosci. (2022). https://doi.org/10.10

38/s41561-022-01055-5. I was the primary investigator and author of this paper, in which

we conduct a global investigation of earthquake rupture speeds and reveal that supershear

earthquakes occur much more frequently than previously thought.

Chapter 7, in full, is a reformatted version of a section of the material as it is submitted to

Journal of Geophysical Research: Zhang, Y., Bao, Han., Meng, L., Aoki, Y., Understanding

and Mitigating the Spatial Bias of Earthquake Source Imaging with Regional Slowness En-

hanced Back-Projection (2022). I was the primary investigator and author of this paper. For

this part, we showed that besides supershear earthquakes, we can also apply back-projection

on other kinds of rupture kinematics. In particular, we applied Slowness-enhanced Back-

projection on the 2011 Tohoku earthquake, we find that high-frequency radiators did not

reach beyond the down-dip limit of interplate seismicity, indicating that it is likely that the

coseismic slip did not penetrate into the brittle-ductile transition zone. Such observations

suggest that the enhanced dynamic weakening mechanism due to thermal pressurization

effects may not be activated during the Tohoku earthquake as is proposed for other large

earthquakes that penetrated the roots of seismogenic zones.

Finally, in Chapter 8, we briefly summarize the main findings presented in this thesis

and discuss future perspectives following my work.
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Figure 1.1: (credit to Eric Dunham) Permissible values of the rupture speed, vr, are deter-

mined by the rupture mode. There are two modes of shear rupture, which are distinguished

by the direction of slip relative to the rupture front. The blue arrows indicate the displace-

ment of the two sides of the fault (the fault is the dashed line). Slip in mode III ruptures

excites only shear waves, so the S-wave speed, cs, becomes the limiting rupture speed in

this geometry. Mode II slip generates both shear and dilational waves, which can interact in

rather interesting ways (e.g., to produce Rayleigh surface waves). Mode II ruptures typically

propagate below the Rayleigh speed, cR, but can also propagate at intersonic speeds (speeds

between the S-wave speed, cs, and the P-wave speed, cp).
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Figure 1.2: (credit to Eric Dunham) Wavefronts from a two-dimensional subshear (left) and

supershear (right) rupture on a linear fault. Each point along the rupture emanates shear

waves. When the rupture speed is slow than the shear wave, the first arrival in the rupture

front direction come from the earliest ruptured point; however, when the rupture speed is

faster than the shear wave, the first arrival in the rupture front direction come from the

latest ruptured point. As a result, supershear ruptures generate two surface wave fronts on

each side that propagate at the wave speeds.
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Figure 1.3: (credit to Eric Dunham) Wavefronts from a three-dimensional supershear rupture

on a surface-breaking fault. Each point along the rupture emanates shear waves in the form

of a Mach cone (green). The superposition of waves from all points along the rupture front

generates a Mach wedge capped at the bottom by half of a Mach cone (light blue). In addition

to generating shear Mach waves, a surface breaking rupture also excites Rayleigh Mach waves.

Rayleigh waves are surface waves comprised of evanescent shear and dilational waves; they

propage at a speed slightly less than the S-wave speed. Consequently, a supershear source is

also a super-Rayleigh one, so Rayleigh Mach fronts (dark blue lines) will appear on the free

surface slightly behind the shear Mach fronts.
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CHAPTER 2

Slowness Enhanced Back-projection

Abstract

We investigate characteristics of spatial biases in the Back-projection method and the effec-

tiveness of the Slowness Enhanced Back-projection (SEBP). Here, the spatial bias refers to

the location error in Back-projection caused by travel time errors due to heterogeneous 3D

Earth structure. SEBP reduces such bias by calibrating the gradient of travel time (slowness)

in the source estimated from aftershock data. Using the Command Island region, Alaska,

as a test area, we analyze 22 evenly distributed M4-M6 earthquakes. We find a system-

atic correlation between the amplitude of the spatial bias and the event separation distance

(distances between reference and investigated events) which justifies the calibration based

on slowness. Previous SEBP assumes uniform slowness across the entire source zone. Here,

we find that for a large event (rupture length > 150 km), the amplitudes and directions of

spatial biases follow distinct regional patterns corresponding to each fault segment. In light

of this, we propose a regional SEBP approach that introduces spatially variable slowness

correction. The regional SEBP in the test area resulted in a ∼ 50% reduction in the average

length of spatial bias, from ∼20 km to ∼10 km, which is more effective than the uniform

SEBP that gives a 25% error reduction.
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2.1 Introduction

Back-projection (BP) is an observational technique that tracks growth of large earthquake

ruptures from coherent seismic phases recorded across a seismic array (see Kiser and Ishii,

2017 for a comprehensive review of BP). High-frequency rupture characteristics resolved

from BP provide unique perspectives on understanding detailed rupture kinematics and

geometrical complexities of large earthquakes (Bao et al., 2019; Fukahata et al., 2013; Ishii

et al., 2005; Kiser and Ishii, 2011; Meng et al., 2012; Meng et al., 2018; Meng et al., 2019;

Okuwaki and Yagi, 2018; Okuwaki et al., 2014; Satriano et al., 2012; Wang and Mori,

2011). Recent studies also demonstrated the effectiveness of the BP method in detecting

and locating seismicity (Fan and Shearer, 2016; Feng et al., 2020; Kiser and Ishii, 2011).

However, previous studies found that locating seismicity using BP suffers from notable

spatial bias, De, defined as the vector deviation between an event’s BP inferred (BPI) location

from its catalog location. The event catalog locations are usually relocated with local or

regional networks and are thus considered to be more accurate than BPI locations. The

uncertainty of BPI location is attributed to both the noise and travel time errors. Since the

ambient noise is weak compared with the waveform amplitude of M>6 earthquakes imaged

with BP, the noise relevant to BP refers to the incoherent part of the waveforms caused by

coda waves, local scattering, and variation of site effects. Xu et al., (2022) shows that the

perturbation of BPI location due to noise is on the order of 1 - 4 km depending on the noise

amplitude and the array aperture. A bigger source of De is the travel time errors introduced

by approximating the 3-D Earth velocity structure with a 1-D reference model. Previous

teleseismic BP studies in Tohoku, Nepal, Mexico, and Chile found the spatial bias associated

with travel-time errors is on the order of 20 - 30 km (Fan and Shearer, 2017; Meng et al., 2019;

Meng et al., 2016; Palo et al., 2014). In addition to BP spatial bias, waveform complexity

such as water reverberation and coda waves generated by near-trench 3D structures also leads

to artificial sources in BP imaging (Zeng et al., 2019). The structural effect also distorts the
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BP amplitude. Okuwaki et al., 2019 shows that the amplitude variation of Green’s functions

results in depth-dependent intensity of BP sources along a subducting plate interface.

Understanding spatial biases of BP is of significance not only for detecting and locating

epicenters of earthquakes but also for observational studies of large earthquakes. This is

because spatial biases can distort measurements of rupture properties (e.g. rupture lengths,

speeds, and directivities), and thus result in erroneous interpretations of earthquake physics

(Bao et al., 2019). Since the spatial biases are primarily caused by our insufficient knowledge

of the 3D velocity heterogeneity, several studies attempted to calibrates the travel times

using aftershocks near the mainshock rupture (Ishii et al., 2007; Meng et al., 2016; Palo

et al., 2014). For instance, Ishii et al., 2007 measured the time shifts to align the aftershock

arrivals and obtained the time correction for a given source grid point from weighted-average

of the nearby aftershock measurements. Palo et al., 2014 further separated the travel time

correction into two terms: a static term specific to a station and a dynamic term specific to

each pair of source grid point and a station. The dynamic term is obtained by interpolating

time shifts of aftershocks over the source area. The aftershock calibration typically requires

moderate-size events (M 4.5 - 6) which are small enough to be approximated as a point source

in the far-field yet large enough with sufficient Signal-to-Noise ratio (SNR) at the teleseismic

receivers. A practical limitation is sparsity and uneven distribution of such aftershocks

which may lead to unreliable correction if the travel times are interpolated empirically.

Alternatively, Meng et al., 2016 developed a parametric approach named Slowness Enhanced

Back-projection (SEBP). Instead of direct spatial interpolation of the travel times, a slowness

correction term (spatial gradient of travel-time) is derived from the aftershock measurements.

The total travel-time correction for a given source grid point includes the static term and the

vector product of the source location and the slowness term. This slowness term is assumed

to be uniform for the whole rupture region. Although SEBP has been applied to several

large earthquakes with rupture length less than 150 km (Bao et al., 2019; Meng et al., 2018;

Meng et al., 2019; Meng et al., 2016; Sangha et al., 2017), the effectiveness of using a uniform
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slowness correction term has not been systematically investigated for earthquakes of larger

sizes.

To investigate the pattern of spatial biases in large source regions, we studied the Com-

mander Island region (Figure 2.1), which spans more than 400 km along the western Aleutian

trench. We analyzed 22 M 4-6 earthquakes that occurred from 2013 to 2017. We found a

systematic correlation between the amplitude of De and the event separation distance which

justifies the condition to apply slowness correction. We also found that the amplitudes

and directions of De follow distinct regional patterns corresponding to each fault segment,

likely caused by variations of the regional velocity structures. Our results suggest that it

is challenging to effectively calibrate travel time errors for the entire source region with

a uniform slowness correction term. Therefore, we propose a regional Slowness Enhanced

Back-projection (SEBP) approach that introduces spatially variable slowness corrections.

By applying regional SEBP to the Commander Region, we found that the average of De

reduced by 50% (from ∼20 km to ∼10 km), more effective than the 25% error reduction of

uniform SEBP.

Investigation of Spatial Biases in the Commander Island Region

Data

To investigate characteristics of BP’s spatial biases, we studied 22 moderate earthquakes (M

4-6) within the Commander Island region that occurred from 2013 to 2017 (Figure 2.1). We

selected this region because of the abundance of moderate size earthquakes (M4 - 6) along

the Bering Fault, the boundary between the Bering Plate and the Commander Island belt

(DeMets et al., 1990). Moderate-size earthquakes have relatively high SNR so that their

source locations can be well resolved by BP. Since the source region is far from densely

distributed seismic networks, the global catalog locations of the investigated earthquakes

may have large uncertainties. Because accurate event locations are crucial for the calibration
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of SEBP, we performed teleseismic double-difference relocation to the nearby earthquakes

(Pesicek et al., 2010). For the BP analysis, we adopted the waveforms of 336 stations

in continental US which provide a large range and azimuthal coverage (Figure 2.1). We

select stations with epicentral distances between 30° to 90°, such that waveform complexity

caused by mantle discontinuities and the core-mantle boundary are absent, and that the

contaminations of Pdiff phase are not included.

Waveform data are downloaded from the Data Management Center (DMC) of the Incor-

porated Research Institutions for Seismology (IRIS) (https://ds.iris.edu/wilber3). Results

presented in the main text are obtained from seismic data that are normalized and aligned

by first P arrival and filtered to 0.5 - 2.0 Hz. Two other frequency bands (0.05 - 0.5 Hz and

1 - 4 Hz) are also used for comparative analysis which can be found in the supplementary

material. We ensure that for a given event, the chosen stations are away from its nodal plane

and share the same P-wave polarity. We adopt this quality control criteria to isolate the

effect of travel time errors on BP spatial bias from station configuration.

We applied two BP methods: the classic beamforming BP (Ishii et al., 2005) and the

MUSIC BP (Meng et al., 2011). Theoretical travel times are calculated from the layered

IASP91 velocity model (Kennet, 1991), and the “reference window” strategy (Meng et al.,

2012) are used to mitigate the “swimming” artifacts, a smearing artifact in images along

the direction toward the arrays due to the trade-offs between the radiation origin times

and source-receiver distances (Koper et al., 2012). Results presented in the main text are

produced by MUSIC BP, and those of beamforming BP can be found in the supplementary

material for comparison.

Obtaining the Spatial Bias

Since investigating BP’s spatial uncertainty is the key focus of this study, we first provide

a clear definition of the spatial bias of BP and how it is obtained. To account for the

travel time variations due to 3D Earth structures, BP routinely adopts a timing correction
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derived from the “hypocenter alignment” (Ishii et al., 2005, 2007). The first arrival of the

mainshock is assumed to come from the hypocenter. A set of travel time errors due to 3D

structures is obtained by cross-correlating the initial P-waves. Such “hypocenter correction”

is usually applied to the entire rupture region. However, since it is only accurate within close

proximities to the hypocenter, it does not account for the variation of travel time errors at

distant source locations. Here, we consider De as the additional location error after applying

the “hypocenter correction”.

To guarantee accurate estimations of De, we first ensure that the hypocenter alignment

is performed properly and has no influence on measurement of De. After the waveforms are

downloaded, they are first aligned based on travel times predicted by a 1-D reference Earth

velocity model (e.g. IASP91). We then adopt an iterative cross-correlation approach to align

the waveforms of initial P-arrivals from low to high frequency bands. In the example shown

in Figure 2.2, the waveforms are first aligned at 0.05 - 0.2 Hz in a 20-sec window and then

aligned at 0.2 - 1 Hz in a 10-sec window. This procedure is repeated for 0.5 - 2 Hz if SNR

is higher than 0.5. In order to avoid cycle skipping issues, we limit the maximum allowed

shift to the period of the upper-bound of the frequency band. We further found that the

position of the cross-correlating window is nontrivial. Although the peak amplitude is often

more easily identified than the P-arrival, we note the cross-correlating window should be

centered at the P-arrival, not P-wave’s peak amplitude, because the first arrival comes from

the hypocenter of an earthquake. This is likely more important for M 6+ events since their

finite source effects are not negligible, and their centroid locations corresponding to the peak

energy may have considerable deviations from their hypocenters. If the hypocenter alignment

is performed correctly, a BP on the reference event itself (self-aligned BP) should collocate

with its catalog location. Figure 2.2 shows the self-aligned BP of a Mw 6.3 earthquake when

the cross-correlating window is centered at the maximum amplitude of waveforms versus

that centered at the P-arrivals. In the former case, its BPI location (center of the integrated

energy contours of the first 10 sec BPs) is 10-13 km away from the epicenter. In the latter
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case, such deviations are less than 1 km, which is negligible. The process in BP of determining

locations of earthquakes or sub-sources with respect to the hypocenter is similar to that of the

“master event” location technique (Ito, 1985). Once the hypocenter correction is obtained

for a “reference event”, it is applied to the waveforms of “investigated events” to obtain their

BPI locations (relative to the reference event). Based on a similar argument of finite source

effects, the data window corresponding to the BPI location should also be centered at the

P-arrival, not the peak amplitude. In Fan & Shearer (Fan and Shearer, 2017), many of their

self-aligned BP locations deviate from their catalog locations. This is likely caused by two

factors. First, their cross-correlating window is not centered at P-arrivals. Second, they used

a 20-sec data window, longer than the durations of the investigated events. Therefore, the

resulting BPI locations are more consistent with the centroid locations, not the hypocenter

locations. Figure S2 shows the comparison when different data window lengths are applied.

We conclude that it is optimal to use a 10 sec window centered at P-arrival for both the

hypocenter alignment and obtaining BPI locations, demonstrated by the co-location between

self-aligned BP and hypocenter location. Finally, we obtain the spatial bias by calculating

the difference between the BPI location and the catalog location, similar to that of Fan &

Shearer (Fan and Shearer, 2017). We here treat seismic relocated catalog as the ground truth

because of the small errors of their relative locations (∼ 1 km, Pesicek et al., 2010). Figure

S3 gives an example for a M5.5 earthquake, the comparison of BP results when different BP

parameters (stacking and integrating window lengths) are applied. We can see that various

lengths of stacking window and integrating windows in BP method invariably located the

kernel center of self-aligned BP images at its hypocenter, which is likely due to the fact that

a M5.5 earthquake can be regarded as a point source at teleseismic distances. It suggests

that as the finite-fault effect of M5 earthquakes can be ignored at teleseismic distances, they

can be well resolved in spite of the variation of BP parameters.
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Regional Patterns of Spatial Biases in the Commander Island Region

Figure 2.3 shows an example of spatial biases in the Commander Island region, where the

BP energy contours and De are plotted for a Mw 6.3 earthquake used as a reference event.

We select 9 M5+ reference events with relatively high SNR. In total, we analyze 22 events

and 198 event pairs.

We found that spatial biases (De) in Commander Island have an average amplitude of

21 km and manifest regional patterns in terms of both their directions and amplitudes. As

shown in Figure 2.3b, De have distinct characteristics in the north-west, middle, and the

south-east parts of the study area. We segmented the investigated area into three sub-regions

(Figure 2.1) and plotted the 198 measurements of De in polar diagram (Figure 2.4). Figure

2.4 shows patterns of directivities and amplitudes of De when regions of reference events

and regions of investigated events are outlined. Measurements of De are plotted as bars

in the polar plot. For convenience, we use a notation “R1→R2” to represent cases when

reference events from region 1 are used to estimate De of events in region 2. In each polar

plot, the mean value of De is marked (thick dashed line). In terms of amplitude of De,

we found that the mean value of De of R1→R1 (R2→R2 / R3→R3) is 12.2 km, which

is ∼50% smaller than 23.1 km of R2→R1 or R3→R1 (R1→R2 or R3→R2 / R1→R3 or

R2→R3). In terms of directivies of De, for example, we found that R1→R2 is dominated

by De offsetting northtoward; R1→R3 is dominated by De offsetting towards east; R2→R1

is dominated by De offsetting towards south; and both R3→R1 and R3→R2 are dominated

by De offsetting towards north-east. Such regionalized features of De may be caused by

segmented faulting and velocity structure beneath source regions (Figure 2.1). This finding

is somewhat confirmed by Ruppert et al. (Ruppert et al., 2012) who found different zones

of seismotectonic activities based on distributions of focal mechanisms in the Commander

Island region. In the northwest of our investigated region near Bering Island (169°-170ºE,

R1 in Figure 2.1), right-lateral strike slip displacements are predominant with strike angles

subparallel to the island chain (Newberry et al., 1986). A sudden stress change occurred
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in the southeast of the Mednyi Island around 170° E (170°-171ºE, R2 in Figure 2.1), where

diverse focal mechanisms exist, including strike-slip events with strike angles subparallel

to the elongated direction of the Mednyi island and reverse events whose strike angles are

diverse. Then in the east of 171° E (171°-172ºE, R3 in Figure 1), the focal mechanisms

experience another change, where the strike angles of reverse events become predominantly

between northeast and east (Lutikov et al., 2019). As a result, such structural complexities

may be associated with regionalized seismic structures beneath the source region resulting

in different patterns of travel-time variations and De.

We found that the average amplitude of De in the Commander Island region is 21 km and

there is a positive correlation between amplitudes of De and event separation distance (dis-

tances between reference and investigated events). Figure 2.5a shows the 198 measurements

plotted as amplitude of De versus event separation distances. In the immediate proximity of

a reference event (<150 km), the median De increases almost linearly with separation dis-

tance. This is somewhat expected for a slowness correction: if the reference and investigated

events share a similar regional velocity structure different from the standard 1D velocity

model adopted in BP, there exists a constant slowness error and the travel-time errors and

hence De should be proportional to the event separation distance projected onto the direc-

tion of the slowness error. Since the orientation of the event separation varies for different

reference and investigated event pairs, De is loosely, rather than strictly, proportional to

the event separation distance. On the other hand, Figure 2.4a shows that when the event

separation is greater than 150 km, De seems to plateau and ceases to increase with distance.

Such observations indicate at a larger scale, the difference of velocity structures beneath the

reference and investigated events is no longer negligible, and a consistent slowness error does

not explain the stochastic variation of travel-time errors and De. The fact that De plateaus

with distance suggests that the travel-time errors are capped by the maximum lateral ve-

locity deviation from the standard 1D Earth model. To further understand the statistics of

De, we modeled its probability distribution by fitting a generalized extreme value (GEV)
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distribution (Fan and Shearer, 2017; McFadden, 1978) which measures the probability dis-

tribution of a large set of independent, identically distributed random values representing

observations. The modeled GEV distribution can be used to more accurately estimate the

means, medians, and standard deviations of De (Figure 2.5d).

2.2 The Slowness-Enhanced Back-Projection

2.2.1 Method

In light of the regional patterns of De, we propose to modify the Slowness-Enhanced Back-

projection (Meng et al., 2016). Our strategy is to divide a large source region, in this case,

a region longer than 400 km, into sub-regions. Within each sub-region, a uniform slowness

correction is derived and applied. We briefly describe our methodology in detail below.

In standard BP analysis, delay and sum of coherent seismic phases are used to obtain

BP images:

BP (ξ, t) =
∑
j

uj

(
t+ Tmod

j (ξ) + δTj(ξ)
)

(2.1)

where BP (ξ, t) is the stacked beamforming power at a potential source location ξ as a

function of time t, which can be expressed as a sum over n seismograms. uj is the normalized

seismogram at the jth station, Tmod
j (ξ) is the theoretical travel time from the source location ξ

to the jth station derived from a reference model, and Tj is the travel time error that accounts

for the difference between the assumed Earth model and the real Earth velocity structure,

which represents the changes in the wavefront curvature and incident angle at the receiver

side. The stack BP (ξ, t) estimates seismic energy released at each time t for all potential

source grids, and the location ξ that yields the highest coherence and highest stacked power

will be marked as the most likely source location at time t. For large earthquakes, by

combining BP (ξ, t) from the whole source time period, one can obtain the spatial-temporal

evolution of the earthquake in seismic radiation.
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Following eq. (2.1), the routinely performed “hypocenter correction” measures Tj(ξh) by

aligning the initial phase with cross-correlations assuming that the first-arrival originates

from the hypocenter ξh. Most BP studies assumed that Tj(ξh) is applicable for the whole

source region, i.e.,

δTj(ξ) ≈ δTj (ξh) = Tj (ξh)− T mod
j (ξh) (2.2)

However, Tj(ξh) is only exact in the vicinity of the hypocenter, which is why spatial

biases exist. Previous applications of slowness calibrations show that spatial biases in one

source region follow certain patterns: gradual changes of deviation amplitudes with similar

deviation directions (Bao et al., 2019; Meng et al., 2019; Xie et al., 2021). Therefore, we

can expand eq. (2.2) to account for the distance away from the hypocenter ξh using the

first-order Taylor expansion:

δTj(ξ) = δTj (ξh) + δ

(
∂T

∂ξ

)
j

∣∣∣∣∣
ξh

· (ξ − ξh) = δTj (ξh) + δsj · (ξ − ξh) (2.3)

We define δ(∂T
∂ξ
) as δs, the spatial derivatives of travel time errors at the source area,

which shares the same unit of [s/km] as slowness. The product of δs and (ξ − ξh) can be

considered as an inner product of two vectors with respect to the three components (latitude,

longitude, and depth):

δTj(ξ)− δTj (ξh) = δsNS
j · (ξ − ξh)

NS + δsEW
j · (ξ − ξh)

EW + δsUD
j · (ξ − ξh)

UD (2.4)

where EW, NS, UD denote three orthogonal directions of East-West, North-South, and Up-

Down, respectively. Because teleseismic travel time is not sensitive to the focal depth, we

can simplify the equation by ignoring the ‘vertical’ component (UD):

δTj(ξ)− δTj (ξh) = δsNS
j · (ξ − ξh)

NS + δsEW
j · (ξ − ξh)

EW (2.5)

Since cross-correlation alignment provides relative travel time correction to the reference

seismogram, it will introduce a constant time shift with respect to the reference station.

Usually, the choice of the reference station can be arbitrary and would not make any difference

21



because the differential travel time is self-consistent in cross-correlation. To eliminate such

a constant time shift, we replace the travel time error δTj(ξ) with the relative travel time

error δT̂j(ξ):

δT̂j(ξ) = δTj(ξ)− δTjr(ξ) (2.6)

where δTjr(ξ) is the travel time error of the reference station jr, and eq. (5) can be re-written

as:

δT̂j(ξ)− δT̂j (ξh) = δŝj
NS · (ξ − ξh)

NS + δŝj
EW · (ξ − ξh)

EW (2.7)

Now, consider we have a group of aftershocks (i = 1, 2, ...,M), and their catalog locations

are ξi = ξ1, ξ2, ..., ξi, ..., ξM . By applying the hypocenter correction, we can obtain their BPI

locations ξBP
i . Considering ξBP

i as the equivalent of ξi in the reference velocity model, we

have

Tj (ξi)− Tj (ξh) = T mod
j

(
ξBP
i

)
− T mod

j (ξh) (2.8)

This approximation is supported by the fact that the difference in the two differential

travel times between an aftershock and the mainshock hypocenter is an infinitesimal of

higher order than the differential travel time itself. Then, the left-hand side of eq. (6) can

be expended as

δT̂j (ξi)− δT̂j (ξh) = Tj (ξi)− T mod
j (ξi)− Tjr (ξi) + T mod

jr (ξi)

− Tj (ξh) + T mod
j (ξh) + Tjr (ξh)− T mod

jr (ξh) (2.9)

Inserting eq. (2.8) into eq. (2.9), we have

δT̂j (ξi)− δT̂j (ξh) ≈ T̂ mod
j

(
ξBP
i

)
− T̂ mod

j (ξi) (2.10)

Where

T̂ mod
j

(
ξBP
i

)
= T mod

j

(
ξBP
i

)
− T mod

jr

(
ξBP
i

)
T̂ mod
j (ξi) = T mod

j (ξi)− T mod
jr (ξi) (2.11)

Validation of eq. (2.10) can be found in Supplementary Material Text S1 and Figure S6.
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Combining eq. (2.7) and eq. (2.10), we have

T̂mod
j

(
ξBP
i

)
− T̂j

mod (ξh) ≈ δŝj
NS · (ξi − ξh)

NS + δŝj
EW · (ξi − ξh)

EW (2.12)

Now, the remaining unknowns, the slowness error vector (δŝj
NS, δŝj

EW ) can be solved

by a least-square inversion based on the time-shifts to align the aftershocks. These time-

shifts can be obtained in the same fashion with the hypocenter correction. In practice, it

is challenging to align the relatively small events (M 4-5.5) because of their low SNRs. We

therefore use the differential travel-time of the BPI and event catalog location to infer the

aftershock timeshifts.

However, for source regions as large as the Commander Island region and the Tohoku

region, as we will see in the Results, spatial biases in different sub-regions have different

patterns in terms of the amplitudes and directions. This indicates that a uniform slowness

calibration over the entire source region can not effectively account for the spatial biases

(Fan and Shearer, 2017; Palo et al., 2014). Therefore, we propose a regional SEBP approach

that utilizes different slowness correction terms for each sub-region. Each sub-region k can

be represented by its geometrical center ξk (k = 1, 2, ...) and has its own center correction

δT̂j(ξ
k). Following eq. (2.7), for aftershocks ξi located in the region k, we have

δT̂j (ξi)− δT̂j

(
ξk
)
=

(
δŝkj

)NS ·
(
ξi − ξk

)NS
+
(
δŝkj

)EW ·
(
ξi − ξk

)EW
(2.13)

which is equivalent to

δT̂j (ξi)− δT̂j (ξh) = ∆δT̂j

(
ξk
)
+
(
δŝkj

)NS ·
(
ξi − ξk

)NS
+
(
δŝkj

)EW ·
(
ξi − ξk

)EW
(2.14)

where

∆δT̂ j

(
ξk
)
= δT̂

(
ξk
)
− δT̂j (ξh) (2.15)

denotes the difference between a geometrical center correction and the hypocenter correction.

Using eq. (2.10), we can rewrite eq. (2.14):

T̂mod
j

(
ξBP
i

)
− T̂j

mod (ξi) = ∆δT̂j

(
ξk
)
+
(
δŝkj

)NS ·
(
ξi − ξk

)NS
+
(
δŝkj

)EW ·
(
ξi − ξk

)EW
(2.16)
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Similar to eq. (2.12), the least-square inversion can solve for
[
∆δT̂j

(
ξk
)
,
(
δŝkj

)NS
,
(
δŝkj

)EW
]
.

Then, the slowness correction can be mapped to obtain travel time corrections for all source

grids. We demonstrate the effectiveness of SEBP in the following section, which is quantified

by reductions of spatial biases.

2.2.2 The Effectiveness of the SEBP

We found that the regional SEBP effectively mitigates the spatial bias in the Commander

Island region. Figures 5e 5f show the modeled GEV distribution of De after the uniform

SEBP and regional SEBP is applied, respectively. We fit the GEV distribution to obtain

location parameters (µ), scale parameters (σ), and shape parameters (κ), which help us to

better estimate the means, medians, and standard deviations of De (Table S3). The location

parameter reflects the position of the most frequent observation, while the scale parameter

related to the kurtosis of observations reflect the sharpness of the distribution. Table S3

shows a reduction of the location parameter (µ) of GEV distribution by nearly 30% and 50%

for the uniform SEBP and regional SEBP, respectively, compared to µ of the BP without

calibration. The scale parameter (σ) is reduced by about 30% and 50% for the uniform SEBP

and regional SEBP, respectively. These statistics suggest that when applying the regional

SEBP, the GEV distributions of De became narrower and shifted towards the lower values

(Figure 2.5e and 2.5f). We also found that the mean value of De for regional SEBP reduced

from 21 km to 11 km, a 48% reduction, which is more significant than that of the uniform

SEBP (24% reduction from 21 km to 16 km). Besides, Figures S7 and S8 show patterns

of directions and amplitudes of De when uniform SEBP and regional SEBP are applied,

respectively. For any pair of a reference and investigated region, while the directions of De

are mostly similar, the average amplitudes of De for regional SEBP are shorter than that of

the uniform SEBP.
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2.3 Discussion and Conclusion

We systematically investigated the characteristics of De in the Commander Island as well

as the effectiveness and limitation of the Slowness Enhanced Back-projection (SEBP). We

found the average De in the region is ∼ 20 km, and the amplitude of De has a positive

correlation with the hypocenter distance. We also found that the regional SEBP is more

effective than the uniform SEBP and has reduced De by ∼ 50%, to an average value of ∼ 10

km. We argue that the requirement of the regional SEBP is likely due to the fact that the

investigated source region is large (400 ∼ 500 km) and the velocity structures beneath the

source region can not be considered uniform. It also suggests that the previous applications

of the uniform SEBP (e.g., the 2015 Mw 7.8 Gorkha (Meng et al., 2016), the 2015 Mw 7.2

Tajikistan (Sangha et al., 2017), the 2015 Mw 8.3 Illapel (Meng et al., 2018), and the 2018

Mw 7.5 Palu earthquakes (Bao et al., 2019)) are likely due to their relatively small rupture

length (≤ 150 km) and hence smaller lateral velocity variation.

2.3.1 Travel-time Corrections of SEBP

The SEBP tackled the problem of spatial bias by mitigating the leading source of errors –

travel time errors due to the 3-D Earth structure. Figure 9a shows an ideal scenario where

wavefronts emitted from an event hypocenter Tmod(ξh) at teleseismic distance are smoothly

spherical and can be predicted under a 1D reference Earth model. In reality, the regional

structure of the real Earth (blue shaded area) perturbs travel times and results in distorted

wavefront T (ξh) (Figure 2.6b). By aligning the first P wave arrivals, relative time errors

δT (ξh) of the ray paths originating from the hypocenter can be calibrated (i.e., hypocenter

correction). However, as illustrated by Figure 2.6c, the hypocenter corrections are only

exact at the hypocenter. As the rupture front moves away within a certain distance range,

the rays originating from the assumed rupture can be still considered to travel through a

similar regional structure as that under the hypocenter. But the heterogeneity of the regional
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structure induces the spatial gradient of the travel-time (slowness), which also needs to be

corrected by the slowness calibration δs to restore smooth wavefronts (Figure 2.6d). Our

study shows that if the rupture length is less than 150 km, a uniform slowness in the entire

source region is sufficient to calibrate the travel-time errors. However, when the source region

is significantly larger, like the two investigated regions in our study, a uniform slowness

calibration becomes less effective, because the rays from subsequent sources far away from

the hypocenter travel through a different regional structure (red shaded area) (Figure 2.6e).

Figure 9f illustrates that by allowing different slowness terms in each region, the calibration

can more effectively correct travel time errors and mitigate spatial biases. We remark that by

implementing all the travel-time corrections, the regional SEBP reduces De by ∼50%. This

indicates that half of De are aleatory uncertainties that are caused by regional structural

complexity and can be calibrated with aftershocks, while the residue errors are epistemic

uncertainties caused by local velocity heterogeneities that are unique for each aftershock.
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Figure 2.1: Twenty-two M4-6 earthquakes within the Commander Islander region

and the seismic stations used. The 22 earthquakes (red circles and beach balls) that

occurred from 2013 to 2017 are all shallow events (epicenter depth < 35 km based on ISC

catalog, http://www.isc.ac.uk). GCMT Focal mechanisms of eight events are shown (Ek-

ström et al., 2012). The top right inset map shows the plotted source region (red box) and

the US seismic network (yellow triangles). The three dashed rectangular boxes are the three

zoned regions that are selected based on the tectonic characteristics of this region (Lutikov

et al., 2019; Newberry et al., 1986; Ruppert et al., 2012.
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Figure 2.2: The nontriviality of hypocenter correction (waveform alignment) in

Back-projection (BP) location. (left) Examples of velocity records [0.2 - 1.0 Hz] after

hypocenter alignments whose 10-second alignment-window centers the “maximum ampli-

tude” or the “P-arrival”. Waveforms are from a Mw 6.3 earthquake that occurred on July

17th, 2017. (middle) High-frequency (circles) radiators of the Mw 6.3 events imaged by

MUSIC BP are color coded by time with sizes proportional to BP’s beam power. The top

inset illustrates BP’s beam power as a function of time. Three high-frequency radiators

(diamond with red edge) are picked for easy cross-reference. Radiators after 30 sec appear

to drift towards NEE, which is likely caused by depth phases of P-waves. (right) Integrated

BP result (0.5 - 2 Hz, 80% energy contour) of the first 10 sec. The Back-projection inferred

(BPI) location is marked by a green cross.
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Figure 2.3: Overview of spatial biases in the Commander Island region: BP results

with time corrections from the Mw 6.3 earthquakes as the reference event applied

to the other 21 events. (a) Examples of 80% energy contour of integrated BP images

of the first 10 sec. For clarity, only 6 events are shown here. (b) The spatial biases (black

vector) of the 21 events, as measured by the distance of the image peak from the epicenter

(De), which is defined in the same way as Fan & Shearer (2017)
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Figure 2.4: Patterns (directivity and amplitude) of spatial biases in the Comman-

der Island region. The reference region represents the region where a reference event is

located. The hypocenter correction of a reference event is then applied to all the events

in another region (i.e. investigated region) to obtain their Back-projection inferred (BPI)

locations. De (both distance and azimuth) of the BPI locations are plotted as bars in the

polar plot. In each plot, the mean values of De are marked (thick dashed line).
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Figure 2.5: Characteristics of spatial bias before and after slowness calibration.

(a-c) De as a function of event separation distance (distances between reference and inves-

tigated events). Each data point is one event pair measurement of De of the investigated

event when applying the hypocenter correction of a reference event. Red error bars are one

standard deviation of the measurements. (d-f) Distribution of De. The fitted probability

density functions (PDF) follow generalized extreme value (GEV) distribution, whose param-

eters are listed in Table S3.
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Figure 2.6: Cartoon illustration of Back-projection method and slowness calibra-

tion. (a) Geometries of wavefronts (green dashed lines) depicted by the travel time table

from a source region to a seismic array. The wavefronts are ideally smooth spherical if the

Earth media is homogeneous. (b) The structural heterogeneity of the real Earth perturbs

travel times and results in distorted wavefront (wiggly pink line). By cross-correlate aligning

P wave arrivals, relative time errors of the ray paths originating from the hypocenter can

be well corrected (i.e., hypocenter correction). (c) However, the hypocenter corrections are

only exact at the hypocenter, because rays originating from other sources will travel through

different 3-D structures, which results in distorted wavefront (wiggly black line) again. (d)

The slowness calibration effectively mitigates the waveform distortion as spatial biases in

the entire source region are accounted for, which resulted in less distorted wavefronts (red

solid line). (e) Such a uniform slowness calibration becomes less effective when the source

region is significantly large (e.g., 300+ km), and calibrated wavefronts (red wiggly line) that

originate from sources far away from the hypocenter are not effectively corrected. This is

likely caused by the fact that rays from sources that are far away travel through different

large scale heterogeneities. (f) When applying the regional SEBP, travel time errors in the

entire source region can be better calibrated, and result in less distorted wavefronts (red

solid line)

33



CHAPTER 3

Mach Wave Validation of Supershear Ruptures

3.1 Method

Mach waves, a unique signature of supershear ruptures, can be effectively identified in the

far-field surface wavefield. For earthquakes rupturing at velocities slower than Rayleigh wave

speed, wavefronts from different sub-sources arrive at any far-field receiver at different times.

For supershear earthquakes, only at stations located on the Rayleigh Mach cone do waves

from different parts of a supershear rupture arrive simultaneously and interfere construc-

tively, resulting in an apparent point-source. As first proposed by Vallée and Dunham, 2012,

along the Mach cone, the waveform of a supershear mainshock should be identical to that

of a smaller reference event, referred to as an empirical Green’s function (EGF) event, with

a similar focal mechanism in the vicinity of the mainshock. The Mach wave identification is

conducted by evaluating the waveform similarity between a target event and its collocated

EGF. The standard cross-correlation CC are often used to estimate the waveform similarity.

CC(U, u) =
∑N

i=1 Uiui/
√∑N

i=1 UiUi

∑N
i=1 uiui, where U and u are the discrete time-series

of the mainshock and the EGF event, respectively.

To maintain the finite-source effect of the mainshock and the point-source effect of the

EGF, the waveforms should be compared at periods shorter than the duration of the main-

shock T0 and longer than the duration of the EGF. Considering the travel-time errors due

to surface wave dispersion and 3D path effect, we manually identify the EGF Rayleigh-wave

arrivals, which are simpler and more straightforward to pick than those of the mainshocks.
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For each station, we choose 200 ∼ 400 s long cross-correlation windows to include the entire

envelope of the EGF wave trains (due to dispersion, the envelope becomes longer at larger

hypocenter distances). We assume the same arrival times and use the same windowing for

the mainshock Rayleigh waves. Since supershear rupture rarely starts from the beginning of

the earthquake, we allow lag times up to the half duration of the mainshock when calculating

CC.

The source directivity effect relates the observed high waveform similarities to the lo-

cations of the Mach cones. The apparent source duration Ta of the mainshock is equal

to the true duration T0 scaled by the directivity factor (Figure 3.1): Ta = T0 × D(Φ).

D(Φ) = 1− cos(Φ)Vr/VRayleigh where Φ is the receiver azimuth relative to the rupture direc-

tion, Vr is the rupture speed, and VRayleigh is the Rayleigh wave speed at the center period Tc

of the waveform filter. Given the short duration of the EGF event, the mainshock waveform

is similar to that of the EGF if the mainshock also appears as an apparent point source,

which requires Ta ≪ Tc. If Tc ∼ 20 s and T0 ∼ 40 s, the two events are of high similarity

when |D(Φ)| ≪ 0.5. This condition is met near and on the Mach cone where the D(Φ) is

minimized. For fast sub-Rayleigh ruptures, waveform similarity is maximized in the rupture

direction. For supershear ruptures, waveform similarity reaches its maximum on the two

Mach cones. The waveform similarity can also be relatively high in between the Mach Cones

but still lower than that in the Mach cones if the rupture speed is only moderately faster

than the S wave.

The amplitude information can also be used to identify the supershear event, since the

amplitude ratio between the Rayleigh Mach wave of the supershear earthquake and that of

the EGF event should equal their moment ratio:

std(U)

std(u)
=

M0

MEGF

where std is the standard deviation of surface waves, and M0 and MEGF are the moment of

the mainshock and EGF event, respectively. However, since most of the supershear earth-
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quakes do not propagate at supershear rupture speeds entirely, the moment of a supershear

rupture is only a part of M0. Therefore, the waveform amplitude ratio std(U)/ std(u) tends

to be smaller than the moment ratio M0/MEGF . However, the azimuthal pattern of the

amplitude-ratio (AR) can still distinguish sub-Rayleigh and supershear events.

AR =
std(U)/M0

std(u)/MEGF

For sub-Rayleigh ruptures, the distribution is unimodal with the highest amplitude ratio

in the rupture direction, while that of supershear rupture is bimodal with high amplitude

ratios on each of the Mach cones.

3.2 Mach Wave Synthetic Test

The purpose of the synthetic tests is to examine the effect of the rupture speed on the cross-

correlation coefficient of the empirical Green’s function (EGF) and mainshock waveform. The

synthetic rupture propagation can be simulated as a series of sub-sources, and the waveforms

of the synthetic rupture can be modeled as the superposition of EGF (regarded as a point

source) waveforms considering the rupture times and locations of different sub-sources. Since

the station distribution and azimuthal coverage of the 2016 Romanche earthquake is one

of the best among all examined events, we use the waveforms of the EGF event of the

2016 Romanche earthquake to form synthetic waveforms of elongated ruptures with different

rupture speeds (Figure 3.2). We set up a 160 km long, westward rupture with 9 point sources

with an interval of 30kms evenly distributed along the rupture path. We test eight different

rupture speeds: 0.5Vs, 0.7Vs, 0.9Vs, 1.0Vs, 1.1Vs, 1.2Vs, 1.3Vs, and 1.5 V, where Vs is the

shear wave speed assumed to be 3.5 km/s. We filter the synthetic waveforms and the EGF

waveforms with a narrow-band filter, 10 ∼ 20 s. The Rayleigh wave speed of the center

frequency (1/15 Hz) is assumed to be 0.9Vs. We then measure the cross-correlation (CC)

coefficient between the synthetic waveforms and the EGF waveforms (Figure 3.2 & 3.3). The
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waveform comparisons are shown in Figure 3.3 3.6.
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Figure 3.1: Absolute value of the directivity factor D(Φ) = 1− cos(Φ)∗Vr/C as a function of

azimuth Φ relative to the rupture direction, for different ratios of rupture speed Vr to wave

speed c. The bandpass filtered waveforms of a mainshock and a co-located foreshock are

similar if the apparent corner frequency of the mainshock, 1/ (|D|∗T ) where T is the rupture

duration, is substantially higher than the dominant frequency 1/T0 of the filtered waveforms.

In our analysis of the Palu earthquake T ∼ 40 s and T0 ∼ 20 s, thus the condition for

similarity is |D(Φ)| << 0.5. This condition is met at azimuths for which the |D(Φ)| curve

in this figure falls within the darker green band. For sufficiently fast sub-Rayleigh ruptures

(red curve), waveform similarity is expected to be maximal in the direction of rupture. For

supershear ruptures (blue, purple and green curves), waveform similarity is maximal on the

Mach cones, i.e. at the two azimuths where D(Φ) = 0, but it can be high also in between

if the rupture speed is not too fast (purple and green curves, corresponding to the Palu

earthquake speed compared to Rayleigh and Love waves, respectively).
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Figure 3.2: Mapview of cross-correlation coefficients (CC) of the synthetic tests. The syn-

thetic test of elongated rupture with different rupture speed is described above. The locations

of the broadband stations are indicated by triangles. Their color indicates the correlation

coefficients of Rayleigh wave displacement seismograms of the synthetic seismograms of the

elongated ruptures and the EGF events. See Figure 3.7 for patterns of CC as functions of

azimuth. Figure 3.4 3.6 show examples of the comparison of Rayleigh waveforms between

the EGF and synthetic ruptures.
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Figure 3.3: Similar to Figure 3.2, the only difference is that the color scale adjusted between

0.9 to 1.0 to highlight the small change of correlation in the frontal direction.
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Figure 3.4: Comparison of Rayleigh waveforms between the EGF and the synthetic rupture

Vr = 0.5Vs. Rayleigh wave vertical displacement seismograms of synthetic rupture (blue)

and the EGF event (red) in the 10-20s period range. Station name, hypocenter distance

(Dist), azimuth from the rupture front direction (Az), cross-correlation coefficient (CC), and

the amplitude ratio (Ampratio) are shown for each station. No Mach wave is identified.

Signals of the EGF event are scaled by 1.0 times of M0/MEGF
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Figure 3.5: Comparison of Rayleigh waveforms between the EGF and the synthetic rupture

Vr = 1.0Vs. Rayleigh wave vertical displacement seismograms of synthetic rupture (blue)

and the EGF event (red) in the 10-20s period range. Station name, hypocenter distance

(Dist), azimuth from the rupture front direction (Az), cross-correlation coefficient (CC), and

the amplitude ratio (Ampratio) are shown for each station. No Mach wave is identified.

Signals of the EGF event are scaled by 1.0 times of M0/MEGF
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Figure 3.6: Comparison of Rayleigh waveforms between the EGF and the synthetic rupture

Vr = 1.5Vs. Rayleigh wave vertical displacement seismograms of synthetic rupture (blue)

and the EGF event (red) in the 10-20s period range. Station name, hypocenter distance

(Dist), azimuth from the rupture front direction (Az), cross-correlation coefficient (CC), and

the amplitude ratio (Ampratio are shown for each station. No Mach wave is identified.

Signals of the EGF event are scaled by 1.0 times of M0/MEGF
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Figure 3.7: (First three columns) Cross-correlation Coefficient (CC), Amplitude Ratio (AR)

and the production of CC and AR of the synthetic tests as functions of azimuth from

the rupture front direction. The AR is expressed as AR = [std(U)/M0] / [std(u)/MEGF ] ),

where std is the standard deviation of surface waves, and M0 and MEGF are the moment

of the mainshock and EGF event, respectively. (Fourth columns) The directivity factor

(D(Φ) = 1− cos(Φ)Vr/VRayleigh ) as a function of azimuth from the rupture front direction.
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CHAPTER 4

Validation of BP Inferred Rupture Speeds Using

Synthetic Tests

Abstract

The back projection (BP) has been widely applied to understand the rupture kinematics of

large earthquakes. BP’s high resolution is linked to its ability of resolving high-frequency

(>1 Hz) seismic radiation. At these frequencies, the waveforms are characterized by stochas-

tic scattering of short-wavelength velocity heterogeneities, which leads to strong incoherent

coda waves between receiver stations. Previous studies attempted to conduct synthetic tests

to understand the resolution and uncertainty of teleseismic BP based on synthetic Green’s

functions derived from either 1D or smooth 3D velocity models. However, since these GFs

does not include incoherent coda waves at high-frequencies, the effect of realistic GF on BP

imaging is not well understood. Here, we generated synthetic Green Functions with coda

waves using multiple Empirical Green’s Functions (EGFs). Traditionally, incoherent signals

are thought to degrades the quality of BP imaging. Based on our synthetic tests, we find

that the incoherency of EGFs counter-intuitively improves the BP imaging by separating

consecutive sub-sources with temporarily decaying coherence and enabling the fluctuation of

BP powers in the middle of a smooth rupture with spatially decaying coherence. We further

conduct comprehensive synthetic tests of BP considering (1) different scenarios of rupture

kinematics (different rupture speeds, segmentations with rupture speeds changes, e.g., su-

pershear transition from subshear speeds to supershear speeds), (2) realistic slip distribution
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constrained by various finite source models, and most importantly, (3) realistic waveform

complexities, which is one of the main causes of BP artifacts and uncertainties. We found

that rupture speeds estimated using Back-projection are systematically underestimated due

to the averaging effect of direct and coda waves.

4.1 Introduction

Back-projections (BPs) are routinely applied to investigating the rupture kinematics of large

earthquakes (Mw ∼ 6.5+) and their seismic hazard assessment. BP locates strong high-

frequency (0.1-10 Hz) seismic radiations in the source region using coherent seismic phases

recorded by large-aperture teleseismic arrays (see review by Kiser and Ishii, 2017). In con-

trast to finite source inversions, BP does not require any prior assumptions of fault parame-

terization or restrictive regularization. BP resolves the fine details of the kinematic rupture

processes and geometrical complexities that are often missed by kinematic source inversions,

which typically utilize seismic data in relative long-periods (10 - 40 s). For example, BP has

been proven to be effective in revealing ruptures with multiple branches (Meng et al. 2012a),

instantaneous dynamic triggering of local aftershocks (Fan and Shearer, 2016), frequency-

dependent ruptures in subduction-zone megathrust earthquakes (Kiser and Ishii, 2011; Meng

et al., 2011; Yao et al., 2013), and high-frequency bursts at the edge of a large-slip area or

geometric barriers (Meng et al., 2012; Okuwaki and Yagi, 2018; Uchide et al., 2013; Vallée

and Satriano, 2014). In addition, BP provides more direct measurements of rupture sizes

and speeds than finite fault inversions as the imagery of high-frequency radiations are often

viewed as proxies of the rupture fronts (Meng et al., 2018). The effectiveness of BP imaging

was proved by synthetic tests using deterministic synthetic waveform data sets (Okuwaki et

al., 2019; Yin and Denolle, 2019). However, these deterministic synthetic tests with simple

Green’s functions cannot reproduce realistic waveform complexities thus cannot fully extract

the relations between BP radiators and rupture kinematics or estimate the uncertainty of
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BPs. The above advantage of BP imaging is attributed to its capability of resolving coherent

high-frequency seismic signals. Conventionally, high waveform coherence is required for a

high-quality BP image and enables the resolvability of rupture processes Rost and Thomas,

2002). The artifacts in BP images are often considered to be generated by the waveform

complexities of the Green’s functions (GFs), such as the P coda waves, due to scatterings and

media heterogeneities. Counterintitutively, the waveform complexities, especially incoherent

components in the P-coda waves, also play an important part in the success of BP imaging.

The waveform complexities of the Green’s functions come from both the station side

(Figure 4.1a) and the source side (Figure 4.1b). The station-side complexities lead to coher-

ence decay of the teleseismic array recordings over time and inter-station separations, and

the source-side complexities are attributed to the variations of Green’s functions between

different segments of the fault zone.

A Green’s function without station-side incoherency (Figure 4.1c) shows a slowly decaying

stacked power of the P-coda waves (Figure 4.1e), which makes the possible P-arrival of the

second sub-source buried in the strong P-coda waves of the first sub-source. A realistic

Green’s function with station-side incoherency (Figure 4.1d) shows the coherent first P arrival

and subsequent incoherent coda waves. The incoherent P-coda cancels with each other

thus produce a fast-decaying power (Figure 4.1f). The coherent first arrivals warrant that

the corresponding source location is properly imaged by BP, while the fast-decaying power

stacked by incoherent coda waves from station-side ensure that an early subsource does not

mask or interfere with the subsequent ruptures (see section 4.1).

On the other hand, the source-side incoherency of GFs ensure that the teleseismic wave-

form recordings for each sub-source is independent even though the source-time functions

for each sub-source are the same. For a homogeneous rupture, uniform GFs without source-

side incoherency leads to destructive interference between each sub-sources (Figure 4.1e),

thus only starting and stopping phases can be imaged by BP. The independency of each

sub-source lead to fluctuations to the teleseismic recordings, which breaks up the destructive
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interference of the same sub-sources at teleseismic distances, resulting in waveform fluctua-

tions in addition to the starting and stopping phases (Figure 4.1f) and enables the imaging

of the details of a homogeneous rupture (see section 4.2).

In this paper, we first demonstrate the coherence pattern of the teleseismic array using

selected EGF events from the 2020 Mw 7.7 Cayman Trough earthquakes, one of the largest

strike-slip events in the Caribbean Sea region (Figure 4.2a). Then we propose a synthetic

method that applies multiple EGFs along the rupture to mimic realistic incoheren signals.

We then conduct three synthetic tests of (1) separating two competing sources, (2) homo-

geneous rupture to demonstrate the importance of incoherency, and address the significance

of using incoherent Green’s functions in future BP synthetic tests, and (3) inhomogeneous

ruptures with various rupture speeds to evaluate the effectiveness of using BP to estimate

rupture speeds.

4.2 Coherence and Incoherence Pattern of EGFs

In this section, we conduct two synthetic BP tests using EGFs to demonstrate the significance

of incoherency of Green’s functions to BPs. The first test is the Back-projection of two

competing sub-sources which shows the importance of coherence decay with time. The second

test is the back-projection of a homogeneous rupture to show the ability that incoherency

enables the imaging of the middle part of the homogeneous rupture.

We first measure the incoherence components of realistic GFs which serves the target of

the waveform modeling. The coherence can be measured by the cross-correlation coefficient

(CC). To further analyze the coherence pattern of empirical functions of a teleseismic fault

zone, we select the source region of the 2020 Mw 7.7 Cayman Trough earthquake recorded

by the USArray in Alaska (AK) (Figure 4.2a). The hypocenter is at 78.756°W, 19.419°N

(NEIC). Three aftershocks with magnitudes of M 5.4, M 5.1 and M 6.1 along the fault zone

are selected as the EGFs (Figure 4.2b-d). The waveforms of the three EGFs recorded by
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AK are first aligned by the first P arrival according to the waveform coherence and then

stacked (Figure 4.2e). The waveforms are filtered to 0.5-2 Hz. We found that the three

EGFs deviates with are different from each other. EGF1 and EGF2 are similar in terms of

the initial P arrival and the following depth phase. From the stacked waveform (Figure 4.2e),

the P-coda’s amplitude peaks at 10 sec after the P arrival with around 50% power of the

direct P-wave for all three EGFs. Yet EGF3 with the magnitude of M 6.1 has a relatively

complex waveforms before the P-wave arrival.

4.2.1 Two Competing Sources

Here, the synthetic source region of the synthetic test is the same as the fault zone of the 2020

Cayman Trough earthquake (Figure 4.2a) and the seismic array is the USArray in Alaska.

We put two competing point sources as the top panels in Figure 4.3. The first source is set

at the hypocenter of the Cayman Trough earthquake (78.756°W, 19.419°N, NEIC) and the

second ’competing’ source is set at 30 km west of the first source with a 10 seconds delay

in time, mimicking a westward propagation with a rupture speed of 3 km/s. Since we are

especially interested in how the P-codas of the first source and the direct P-wave of the

second source compete in a BP imaging, we set the power of the first source to be twice

more powerful than the second one. To compare the impacts of different GFs, we adopt the

synthetic GFs using the time delay computed by the 1D PREM earth model (1D SGF) and

the waveforms of a M5.4 aftershock (Figure. 4.2a) as the empirical Green’s function (EGF).

We found that its P-coda’s amplitude peaks at 10 sec after the P arrival with a 50% power

of the direct P-wave.

As a result, the P-coda’s peak power of the first source and the P-wave of the second

source arrive simultaneously with similar amplitudes, thus competing with each other in BP

imaging. Figure 4.3a-c show the BPs of the competing-source tests using the 1D SGFs and

EGFs, respectively. 1D SGFs lack coherence decay over time or station separation, while

EGFs contain incoherent components thus the EGF BP result resolves the second source with
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uncertainties smaller than 7 km (Figure 4.3b). The 1D SGF BP result manifests a larger

systematic location bias (more than 15 km) toward the first source (Figure 4.3a) and cannot

resolve any radiators at the location of the second source. This experiment demonstrates

when two competing signals arrive with comparable powers, coda waves of 1D SGFs can

mask or distort later arrivals. Furthermore, it shows that the realistic coherence decays of

GFs over time are crucial in ensuring that an early subsource does not mask the subsequent

rupture.

4.2.2 Homogeneous Rupture

A uniform-slip model is informational to show how incoherent GFs from the source side

influence the BP result. Figure 4.4a is a conceptual demonstration of issues associated with

perfectly coherent GFs (on the source side) in a uniform-slip model. Each sinusoidal function

represents a wave packet sent from an individual sub-source filtered in a narrow frequency

band. The identical signal produced by each sub-source leads to destructive interference

except at the beginning and the end, resulting in the deficiency of high-frequency signals

in the middle part of the rupture. We conduct BP tests of a uniform-slip rupture using

the 1D synthetic GF (Figure 4.4b) and an uniform EGF based on the waveforms of a M5.4

aftershock for all sub-sources (Figure 4.4c). Similar to the conceptual model, BP is only able

to recover the starting and stopping phase in the case of uniform EGFs (Figure 4.4c). In

reality, the spatial variability of the GFs on the source side breaks the destructive interference

and ensures the generation of high-frequency signals in the middle part of the rupture.

In addition to GFs incoherency, abrupt fluctuation in fault kinematics (including rupture

speed, slip velocity, spatial distribution of slip vector in sub-fault-patches and sub-fault

geometry) can also break the destructive interference and produce prominent signals in BP

images. However, the incoherent GFs allow that BP resolves rupture front motions even with

smoothly varying source kinematics, which explains why BP usually resolves the entirety of

the rupture propagation in most previous case studies.
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4.2.3 Shadowing and Tailing Artifacts

The incoherent GFs can simulate realistic incoherency thus provide us a unique opportunity

for assessing artifacts in BP imaging in a realistic sense. Here, we study two types of

frequently observed artifacts in BP imaging: tailing and shaowing artifacts. The shadowing

artifacts are usually observed at the abrupt changes in rupture speeds, which generate bursts

of high-frequency energy. The abrupt changes in rupture speeds cause local maximas in

BP powers (Figure 4.7a) and are followed by complex BP radiators (artifact of apparent

stagnation). Such a powerful source can shadow succeeding subsequent sources, observed

as a clustered radiators at the point where the rupture speed changes and a gap at the

beginning of the other segment of rupture which has the different rupture speed (Figure

4.5b, purple circle). The tailing artifacts are observed as the appearance of BP radiators

that continues after the end of a rupture (Figure 4.5b, pink circle), which is also due to

the abrupt change of rupture speed at the stopping point of rupture. Remarkably, BP

result of real observations contain these two artifacts, as marked in Figure 9. Therefore,

the identification of the shadowing and tailing artifacts are essential to evaluate the rupture

kinematics: for example, when did rupture end, when did rupture speed change from one

regime to another, and what segments may consist of artifacts and thus should not be over-

interpreted.

4.3 Estimating Rupture Speed with Back-projection

The high-frequency signals from the rupture can be contaminated by other signals generated

by scattering on heterogeneities both near the source region and along ray paths, and thus

involve complexities in the Green’s functions. Such contaminations may degrade the array

recordings’ coherence, which may decrease the stability of BP, produce artifacts, and limit

the resolution, resolvability, and accuracy.

To evaluate BP’s resolution, many synthetic test efforts have been made recently and
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shed light on the connections between BP images and fault kinematics. The logic is to set

up sequences of synthetic sources, generate synthetic seismograms, and then perform BP to

see how the synthetic sources are resolved. However, two critical problems prevent general

applications of previous studies of that type: (1) overly coarse discretizations of finite sources

by point sources hardly represent slip distributions of realistic earthquakes (Meng et al.,

2011; Wang et al., 2016; Yao et al., 2013); and (2) deterministic Green’s functions calculated

assuming a homogeneous full space (Yin et al., 2019) or a 1D layered Earth model (Koper

et al., 2012; Okuwaki et al., 2019) do not involve coda waves induced by heterogeneities and

thus fail to reproduce realistic waveform complexities that are a key cause of BP’s artifacts.

To understand the robustness of our back-projection results as well as to address the

above two problems, we take into account both a uniform slip model and nine finite fault

slip models (FFM) of previous large strike-slip earthquakes as the input source models.

The selected FFM models are the 1992 Landers (Y. Zeng, 2001), 1999 Izmit (Barka, 1999),

2001 Kunlun (Hayes, 2017), Denali 2002 (Oglesby, 2004), 2009 Caribbean (Hayes, 2017),

2008 Wenchuan (Hayes, 2017), 2017 Komandorski (Lay et al., 2017), 2018 Palu (Socquet

et al., 2019), and the 2013 South Sandwich Island earthquake (Hayes, 2017). We also

discretize the fault surface in much denser meshes than all previous studies. Such a setup

introduces interference between waveforms that originated from different subsources and

thus is much more realistic than over-discretized point sources. On the other hand, we apply

an interpolation/extrapolation method to generate Green’s functions along the synthetic

rupture from several empirical Green’s function events (EGFs). Such variation of Green’s

functions along the fault introduces the key to realistic synthetics, the coherence fluctuation

of array recordings. This approach makes it possible to generate (1) high frequency (¿ 1

Hz) waves with realistic 3D path effects, (2) coherence fluctuation of array measurements,

and (3) all seismic phases that are critical to BP imaging, such as pP, water waves and

topography effects.

We apply multiple EGF events and assume each one is only in charge of a certain dis-
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tance. Many measurements have been performed to characterize the crust and upper mantle

structure as a random media and found the correlation length is about 10-20 km (Capon

and Berteussen, 1974). We assume the earthquake source region has similar random features

and alternate the Green’s function of assumed EGF events at an interval of 20 km along

the strike. We assume a logic that is commonly used in empirical Green’s function analysis:

because all EGF events share similar raypaths and similar focal mechanisms, waveform in-

coherence between different EGF events are attributed to differences in the near-source path

effect (e.g., coda scatterers). One potential problem of M 5 6 events is that although their

finite source effects are weak, it still cannot be totally ignored because their source durations

are not significantly shorter than the period BP utilizes ( 1 sec). To mitigate their finite

source effect, we normalize all EGFs P wave amplitudes in the frequency band 0.5 2 Hz.

As a result, the alternation of EGFs along the strike introduces heterogeneity that mimics

the changes of the near-source path effect of Green’s functions.

We set our synthetic rupture at the source region of the 2020 Caribbean earthquake

(Figure 4.2a). We assume the same hypocenter (19.419°N 78.756°W, NEIC) and same strike

angle (255°) of the mainshock, propagating westward along the plate boundary between the

North America and Caribbean tectonic plates. The fault surface dimension is set to be

rectangular with 300 km length and 15 km depth, which is discretized into elements with

size [200 m x 200 m]. Considering the limited signal-noise-ratio (SNR) of small earthquakes

in the teleseismic distance, the best candidates are three M 5 6 events (Figure 4.2a). The

synthetic waveforms are then calculated based on the discretized representation relation with

empirical Green’s functions (EGFs):

u̇n(X, t) =
N∑
i=1

µiAiṠi (t
′)

M ei
0

∗ ėin (ξ, t′;X, t)

Where u̇n is the ground velocity in the direction x̂n, at location X and time t.µi, Ai, and

Ṡi (t
′) are the shear modulus (3GPa everywhere), area, and the desired slip-rate function

of the subfault element i, respectively. M ei
0 is the seismic moment of the EGF assigned to

54



the subfault element i. ėin is the ground velocity of the EGF, which is time-shifted based

on the predicted travel time from the location of element i to the receiver location X, such

that the origin time of each subfault element is the arrival of the rupture front (i.e., rupture

time). ∗ is the convolution operator. The summation in the right hand side is over the entire

fault surface A such that
∑

Ai = A. We use the Yoffe analytic function (Tinti, 2005; Yoffe,

1951) as the slip-rate function, an alternative to Kostrov’s crack solution (i.e., a square root

singularity function; Kostrov, 1964). The Yoffe function is consistent with the self-similar

solution of the elastodynamic equation and with spontaneous dynamic models governed by

slip weakening (Nielsen and Madariaga, 2003). It also incorporates the cohesive zone near

the rupture front with the traction drop, and it correlates the local healing process with

rise-times, consistent with laboratory experiments on fault friction (Ohnaka and Yamashita,

1989). In each synthetic source model, rise times are set proportionally to slip (Melgar and

Hayes, 2017).

We performed synthetic tests of different scenarios of rupture kinematics: (1) a uniform

slip distribution with constant rupture speeds (2, 3, 4, 5, and 6 km/s), (2) a uniform slip

distribution with segmentations of different rupture speeds (e.g., supershear transition), and

(3) realistic slip distributions with constant rupture speed.

Results of the synthetic BP tests provide invaluable insights to understand BP imaging.

Figure 4.5 to 4.11 and their captions provide step by step illustrations and explanations of

the results from detailed showcases to statistical analysis in general.

First, we identified two essential artifacts of BP: the shadowing artifact and the tailing

artifact. Figure 4.7 and Figure 4.9 showcase that a BP radiator with significant power

is followed by a group of stagnant or back-propagating radiators, even though the actual

(input) rupture is still moving forward. The shadowing artifact is such that a powerful source

hampers imaging of the succeeding sources. Figure 4.9 displays that a group of radiators is

imaged by BP even after the actual (input) rupture ends. These artificial radiators either

remain in the vicinity of the rupture end or apparently propagate backward. The tailing
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artifact is one that induces an apparent long tail of radiation in time. To understand the

physical causes of these two artifacts, we measured the coherence function of the array

recordings of the three EGF events. Figure S18 shows that the coherence function decays

in time yet takes about 5 to 8 seconds to drop to a low level (CC¡0.5), possibly due to the

existence of depth phases and near-source scatters. Note that BP utilizes coherent signals

and captures the point in the source region with the highest coherence. Therefore, the tailing

artifact is due to the fact that the coherence function of the source takes some time to drop to

values that are too low to produce a significant image. The shadowing artifact, on the other

hand, involves the competition between different sources. For instance, when the rupture

triggers a powerful high-frequency source (say source A), if the coherence and power of A

are still dominant when the next source (say source B) is activated, then BP will artificially

image the location of A at this time, leading to an apparent source stagnation. When the

rupture moves forward and source C fails, if array recordings’ coherence and power are no

longer dominated by A but by C, then C will be imaged.

Remarkably, most of our BP results of real observations contain these two artifacts.

Therefore, the identification of the shadowing and tailing artifacts are essential to evaluate

the rupture kinematics: for example, when did rupture end, when did rupture speed change

from one regime to another, and what segments may consist of artifacts and thus should not

be over-interpreted.

In terms of quantitatively guiding the interpretation of BP results, we found that for

elongated ruptures, least-squares linear regression between the timing and the along-strike

distance of the leading high-frequency radiators (proxies of the rupture front) is always a

conservative yet robust estimate of rupture speed. We found that due to BP’s artifacts,

rupture speeds are always underestimated (Figure 4.11). The faster the true rupture speed,

the more significant the artifact, and the greater the underestimation. Moreover, we found

that abrupt changes in rupture speeds (e.g., supershear transitions) and abrupt changes in

slip distribution along the fault that correlate with peak values in spatial gradients of slip
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can trigger powerful shadowing artifacts in BP (Figure 4.7 and 4.9). The fitting for a fast

segment after the supershear transition should be performed after the peak value in BP power

(Figure 4.8). Moreover, we statistically analyzed the relation between the estimated rupture

speed and the input rupture speed, taking into account all tested cases, and determined

an empirical expression of the ‘true rupture speed’ as a function of the ‘estimated rupture

speed’ with uncertainties (see Figure 4.11).
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Figure 4.1: Conceptual figure of the source of incoherency of the Green’s func-

tions. (a) Conceptual figure showing the station-side path variations and scatterings; (b)

Conceptual figure showing the source-side path variations and scatterings. (c) Example of

a coherent Green’s function; (d) Example of a realistic Green’s function with incoherent

components; (e) stacked power of the coherent Green’s function; (f) stacked power of the

realistic Green’s function with incoherent components. (c-f): Examples taken from the US-

Array (Alaska) recordings of the 2020 Cayman Trough earthquake in the Caribbean Sea

Plate (see figure 3a). (g) Conceptual figure of the coherent Green’s function of each sub-

-source and the teleseismic recording of a homogeneous rupture. (h) Conceptual figure of

the Green’s function with source-side incoherency and the teleseismic recording of a homo-

geneous rupture.
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Figure 4.2: Three EGFs in the Cayman Trough fault zone. (a) Tectonic settings.

Outer panel shows the Cayman Trough fault plane (green line), mainshock (red star), and

three aftershocks (yellow stars) with moment tensor solutions from global centroid moment

tensor (gCMT) catalog. The fault plane is assumed to along the strike direction of the

mainshock. Inner panel shows the relatively location of the fault zone (red star) and the

USArray in Alaska (green triangles). (b-d) Aligned waveforms of the three EGFs. (e) Stacked

waveform (power) of the aligned waveforms of the three EGFs (normalized according to the

maximum amplitude of each stacked EGF).
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Figure 4.3: Experiment of two competing sources. (a) and (b) are BP results of the two

competing sources when 1D synthetic GF (1D SGF) and Empirical GF (EGF) are applied,

respectively. Stars with red edges are the two input sources, and circles are the location of

peak source radiation identified by BP. All symbols are color coded by time and scaled by

relative powers.
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Figure 4.4: Homogeneous rupture experiment. (a) Conceptual paradigms of the phys-

ical origins of starting/stopping phases. We present two different perspectives: (left) seis-

mograms originated from different subsequent sources result constructively interfere in the

beginning and the end but destructively interfere in the middle; (right) a high-pass filter

applied over the moment-time function shows that high-frequency signals are generated by

variations of energy release, not the absolute moment. (b) BP images and powers for syn-

thetic GFs using 1D seismic model (1D SGF), (c) uniform empirical Green’s function (EGF).

For the synthetic test, the fault plane is set to be 300 km long and 15 km wide with a uniform

slip of 5 m. The rupture is set to propagate unilaterally westward at the speed of 5 km/s in

the source region of the Cayman Trough earthquake.
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Figure 4.5: Synthetic BP of uniform rupture with constant rupture speed. (a) The

spatial-temporal evolution of BP (circles) plotted over the input rupture front (diamonds).

BP radiators are color-coded by time, and the symbol size represents the normalized power.

Synthetic Green’s functions are generated assuming a correlation length of source-side het-

erogeneity of 20 km. Note that the input rupture front (diamonds) is plotted with a much

longer interval than the actual discretization for better visual clarity. (b) BP power as a

function of time. (c) Along-strike location and timing of BP radiators. Time is relative to

the origin time. Location is the horizontal position relative to the hypocentre, projected

along the strike direction. The green line indicates the speed of the input rupture front. The

tailing artifact, the appearance of BP radiators that continues after the end of a rupture, is

highlighted by a pink circle. (d) Least-squares linear regression between the timing and the

along-strike distance of the leading BP radiators, defined as the furthest BP radiator at any

given time. The dashed lines represent the 95% confidence interval (CI) of the fitting. This

case illustrates that fitting a rupture speed with only the leading BP radiators can slightly

underestimate the true (input) rupture speed.
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Figure 4.6: Synthetic BPs of uniform rupture with different rupture speeds. (Left)

BP power as a function of time for different input rupture speeds. (Middle) Along-strike

location and timing of BP radiators. Time is relative to the origin time. Location is the

horizontal position relative to the hypocentre, projected along the strike direction. The

straight lines indicate the speeds of the input rupture fronts (see the inset legend). (Right)

Least-squares linear regressions between the timings and the along-strike distances of the

leading BP radiators, defined as the furthest BP radiator at any given time. The fitted

rupture speeds are shown in the inset legend. The dashed lines represent the 95% confidence

interval (CI) of the fittings. This group of cases illustrate that fitting rupture speeds with

only leading BP radiators is a conservative yet robust estimate. The faster a rupture speed,

the greater the underestimate.
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Figure 4.7: Synthetic BPs of uniform rupture with abrupt changes in rupture

speeds. (top) The rupture propagates with Vr = 2 km/s for the first 50 sec then accelerates

to Vr = 4 km/s for another 50 sec. (bottom) The rupture propagates with Vr = 2 km/s for the

first 50 sec then accelerates to Vr = 6 km/s for another 50 sec. The left and middle panels are

the same as Figure S11 and S12, while the right panels are the least-squares linear regressions

after the velocity change between the timings and the along-strike distances of the leading

BP radiators, defined as the furthest BP radiator at any given time. These two cases again

show that fitting rupture speeds with the leading BP radiators is a robust and conservative

estimate. Moreover, the abrupt changes in rupture speeds cause local maximas in BP powers

and are followed by complex BP radiators (artifact of apparent stagnation). This is due to

the fact that abrupt changes in rupture speeds generate bursts of high-frequency energy.

Such a powerful source can shadow succeeding subsequent sources, and thus this scenario

is named “shadowing artifact”, as highlighted by a purple circle. The comparison of these

two cases demonstrate that greater changes in rupture speed result in more significant BP

artifacts.
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Figure 4.8: Synthetic BPs of uniform rupture with abrupt changes in rupture

speeds. The left, middle, and right panels are similar to Figure S12. Two groups of

cases with different initial rupture speeds, 2 km/s (top) and 3 km/s (bottom), are shown.

Differences in BP powers (left) demonstrate that the larger the velocity contrast between

two neighboring segments, the stronger the high-frequency burst, and thus more significant

the shadowing artifacts. The right panels display that fitting of rupture speeds both since or

after the velocity change lead to underestimations, but the fittings since the velocity change

result in greater underestimation, due to the shadowing artifact.
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Figure 4.9: Synthetic BPs of rupture with realistic slip distribution and constant

rupture speeds. The figure setup is the same as Figure S11 but with the assumed slip model

displayed on the top of each case. Four cases are shown: ruptures with the slip model of the

2013 Mw 7.3 South Sandwich Island earthquake (Hayes, 2017) and constant rupture speed

of 3km/s (top left) and 5 km/s (top right); ruptures with the slip model of the 2009 Mw 7.3

Caribbean earthquake (Hayes, 2017) and constant rupture speed of 3km/s (bottom left) and

5 km/s (bottom right). Both the shadowing artifact and the tailing artifact are highlighted.

The tailing artifact describes the appearance of BP radiators that continue after the end of

a rupture, which either remains in the vicinity of the rupture end or apparently propagates

backward. The comparison between the left two cases or the comparison between the right

two cases shows that when the rupture speeds are the same, different slip distribution can

lead to different levels of BP artifacts. Comparing the top two cases or the bottom two

cases shows that a fast rupture speed results in more significant BP artifacts when the slip

distribution is held. To analyze the shadowing artifact, we plot the moment-time function

(green curve) and the gradient of the moment-time function (black curve; dashed lines are

the absolute value of the negative gradients of the moment-time function). We found that

the slip model of the 2009 Caribbean earthquake has a more considerable variance in the

gradient of the moment-time function, and thus its BP artifacts are more significant. We

found that the strongest shadowing artifact in the bottom right panel is attributed to the

most substantial peak in the gradient of its moment-time function. In addition, fitting the

rupture speed with leading BP radiators is still the most conservative and robust approach.

69



Figure 4.10: Synthetic BPs of rupture with realistic slip distribution and constant

rupture speeds (1992 Landers earthquake; the slip model is from Zeng and An-

dersen, 2000). (Left) BP power as a function of time for different input rupture speeds.

(Middle) Along-strike location and timing of BP radiators. Time is relative to the origin

time. Location is the horizontal position relative to the hypocentre, projected along the strike

direction. The straight lines indicate the speeds of the input rupture fronts (see the inset

legend). (Right) Least-squares linear regressions between the timings and the along-strike

distances of the leading BP radiators, defined as the furthest BP radiator at any given time.

The fitted rupture speeds are shown in the inset legend. The dashed lines represent the 95%

confidence interval (CI) of the fittings. This group of cases illustrate that fitting rupture

speeds with only leading BP radiators is a conservative yet robust estimate. The faster a

rupture speed, the greater the underestimate.
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Figure 4.11: Statistical relation between the fitted rupture speed and the true

rupture speed. The sample points are from all cases shown above: uniform slip with

constant rupture speeds (green diamond; 5 cases, Fig. S12), realistic slip with constant

rupture speeds (blue circles; 45 cases, Fig. S16.1 Fig. S16.9), and abrupt changes in

rupture speeds from 2 km/s (orange box; 4 cases, Fig. S14) and from 3 km/s (purple box;

3 cases, Fig. S14). For each input rupture speed, the mean value and the root-mean-square

(RMS) error are shown as a red circle and a red errorbar. The red solid line represents

the least-squares linear regression of the mean values. The two dashed lines represent the

least-squares linear regression of the mean values plus and minors the RMS errors, Vf it
+ and

Vf it
−, respectively. Therefore, we propose an empirical relation between the fitted rupture

speed and the true (input) rupture speed with uncertainties based on the linear regression

of the two dashed lines, as shown in the red font at the bottom of the figure.
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CHAPTER 5

Early and Persistent Supershear Rupture of the 2018

Magnitude 7.5 Palu Earthquake

Abstract

The speed at which an earthquake rupture propagates affects its energy balance and ground

shaking impact. Dynamic models of supershear earthquakes (faster than shearwave speed

Vs) often start at sub-shear speed and later run faster than Eshelby’s speed (
√
2V s). Here we

present robust evidence of early and persistent supershear rupture at subEshelby speed of the

2018 Mw 7.5 Palu, Indonesia earthquake. Slowness-enhanced backprojection of teleseismic

data provides a sharp image of the rupture process, along a path consistent with the surface

rupture trace inferred by sub-pixel correlation of syntheticaperture radar and satellite optical

images. The rupture propagated at a sustained velocity of 4.1 km/s from its initiation to

its end, despite large fault bends. The persistent supershear speed is further validated

by seismological evidence of far-field Rayleigh Mach waves. The unusual features of this

earthquake probe the connections between rupture dynamics and fault structure. Early

supershear transition could be promoted by fault roughness near the hypocenter. Steady

rupture propagation at a speed unexpected in homogeneous media could result from the

presence of a low-velocity damaged fault zone.
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5.1 Introduction

While most earthquakes rupture at speeds lower than shear wave velocity, faster, socalled

supershear earthquakes have been predicted by theory and simulations (Andrews, 1976;

Burridge, 1973) and observed in laboratory experiments (Xia et al., 2004) and large strike-

slip earthquakes (Das, 2015). Whether observable fault properties control the occurrence of

supershear rupture in nature is not completely understood. Supershear ruptures have been

proposed to occur on smooth and straight faults (Bouchon et al., 2010), and to be promoted

on fault segments with well-developed damage zones (Huang et al., 2016; Perrin et al., 2016)

and on geometrically rough faults (Bruhat et al., 2016).

On 28 September 2018 , an earthquake with moment magnitude Mw 7.5 occurred in

Sulawesi, Indonesia (Figure 5.1). Its epicentre was located about 80 km north of the city of

Palu. The earthquake ruptured along the Palu-Koro fault, a strike-slip left-lateral fault with

a geodetic slip rate of 42 mm/ year (Socquet et al., 2019), a record of large earthquakes with

magnitudes from 7 to 8 (Cummins, 2017) and previously identified seismic hazard (Cummins,

2017). This event triggered a tsunami and landslides causing more than 2,000 casualties.

Here we focus on a feature of this earthquake that is important for our fundamental

understanding of earthquake mechanics. We present robust seismological evidence of an

early and persistent supershear rupture, propagating steadily at a speed that is thought to

be unstable. We further exploit remote sensing observations of the rupture trace geometry

to discuss possible relations between rupture speeds and fault structure.

5.2 Remote Sensing Observations of the Surface Rupture

Analysis of synthetic aperture radar (SAR) and optical images provides key constraints on

the rupture geometry and the distribution of fault slip of the Palu earthquake. We measure

the horizontal surface deformation due to the earthquake from sub-pixel correlation of the
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interferometric synthetic-aperture radar and optical images. The SAR satellite tracks are

very close to anti-parallel to the strike of the rupture, so the along-track displacements are

almost parallel to the fault strike and show the location of the surface rupture on land where

the east side moved north (positive in Figure 5.1) and the west side moved south. Pixel

tracking of optical images provides a complementary dataset that resolves the 2D horizontal

deformation pattern, where the north-south correlation maps shows a similar result to the

SAR pixel offset. Both datasets indicate the inferred surface rupture has major geometrical

complexities and differences between northern and southern portions (Figure 5.1a). No

surface rupture is discerned north of the epicenter. The southern end of the surface rupture

is at 119.99◦E, 1.47◦S (label E on Figure 5.1a). The northern part of the rupture, from the

epicenter to its intersection with the Palu Bay coast at 119.83◦E, 0.69◦S (label B), is less

straight than the rupture from Palu city to the south. There is a substantial right-bend on

the rupture at 119.83◦E, 0.34◦S (label A), over which the fault trace is offset by about 4 km

in the direction perpendicular to the main rupture strike. The rupture from Palu city (label

C) to the south is very straight until it makes a large leftbend at 119.885◦E, 1.185◦S (label

D). The left-bend is about 8.5 km along the diagonal and 6.5 km perpendicular to the main

fault strike. The northern left-bend and southern right-bend are restraining and releasing,

respectively, for the left-lateral Palu earthquake. The slip distribution measured from the

optical image correlation maps (see Methods) reveals the variation of fault slip along the

surface rupture. The slip profile shows a maximum slip of 6 ± 0.5 m located within the

city of Palu, and a clear difference in slip magnitude between the northern and southern

segments, with an average slip of 1.9 m and 4.7 m, respectively (Figure 5.1b).

5.3 Teleseismic Back-projection Supershear Rupture Imaging

A fast rupture during the Palu earthquake was first suggested by a large ratio between

rupture length (estimated from the distribution of aftershocks and from satellite images)
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and the rupture duration inferred from teleseismic source time functions. Teleseismic source

inversion properly constrains rupture duration but suffers from a strong tradeoff between

rupture size and rupture speed. Owing to the advent of regional dense seismic arrays, tele-

seismic back-projection (BP) rupture imaging has become one of the essential techniques to

constrain the kinematic rupture properties of large earthquakes, including rupture lengths,

directions, speeds and segmentation (Kiser and Ishii, 2017). Without prior knowledge of the

fault geometry or the rupture speed, BP determines the location, timing and relative power

of coherent high-frequency sources by exploiting the coherency of seismic waveforms across

dense arrays. Here we apply the Slowness-Enhanced Back-Projection (SEBP) introduced by

Meng et al. (Meng et al., 2016), a combination of the high-resolution MUSIC-multitaper

back-projection method (Meng et al., 2012; Meng et al., 2011) and aftershock-based cali-

bration of the slowness bias to mitigate effects of near-source heterogeneity of the velocity

structure.

The spatio-temporal characteristics of the kinematic rupture process are well imaged by

SEBP of the recordings of the Australian seismic network (Figure 5.1e). The slowness cal-

ibration systematically shifts the BP locations towards the South-South-East direction and

reveals a longer, and thus faster, rupture than what would be imaged without calibration

(Figure 5.2). The accuracy of the calibration is supported by the agreement between the

rupture lengths determined by SEBP and by remote sensing. Coherent sources with signifi-

cant beampower occur until approximately 45 s after rupture initiation (Figure 5.1c). This

source duration is consistent with the half-duration of 22.5 s reported by the routine USGS

W-phase analysis (see data availability). The HF sources follow an overall linear rupture

path towards South-South-East, consistent with the surface fault traces identified by our

SAR analysis (Figure 5.1a). In two separate occasions, at around 10 s and 25 s, we ob-

serve more dispersed radiators, suggesting higher rupture complexities (Figure 5.1a). The

first episode of rupture perturbation coincides with the fault bend identified in the northern

part of the rupture. The second episode roughly corresponds to the location of the Palu
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Bay, where the surface fault geometry is offshore and not visible on satellite images. The

southernmost part of the rupture, south of the large left bend, has much smaller amplitude

radiators (Figure 5.1a).

Our SEBP reveals the Palu earthquake rupture was supershear. We estimate the rupture

velocity based on least-square linear regression between the timing and the along-strike

distance from the hypocenter of BP radiators in the first 45 s. We ignore the radiators that

are not part of the leading rupture front (Figure 5.1d). The radiators behind the leading

front are likely the result of interference with the coda waves of earlier sources.

The average rupture speed estimate and its standard deviation are 4.10± 0.15 km/s(see

supplementary section on uncertainty estimation). The local shear-wave velocity in the Crust

1.0 model (Laske et al., 2013) ranges from 3.4 to 3.8 km/s at depths between 3 and 20 km,

which cover the centroid depth of 13.5 km reported in the USGS W-phase solution and the

typical depth range of large slip in continental strike-slip earthquakes (Fialko et al., 2005; Xu

et al., 2016). The rupture speed falls in between the local shear wave speed and the so-called

Eshelby speed (
√
2Vs = 4.8 ∼ 5.3 km/s). The supershear speed is sustained throughout the

whole rupture, from the rupture onset to the end, as evidenced by the notable alignment of

the radiators at the leading front in Figure 5.1d. Remarkably, supershear rupture persists

despite the major bends of the surface rupture. Our BP analysis does not resolve an initial

sub-shear rupture phase observed in other supershear earthquakes (Huang et al., 2016; Vallée

et al., 2008; Wang et al., 2016).

5.4 Validation of Supershear Rupture

The supershear rupture speed indicated by our SEBP analysis is further validated by regional

surface wave observations, given the absence of local strong motion data to search for a

near-field signature of an S-Mach wave. The method was introduced by Vallée and Dunham

(Vallée and Dunham, 2012) based on theoretical results by Dunham and Bhat (Dunham and
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Bhat, 2008) and exploits the rupture directivity effect (see also Methods). For regular, sub-

Rayleigh earthquakes, waves from different parts of the rupture arrive at a far-field receiver

at different times. For supershear earthquakes this is also the case outside the Mach cone, but

on the Mach cone waves from different parts of the rupture arrive simultaneously. Along the

Rayleigh wave Mach cone, but not elsewhere, the waveforms of a large supershear rupture

should be identical to those of a smaller co-located event with similar focal mechanism,

at periods shorter than the rupture duration of the supershear event and longer than its

rise time. Their amplitude ratio should equal their seismic moment ratio. Such waveform

similarities were first observed for the 2001 Kokoxili earthquake by Vallée and Dunham

(Vallée and Dunham, 2012).

We inspect the Rayleigh wave resemblance between the Palu mainshock and a smaller

Mw 6.1 foreshock recorded by regional broadband stations near Indonesia and Australia.

The smaller event is located 30 km south of the mainshock hypocenter and has a similar

focal mechanism (Figure 5.1a). We filter the Rayleigh waves in a narrow frequency band

between 15 s and 25 s to minimize the dispersion effect. We consider stations at epicentral

distances up to 45◦ (Figure 5.3). In such a large region, the Rayleigh wave phase velocity

c is heterogeneous. Taking into account the space- and frequency-dependent variability of

the phase velocity computed from the GDM52 model (Ekström et al., 2012), we estimate

c̄ = 3.30± 0.1 km/s for the southwest side of the Palu earthquake and c̄ = 3.75± 0.1 km/s

for the southeast side. Based on the rupture velocity vr resolved by SEBP, the angle between

the far-field Rayleigh Mach cone and the rupture propagation direction is predicted as ϕM =

arccos (c̄/vr)
20 (Figure 5.3). Nine stations are located on the eastern Rayleigh Mach cone,

while only one is on the western cone due to the poor station coverage over the Indian

Ocean. Waveforms from the mainshock and the foreshock are highly similar (correlation

coefficients higher than 0.9) at the stations on the predicted Rayleigh Mach cone, but not

at other azimuths (Figure 5.3, Figure 5.4). The amplitude ratios on the Mach cone are

equal to the theoretically expected value given by the moment ratio between the two events,
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which is equal to 125. Stations located inside the Mach cone, including those located in

the rupture direction, have smaller but still considerable similarities due to the directivity

effect, whereas stations located outside the Mach cone are the least similar. These results

are consistent with theoretical expectations (see Methods) and provide immediate evidence

that the supershear speed was persistent from the beginning to the end of the mainshock

rupture, with a rupture velocity close to 4.1 km/s, which confirms our SEBP inferences.

5.5 Structural Controls on Earthquake Rupture Speed

The Palu earthquake rupture is supershear from very early on. In theoretical models and

laboratory experiments, the transition to supershear triggered by the daughter-crack mech-

anism occurs at a certain rupture propagation distance (Andrews, 1976; Dunham, 2007).

In that context, a short transition distance implies high initial shear stress on the fault or

short critical slip-weakening distance. Early supershear can also be triggered by initial stress

concentrations, which here could be due to the M6.1 foreshock or to fault roughness. Bou-

chon et al. (Bouchon et al., 2010) noted that supershear ruptures happen on smooth faults,

but in the Palu earthquake only the southern part of the surface rupture has a relatively

simple geometry. A non-unique interpretation is that the smaller slip in the north would

also be consistent with stronger fault roughness there. Fault roughness in the epicentral

area could have promoted the occurrence of a short-lived supershear episode, as found in

dynamic rupture models, which then persisted over longer distances as the rupture continued

on smoother sections of the fault, despite large-scale fault bends. Alternatively, the fault

could be smoother at depth than at the surface.

Yet the supershear Palu earthquake rupture is not as fast as P waves. It is even slower

than the Eshelby speed, which is at the lower end of stable supershear speeds in dynamic

rupture models. Steady rupture at a nominally unstable supershear speed can result from

interactions between dynamic rupture and head waves in a low-velocity damaged fault zone.
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In that context, the Palu earthquake could be a stable supershear rupture running at the

P wave speed of a fault damage zone with 30% reduction of wave speed relative to the

host rock. Such level of rock damage is not uncommon in mature fault zones. The Palu-

Koro fault has an accumulated slip larger than 100 km, large enough to have developed a

mature damage zone. Pre-existing damaged fault zones also tend to shorten the supershear

transition distance, which could also explain the early onset of supershear rupture in the

Palu earthquake, but co-seismic off-fault damage and dissipation may either accelerate or

delay the supershear transition.

Supershear ruptures have the potential to generate strong ground shaking carried by

Mach wave fronts, but the severity of this effect depends on rupture speed. In particular,

a rupture running at the Eshelby speed does not produce a near-field S-wave Mach cone.

Establishing relations between earthquake rupture speed and structural fault properties that

can be mapped in advance is thus important to anticipate the impact of future earthquakes.

Further scrutiny is also warranted to determine if supershear rupture aggravated the damage

and the triggering of landslides caused by the Palu earthquake.
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Figure 5.1: Surface rupture trace and supershear speed of the Palu earth-

quake. a) Along-track displacements from ALOS-2 SAR offsets (colored image on land) and

bathymetry (gray background offshore). The arrow labeled as ”track” indicates the direction

of measurement, 11.7◦. The red star denotes the NEIC epicenter of the Palu earthquake.

The green star is the relocated epicenter of the 2018/09/28 M6.1 foreshock. Mainshock and

foreshock focal mechanisms are also shown. The inferred surface rupture trace is indicated

by a thin black line. Circles are the high-frequency (0.5 ∼ 2 Hz) radiators imaged by the

Slowness-Enhanced BackProjection (SEBP) on data recorded by the Australia array, with

size proportional to relative energy and color representing rupture time with respect to the

mainshock origin time. b) Leftlateral slip distribution along the surface rupture measured

from optical image correlation of Sentinel-2 and Planet Labs data. Fault slip is almost a

factor of two larger on the southern segment through Palu city than north of the bay. c)

Beam power as a function of time. Low-amplitude radiators after 45 seconds (gray) are

not used in further analysis. d) Along-strike location and timing of radiators imaged by

SEBP. Time is relative to rupture origin time. Location is the horizontal position relative

to the hypocenter, projected along the average strike direction (174◦). The dashed line is

a linear regression of the radiators close to the leading rupture front (circles with blue rim

are ignored). Error bars are location uncertainties derived from the slowness correction. e)

Map showing the mainshock epicenter (red star) and stations of the Australia array used for

SEBP (green triangles)
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Figure 5.2: Calibration of back-projection based on aftershock data. BP-inferred

(green circles) and relocated (red stars) locations of 9M5.0+ aftershocks spanning the rupture

region, and BP radiators (gray circles) before (a) and after (b) the slowness calibration.

Results shown are for Australia array.
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Figure 5.3: Evidence of a far-field Rayleigh-wave Mach cone. The colored area inside

the green lines is the predicted area scanned by the Mach cone with maximum possible mach

angle, based on the observed rupture velocity (4.1 km/s) and considering the uncertainty of

Rayleigh wave phase velocity. The location of broadband stations are indicated by triangles.

Their color indicates correlation coefficients between 15-25 s Rayleigh wave displacement

seismograms of the Palu earthquake and its M6.1 foreshock. Rayleigh Mach waves recorded

by five stations with names (BBJI, JAGI, PSSA, MULG, SAUI) are shown in Figure 5.4.
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Figure 5.4: Evidence of Rayleigh Mach waves. a) Correlation coefficients (red squares)

between 15 ∼ 25 s Rayleigh waves of the mainshock and its M6.1 foreshock (see Fig. 1a) as

a function of stations azimuth relative to the rupture strike. The dashed line indicates the

fault strike direction. The two green-colored bands indicate the estimated azimuth ranges of

the two Mach cones, considering uncertainties in Rayleigh wave phase velocity and rupture

velocity. The correlation coefficients reach the highest values at stations on the predicted

Mach cone. b) Rayleigh wave vertical displacement seismograms of mainshock (blue) and

foreshock (red) in the 15-25 s period range. Station name, azimuth (Az) relative to the

rupture direction, and hypocentral distance (Dist) are shown for each station. Values of

the normalized cross-correlation coefficient, based on the signal windows between the two

vertical ticks, are shown in red for stations on Mach cones. Foreshock signals are scaled by

the mainshock/foreshock moment ratio, 125. Names of the five chosen stations are marked

in both Figure 3 and Figure 4a.
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CHAPTER 6

The Global Frequency of Supershear Earthquakes

Abstract

Supershear earthquakes, whose ruptures are faster than seismic S-waves, are rare but of

broad interest because they could produce destructive ground shaking and their occurrence

could hold important clues about fault mechanics. Previously, only a few cases of supershear

earthquakes have been reported, most of which are continental events. Here we perform a sys-

tematic global search for supershear earthquakes and report four previously undocumented

oceanic supershear earthquakes, based on rupture speeds determined by Slowness-Enhanced

Back-Projection and far-field Rayleigh Mach wave identification. Among all large earth-

quake ruptures since 2000 , we find that oceanic supershear earthquakes are as frequent as

continental ones, and that at least 14.0% of Mw ≥ 6.7 shallow strike-slip earthquakes are

supershear. We observe a wider range of stable supershear rupture speeds than predicted by

2D fracture mechanics theory, possibly explained by the presence of fault damage zones or

by slip obliqueness. We attribute our findings to larger seismogenic width, bimaterial effect

of oceaniccontinental boundaries, and dynamic weakening mechanisms that promote both

supershear transitions and propagation.

6.1 Introduction

Supershear earthquakes, i.e. earthquakes with rupture speeds exceeding the shear wave

speed, first predicted by theory and simulations (Andrews, 1976; Burridge, 1973), have been

85



convincingly reported for only eleven shallow strikeslip earthquakes, including the 2001Mw7.8

Kunlun and the 2018Mw7.5 Palu earthquake (Bao et al., 2019; Bouchon and Vallée, 2003)

(Figure 6.1). In addition to these shallow events, only one deep supershear earthquake has

been reported (Zhan et al., 2014). Rupture speed is one of the main source properties that

control the impact of an earthquake: faster ruptures can generate stronger ground motions

(Bernard and Baumont, 2005; Dunham and Bhat, 2008), if the effect is not diminished by

source complexities and path effects (Bizzarri et al., 2010; Vyas et al., 2018). The scarcity of

observed supershear ruptures hinders systematic analysis of their mechanisms, while leaving

the appearance that they are rare in nature and even rarer beneath the ocean (Bouchon

et al., 2010; Das, 2015; Passelègue et al., 2013). More specifically, the lack of statistical

analysis makes it difficult to validate theoretical findings and to address questions such as:

Do structural features control the occurrence of supershear ruptures? For instance, do they

happen more often on faults with wider seismogenic widths? Do they have a preferred

propagation direction due to bimaterial effects? Can they propagate at sub-Eshelby speeds

(slower than
√
2 times S-wave speed)? To investigate these questions, here we performed a

systematic global search for supershear earthquakes.

A comprehensive survey of supershear earthquakes requires robust estimates of rupture

speed, enabled here by combining recent advances in seismological analysis methods. Studies

based on directivity effects (Ben-Menahem and Toksöz, 1963) and teleseismic source inver-

sions (Kikuchi and Kanamori, 1991) are challenged by the trade-off between source size and

rupture speed (Beresnev, 2003), the usage of relative low-frequency (< 0.1 Hz) contents and

smoothing constraints (Okuwaki et al., 2020). Those based on near-field recordings, such as

array techniques (Spudich and Cranswick, 1984) and early S-arrival identification (Bouchon

et al., 2001; Wang et al., 2012), are limited by the scarcity of such data. On the other hand,

teleseismic or regional back-projection (BP) rupture imaging (Ishii et al., 2005) has the po-

tential to constrain the rupture speed of large earthquakes globally, especially if travel time

errors due to 3D path effects (Meng et al., 2016) are mitigated by the recently developed
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Slowness-Enhanced BackProjection (SEBP) (Bao et al., 2019). This method reduces spatial

biases by calibrating the path effect using recordings of nearby events (M 4-6) that have

been accurately located. Because the location uncertainties of regular catalogs of oceanic

earthquakes tend to be large, here we performed teleseismic double-difference relocations

(Pesicek et al., 2010) to calibrate SEBP. Moreover, to properly identify imaging artifacts

and quantify the uncertainties of rupture speed estimates, we conducted a comprehensive

series of BP synthetic tests considering various rupture scenarios, realistic source-receiver

geometry, slip distributions, waveform complexities, fault geometries, and BP parameteri-

zations (see Method and Section 3 in Supplementary Material for details). We found that

tracking the leading BP radiators significantly reduces the ”shadowing” and ”tailing” arti-

facts that distort the rupture speed estimates and that SEBP consistently underestimates

rupture speed by 5% ∼ 15%, due to the averaging effect of direct and coda waves. There-

fore, the rupture speed inferred from SEBP is a conservative indicator of supershear ruptures.

We independently validated supershear rupture speeds by identifying Rayleigh Mach waves

(Vallée and Dunham, 2012), a unique feature of supershear earthquakes (see Methods). Us-

ing SEBP, enhanced with relocated catalogs and comprehensive uncertainty analyses, and

Mach wave identification, we searched for supershear earthquakes globally by analyzing all

shallow strike-slip earthquakes (depth ≤ 50 km, dip angles ≥ 70◦ for both nodal planes) with

magnitude (Mw) ≥ 6.7 that occurred from Jan 1st, 2000 to Feb 1st, 2020, selected based

on the International Seismological Center (ISC) focal mechanism bulletin (see Table S2 for

selected events, see Text S1 for detailed event selection criteria). The magnitude threshold

is based on the minimum resolvable rupture length for which rupture speeds can be reliably

estimated. To be eligible for the BP analysis, we require a candidate event to be recorded

by at least 50% of the stations in one of the four regional arrays in continental United States

(US), Alaska (AK), pan-Europe (EU), and Australia (AU).
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6.2 Results

Our analysis identifies new cases of supershear earthquakes, while confirming previously re-

ported ones. We identified 12 large-scale supershear earthquakes (rupture length ≥ 50 km

) including four previously unreported earthquakes (the 2009/2018 Caribbean, 2010 Papua,

and 2013 South Sandwich Island events) and confirming three recently reported supershear

earthquakes (2016 Romanche (Hicks et al., 2020), 2017 Komandorski (Kehoe and Kiser,

2020), and 2020 Caribbean events (Tadapansawut et al., 2021)) (Figure 6.2). Compared to

these three cited studies, estimates of rupture speeds presented here should be more accurate

owing to our earthquake relocations and slowness calibrations, and more objective thanks

to our systematic uncertainty analysis. An additional event is labeled here as an uncertain

supershear earthquake: SEBP detects supershear speeds in the 2004 Queen Charlotte earth-

quake, but its supershear speed can not be validated by the Mach-wave, since the pattern of

highest CC values at the two sides of the frontal direction is not observed, likely due to its

insufficiently long supershear rupture propagation (Vallée and Dunham, 2012) (∼ 40 km).

Five events show clearly an initial subshear rupture segment followed by a supershear seg-

ment. The rupture speeds of the newly detected supershear events range from moderately

faster (1.1Vs ∼ 1.4Vs), to significantly faster (1.4Vs ∼ 1.7Vs) than the local shear wave

speed (Vs). All of the newly identified supershear ruptures are beneath the ocean (Figure

6.3).

One set of supershear earthquakes studied here highlights that some fault systems are

particularly prone to host supershear earthquakes. Three supershear earthquakes (including

two previously unreported) occurred beneath the Caribbean Sea within 11 years, on the

transform boundary between the North America and Caribbean plates (Figure 6.2). The 28

May 2009Mw7.3 and the 10 Jan 2018Mw7.5 events, ruptured two segments of the submarine

Swan Island Fault, west of the Mid-Cayman spreading center. The 28 Jan 2020 Mw 7.7

earthquake ruptured a segment of the Oriente Fault, east of the Mid-Cayman spreading
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center. The plate motion at the boundary between the North America and Caribbean plates

is estimated to be ∼ 19 mm/yr along this segment (DeMets et al., 2010). As revealed

by SEBP and Rayleigh Mach waves, all three events are supershear ruptures propagating

predominantly towards southwest-west (Figure 6.2 - 6.4). We identified two episodes of

supershear ruptures in the 2009 earthquake. The first episode propagated for 100 km at

5.5 ∼ 6.3 km/s. The speed uncertainty of the second 130-km-long segment is large (3.8 ∼

5.4 km/s) due to strong shadowing artifacts around 25 ∼ 50 s (Figure 6.3) likely caused

by abrupt changes in rupture speed and/or slip distribution. The overall rupture speed is

3.2 ∼ 3.8 km/s, which is similar to that reported by Graham et al. (Graham et al., 2012),

2.8 ∼ 4.0 km/s, based on teleseismic finite fault inversion (FFI). For the 2018 earthquake,

mutually consistent BPs of multiple arrays show a 150 -km-long supershear propagation at

4.5 ∼ 5.5 km/s. The 2020 event is bilateral, though the eastward branch was significantly

shorter than the westward one. The westward branch initially propagated for ∼ 80 km at a

sub-Rayleigh speed of 2.2 ∼ 2.6 km/s and then for ∼ 170 km at a supershear speed of 4.6 ∼

5.6 km/s. This is resolved by both Alaska and European arrays. Moreover, ground motion

data of two near-fault stations, FSCY and LCCY, shows that the fault-normal particle

velocity dominates that of the fault-parallel component, which is a distinctive signature of

supershear ruptures (Dunham, 2005). Our result differs from the first report of the 2020

event based on teleseismic FFI, which shows supershear rupture speed > 5 km/s both from

0 to 20 s and from 25 to 40 s after the rupture initiation (Tadapansawut et al., 2021).

Geodetic and historical records suggest that similar-sized earthquakes in this region have

a short recurrence interval of 40 ∼ 50yr (DeMets et al., 2010). This supershear sequence

underlines that for large-scale mature transform faults along plate boundaries, potential

hazards of repeating supershear earthquakes and their associated strong shaking should be

of great concern. A similar situation with multiple supershear events on one transform plate

boundary is the Queen Charlotte Island supershear sequence: the 2013 Craig earthquake

(Yue et al., 2013) and the 28 June 2004Mw6.8 event located just 50 km in the south (Figure
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6.3).

The two other newly-identified supershear earthquakes also occurred in oceanic trans-

form faults. The 2010 Mw 7.0 Papua earthquake occurred on an unidentified fault west

of the boundary between the Birds Head and Maoke microplates, which accommodates

∼ 80 mm/yr of left-lateral motions (Hayes, 2017). The rupture broke a 100-km-long seg-

ment with an overall rupture speed of 5.0 ∼ 6.1 km/s (Figure 6.2 - 6.4). The 2013Mw7.3

South Sandwich Island earthquake occurred on an east-striking fault, as a result of the fast

motion of 14 mm/yr between the South America and Antarctica plates where two large

events (M 7.4 in 2006 and M 7.5 in 1973) occurred in the past 50 years (Hayes, 2017). The

rupture rapidly accelerated to a supershear speed of 4.9 ∼ 6.2 km/s after 20 seconds and

propagated for ∼ 100 km (Figure 6.2 - 6.4).

For previously reported supershear events, our analyses bring either confirmation or fur-

ther insights on their rupture pattern. In the 2016Mw7.1 earthquake that struck the eastern

end of the Romanche oceanic transform fault, we identified a westward back-propagating

supershear rupture after an initial sub-Rayleigh eastward rupture (Figure 6.2 - 6.4). This

complex rupture pattern is consistent with the one reported in the first study of this event

(Hicks et al., 2020). The 17 July 2017Mw7.7 Komandorski earthquake occurred inside the

back-arc basin of the westernmost Aleutian Islands, along a 400-km-long segment of the

Bering Fracture Zone (BFZ). The BFZ accommodates approximately two thirds (5.1 cm/yr)

of the relative shearing motion between the Pacific and North American plates (7.8 cm/yr),

creating a prime tectonic environment for large strike-slip events (Kogan et al., 2017). The

spatiotemporal characteristics of the rupture process are well imaged by SEBP (Figure 6.2

- 6.4). The coherent high-frequency sources follow an overall linear rupture path towards

Southeast in two episodes: initial sub-Rayleigh propagation along 50 km in the first 25 s,

followed by fast supershear propagation at 4.5 ∼ 4.9 km/s over 200 km (Figure 6.3 - 6.4).

Our result differs from the first report of this event (Kehoe and Kiser, 2020), which showed

a later and much shorter supershear segment only 50 km long.
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6.3 Discussion

Our results indicate that supershear earthquakes are more common than previously thought,

especially owing to newly found cases in oceanic environments. Previous studies have argued

that supershear earthquakes are rare (Bouchon et al., 2010; Das, 2015; Passelègue et al.,

2013). Indeed, before the year 2020, only five earthquakes that occurred after 2000 had been

identified as shallow supershear events, rendering a rate of 5.8% among large (M ≥ 6.7)

strikeslip earthquakes (Table S2). Such paucity has been attributed to insufficient prestress

(Passelègue et al., 2013) or complex fault geometry (Bouchon et al., 2010), and could also

be favored by off-fault dissipation mechanisms (Gabriel et al., 2013). Our analysis results

in a rate of supershear events at least twice as high as the previous estimate: we find that

between 2000 and 2020,12 out of 86 large (M ≥ 6.7) shallow strike-slip earthquakes were

supershear, yielding a rate of 14.0%. This is a conservative estimate not accounting for

uncertain supershear events (see Table S3 for full statistics). All newly reported events are

oceanic supershear earthquakes (OSEs), which were previously missed possibly due to (1)

lack of near-field seismic data, (2) lack of effective approaches to detect supershear rupture

with teleseismic data, and (3) less public and scientific attention because of their large

distance to population centers and low casualties. The newly detected OSEs demonstrate

the effectiveness of SEBP and Mach wave methods in identifying supershear ruptures at

teleseismic distances. Previous observations suggested that OSEs are even rarer than their

continental counterparts (Das, 2015). However, we show that the probability of OSE is

14.3%, almost the same as that of continental supershear earthquakes (CSE), 13.5%. Because

the identification by BP of a transition from subshear to supershear rupture requires a

sustained supershear propagation longer than 50 km, as suggested by synthetic tests, the

real supershear rate might be higher than our conservative estimates.

Our observations motivate the question of what controls the rate of supershear. A num-

ber of physical mechanisms might be responsible for initiating supershear ruptures. For
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instance, in the Burridge-Andrews model (Andrews, 1976; Burridge, 1973; Dunham, 2007),

a daughter-crack emerges ahead of the sub-Rayleigh front when the dynamic fault shear

stresses between P and S waves exceed the fault strength. Other processes can facilitate

supershear transition without necessarily forming daughter-cracks, including dynamic stress

perturbation due to stress and strength heterogeneity (Dunham, 2005; Liu and Lapusta,

2008), non-planar fault geometry (roughness/curvature/bending) (Bruhat et al., 2016), fault

step-over (Ryan and Oglesby, 2014), slip obliqueness on long strike-slip faults (Weng and

Ampuero, 2019), interactions of rupture fronts with the free surface (Kaneko and Lapusta,

2010) and fault damage zones (Huang et al., 2016). Our newly estimated supershear rate

of 14.0% can be compared with the supershear rate predicted in future studies by one or a

combination of these mechanisms.

For some supershear mechanisms, we can identify which observable factors could in prin-

ciple explain why the supershear rate is low in nature. Both in Burridge-Andrews (Andrews,

1976; Burridge, 1973; Gabriel et al., 2013) and Weng-Ampuero (Weng and Ampuero, 2019;

Weng and Ampuero, 2020) theories, supershear rupture requires sufficiently high fault stress,

manifested by low ratios of strength excess to stress drop and low ratios of fracture energy

Gc to strain energy release rate G0, respectively. During the interseismic period, as fault

stress builds up, the possibility of supershear rupture increases with time. But if nucleation

happens often, large earthquakes are likely to start before the fault reaches a stress allow-

ing supershear rupture. The rate of supershear events thus depends on a trade-off between

stressing rate and nucleation rate. The former is controlled by the ratio between the long-

term fault slip rate and the seismogenic width, the latter by the background seismicity rate

of the fault. Studies based on observed seismicity rates and fault loading rate may provide

further insights.

Our observations show evidence of bimaterial fault effects on the prevalence and rup-

ture direction of supershear earthquakes. Slip along bimaterial faults (separating rocks with

different elastic properties) produces normal stress changes, which favors rupture propaga-
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tion in a certain direction (Andrews and Ben-Zion, 1997), such that supershear ruptures

tend to propagate in the direction of the displacement of the stiffer side of the fault (the

’negative direction’) (Shi and Ben-Zion, 2006; Weertman, 2002). Recent bimaterial-interface

experiments resolving the real contact area found that, at supershear rupture speeds, the

dynamic reduction of contact area due to the coupling effect of slip and normal stress was

a dominant source of weakening (Shlomai and Fineberg, 2016). To investigate bimate-

rial effects in supershear ruptures, we classified shallow strike-slip events into three groups:

continental-continental boundary (CCB), oceanic-oceanic boundary (OOB) and oceanic-

continental boundary (OCB) events. Material contrasts are expected more systematically

across OCB faults, with the continental side being more compliant than the oceanic side.

The supershear rates (Table S3) are much larger for OCB events (83.3%) than for CCB

(13.5%) and OOB events (4.7%). Thus, the dynamic weakening due to bimaterial contrast

may contribute to the sustainability of OCB supershear ruptures. In addition, our result is

consistent with the preferred supershear rupture direction along bimaterial interfaces: five

out of the six OCB supershear earthquakes ruptured in the ’negative’ direction, the exception

being the 2020 Caribbean event.

We also find evidence that larger seismogenic widths and greater fault maturity promote

the sustainability of supershear ruptures. Recent theoretical studies of elongated ruptures

show that the energy ratio Gc/Go on vertically-bounded faults, which controls their rup-

ture speed, is inversely proportional to the seismogenic width (Weng and Ampuero, 2019;

Weng and Ampuero, 2020). For shallow strike-slip events the seismogenic depth is limited by

the crustal thickness, which is correlated with the plate thicknesses above Moho and above

the lithosphereasthenosphere boundary (LAB) (Table S4). According to the World’s Ocean

Crust Model, the average thickness above LAB of the OSE source regions is 91 km, substan-

tially thicker than that of the nonsupershear events (65 km ). The average thickness above

Moho of the supershear-rich regions (the Caribbean Sea and the Queen Charlotte islands) is

17.6 km, thicker than that of the non-supershear regions (11.2 km). These statistics indicate

93



the seismogenic zones of all identified supershear earthquakes are wider, which is consistent

with lower energy ratios and faster ruptures (Weng and Ampuero, 2020). Moreover, the

supershear-rich faults tend to have tectonic slip rates larger than 1.9 cm/yr, lengths exceed-

ing 800 km and relatively straight geometries (DeMets et al., 2010; Kogan et al., 2017; Yue

et al., 2013), which suggests that these conditions are favorable for supershear propagation

(Perrin et al., 2016; Weng and Ampuero, 2019). Faults without these conditions, such as the

slow and poorly developed fault hosting the 2010 Papua event and the geometrically com-

plex fault hosting the 2018 Palu event (Bao et al., 2019), still produce supershear ruptures,

although globally more rarely.

Our observations also provide robust evidence of supershear ruptures with rather unex-

pected speeds. Theories of fracture mechanics in 2D predict the stable range of supershear

rupture speed is between the Eshelby speed (∼
√
2Vs = 1.41Vs) and Vp(Burridge, 1973;

Freund, 1979). However, our results indicate supershear rupture speeds as slow as 1.15Vs

compared to a reference Vs at 10 km depth, or 1.11Vs compared to a reference Vs at GCMT

centroid depths, according to the CRUST1.0 model (Table S5). In particular, the 2017

Komandorski event ruptured along 200 km at a speed of 1.11Vs ∼ 1.21Vs, significantly be-

low the Eshelby speed (even after accounting for BP uncertainties, and confirmed by the

Rayleigh-Mach-wave approach; see Methods). Such ”slow” stable supershear ruptures may

result from reduced wave speeds at shallow depth (Kaneko and Lapusta, 2010) (slip was

concentrated in the upper 15 km Lay et al., 2017) or in the fault damage zone (Bao et al.,

2019; Huang et al., 2016; Oral et al., 2020), or from slip obliqueness (Weng and Ampuero,

2020) (rake of 18◦ reported for the Komandorski event).
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Figure 6.1: Global supershear earthquakes. Eight previously reported shallow strike-slip

supershear earthquakes (black circles); five previously reported supershear earthquakes with

debated evidence (light blue circles); four newly identified supershear earthquakes based on

SEBP with evidence of Mach cones (red circles without edges); three supershear earthquakes

recently studied by other groups (red circles with black edge); and one earthquake with a

supershear rupture speed estimated from SEPB but without identified Mach waves (red

circles with blue edge). All other examined large ( M ≥ 6.7 ) shallow strike-slip events

without resolvable supershear ruptures are marked by yellow dots.
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Figure 6.2: Spatiotemporal distribution of high-frequency (HF) (0.5 − 2 Hz) ra-

diations imaged by SEBP. The circles denote the HF radiators color-coded by rupture

time with their sizes proportional to the normalized BP power. The red stars denote the

National Earthquake Information Center (NEIC) epicenters for each of the seven supers-

hear earthquakes. The transparent circles of the 2016 Romanche earthquake highlight the

back-propagation (southeast-eastward) rupture. The substantial contrast of the color palette

near 30sec is to emphasize the rupture evolutions of shorter and smaller earthquakes like the

2010M7.0 Papua earthquake.
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Figure 6.3: Estimated rupture speeds of the supershear earthquakes. The

along-strike distances (relative to the hypocenter) of the leading HF radiators imaged by

SEBP are plotted against the rupture times (with respect to the origin time). Black

(red/green) solid lines and dashed lines are overall (supershear/subshear) rupture speeds and

uncertainties estimated based on linear regressions of the radiators, respectively. Through

synthetic tests, we found that tracking the leading BP radiators avoids the ”shadowing”

and ”tailing” artifacts that distort the rupture speed estimates (Fig. S15). We also found

that the estimated rupture speed is consistently underestimated by 5% ∼ 15% (Fig. S17).

Therefore, the rupture speed inferred from SEBP is a conservative indicator of supershear

ruptures.
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Figure 6.4: Evidence of far-field Rayleigh-wave Mach cones. The area within any two

closed green lines is the maximum area predicted by all possible Mach angles, based on the

observed rupture speed and the lateral variation of the Rayleigh wave phase velocity (Table

S14). The locations of the broadband stations are denoted by triangles. Their color indicates

the correlation coefficients of Rayleigh-wave displacement seismograms of the supershear

earthquakes and their EGF events (Table S14). The waveform comparisons are shown in

Fig. S26.1 to S26.7. The dashed green lines in the figure of the 2013 South Sandwich Island

event denote the right-hand side of the predicted Mach cone without any data coverage.
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CHAPTER 7

Constrain the Rupture Downdip Limit in the 2011 Mw

9.1 Tohoku Earthquake

Abstract

Besides supershear earthquakes, we can also apply back-projection on other kinds of rupture

kinematics. Here we investigate the spatial bias in the Tohoku region, a larger and complex

source area, by analyzing 109 M4-M7 earthquakes in the source region of the 2011 Mw 9.1

Tohoku earthquake. We find a similar reduction as previous SEBP studies in spatial biases,

from ∼20 km to ∼10 km, when applying regional SEBP. This indicates that half of the

spatial biases are aleatory uncertainties that are caused by regional structural complexity

and can be calibrated with SEBP, while the residue errors are epistemic uncertainties that

are random and caused by local velocity heterogeneities. By applying the regional SEBP

to the 2011 Tohoku earthquake, we find that high-frequency radiators did not reach beyond

the down-dip limit of interplate seismicity, indicating that it is likely that the coseismic slip

did not penetrate into the brittle-ductile transition zone. Such observations suggest that

the enhanced dynamic weakening mechanism due to thermal pressurization effects may not

be activated during the Tohoku earthquake as is proposed for other large earthquakes that

penetrated the roots of seismogenic zones.
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7.1 Introduction

In this study, we applied regional SEBP to the source region of the 2011 Mw 9.1 Tohoku

earthquake, one of the largest and most complicated earthquakes ever recorded in history. We

investigated spatial biases of over a hundred M4-M7 events and used the K-means clustering

algorithm (MacQueen, 1966) to automatically divide the source regions. We found a similar

50% reduction in De after adopting regional slowness corrections. By applying regional

SEBP to the Tohoku mainshock, we found that its coseismic slip did not penetrate the

down-dip limit of interplate seismicity. This finding is consistent in the BPs of both the

United States (US) array and the European (EU) array. In summary, our studies quantify

and reduce the spatial biases of BP, which gives rise to more accurate interpretations of

earthquake source physics.

7.2 Spatial Biases in the Tohoku Region

We further applied the regional SEBP to the source region of the 2011 Mw 9.1 Tohoku

earthquake, one of the largest and most complicated earthquakes ever recorded. Seismic

velocity structure in subduction zones contains strong contrast: high P-wave velocities inside

the cold slab and low P-wave velocity in the mantle wedge. Therefore, the velocity structures

surrounding interplate and intraplate events may be significantly different even if they are

close by. For our analysis, we choose only the interplate events (Figure 7.1b), not intraplate

events in the hanging-wall or footwall, to make sure that ray paths go through similar velocity

structures. This procedure also ensures that the derived slowness corrections are applicable

to the mainshock which occurs primarily along the plate interface. The selection criteria of

interplate events follows that of Asano et al., (Asano et al., 2011): (1) rake angle λ ≥ 0◦, (2)

Kagan’s angle (Kagan, 1991) θ ≤ 35◦, (3) The difference between the centroid depth and the

plate boundary δd ≤ 20 km. The Kagan’s angle is the minimum rotation angle of the focal

mechanisms relative to a reference mechanism, which is used to select events with similar
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focal mechanisms as the megathrust mainshock. The reference mechanism of the 2011 Mw

9.1 Tohoku earthquake is set as: strike ϕ = 195◦, dip θ = 13◦, rake λ = 90◦ (USGS). The

Slab 2.0 model is used to constrain depths of the slab interface.

A total number of 109 M4-M7 interplate events in the Tohoku region are investigated

(Figure 7.1). The extensive spatial coverage of earthquakes in this region provides us with

an unprecedented number of samples to study the De of BP. We used both the USarray

(US, 267 stations) and European array (EU, 369 stations), so that the results can be cross-

examined. Waveform data are downloaded from the Data Management Center (DMC) of

the Incorporated Research Institutions for Seismology (IRIS) (https://ds.iris.edu/wilber3)

and Observatories & Research Facilities for European Seismology (ORFEUS, 1987).

Figures 7.1d show the spatial biases De of the 109 investigated events with the Tohoku

mainshock as the reference event. Clear patterns of De are found in some regions, for

example, in the northwest (offsetting westward) and southwest (offsetting northwestward),

while the patterns in other regions are less systematic. We again attempt to reduce De using

regional SEBP. To properly group the investigated events into regional clusters, we adopt

K-means clustering based on the event locations (MacQueen, 1966). It aims to partition N

observations intoK clusters in which each observation belongs to the cluster with the nearest

mean. We are aware that the choice of the value of K (number of clusters) can be subjective

so we tried four different values (K = 4, 5, 6, and 7). Since K=6 gives the most visually

consistent clusters, we consider it optimal and show its results in Figure 7.1d. The results

show that a regional SEBP strategy effectively reduces De in the Tohoku region. Figure

7.1c shows the modeled GEV distribution of De before and after calibration, and Figure 7.1e

shows the residue De after calibration. SEBP reduced the mean value of De from 24.2 km

to 13.6 km, a 44% reduction. The effectiveness of regional SEBP is also demonstrated with

the European array. Similar to Figure 7.1, Figure 7.2 shows the spatial biases of the Tohoku

region before and after calibration. The mean value of De reduced by 43% from 20.8 km to

11.9 km.
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7.3 Application of SEBP to the 2011 M9.1 Tohoku Earthquake

By further applying the SEBP to the mainshock of the 2011 M9.1 Tohoku earthquake, we

found that the sources of high-frequency radiations of the 2011 Mw 9.1 Tohoku earthquake

likely did not expand beyond the down-dip limit of the seismogenic zone. Figure 7.3 shows

the US and EU BP results of the 2011 Tohoku mainshock before and after the slowness

calibration. The results are overall consistent with previous BP studies (Kiser and Ishii,

2011; Koper et al., 2012; Meng et al., 2011; Wang and Mori, 2011; Yao et al., 2013), where

high-frequency radiations initiated with a slow down-dip expansion and then propagated to-

wards southwest (see Lay, 2018, for a comprehensive review of the 2011 Tohoku earthquake).

However, what we found differently is that in the uncalibrated BPs, high-frequency radiators

went beyond the seismogenic down-dip limit, while those of the calibrated SEBP stopped

right above the boundary. The down-dip limit shown in Figure 7.3 is based on the bottom

boundary of the interplate seismicity that occurred from April 1992 to August 1998 and the

depth of the down-dip limit ranges from 40 to 50 km estimated from the upper boundary

of the subducting Pacific slab. The interplate events are defined using the same criteria as

mentioned above (rake angle, Kagan angle and the relative distance to the slab interface).

7.4 Discussion and Conclusion

We systematically investigated the characteristics of De in the Tohoku region as well as the

effectiveness and limitation of the Slowness Enhanced Back-projection (SEBP). We found

the average De in the region is ∼ 20 km, and the amplitude of De has a positive correlation

with the hypocenter distance. We also found that the regional SEBP reduced De by ∼ 50%,

to an average value of ∼ 10 km. We argue that the requirement of the regional SEBP is

likely due to the fact that the investigated source regions are large (400 ∼ 500 km) and the

velocity structures beneath the source region can not be considered uniform. It also suggests

that the previous applications of the uniform SEBP (e.g., the 2015 Mw 7.8 Gorkha (Meng
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et al., 2016), the 2015 Mw 7.2 Tajikistan (Sangha et al., 2017), the 2015 Mw 8.3 Illapel

(Meng et al., 2018), and the 2018 Mw 7.5 Palu earthquakes (Bao et al., 2019)) are likely

due to their relatively small rupture length (≤ 150 km) and hence smaller lateral velocity

variation. We also note that the K-means clustering based on event locations is effective in

partitioning zones in a regional SEBP study. Other location-based clustering methods like

PAM clustering and OPTICS clustering may also be effective. In the future work, we will

explore partitioning regions based on velocity structures depicted by tomographic models or

fault segments divided by incoming seamounts shown in high resolution bathymetry. Our

case study of the large and complex Tohoku region can serve as a benchmark that shows the

effectiveness of the regional SEBP.

Down-dip Penetration of the 2011 Tohoku Earthquake

Our SEBP result of the 2011 Tohoku earthquake shows that its coseismic slip likely did not

penetrate the seismogenic down-dip limit, which may provide unique insights into rupture

dynamics of megathrust earthquakes. Results of previous observational studies indicate that

the 2011 Tohoku earthquake may have a down-dip penetration. For example, previous BP

studies show that sources of high-frequency radiations extended below the down-dip limit

which is shown in Fig.S10 (Koper et al., 2012; Meng et al., 2011; Yao et al., 2013), and many

finite-fault models indicate significant coseismic slip below the down-dip limit: 10–20 m (Ide

et al., 2011), 5–10 m (Ammon et al., 2011; Yue & Lay, 2013; Melgar and Bock, 2015), 4–8 m

(Hayes, 2011). Most of these studies did not focus on this feature and did not provide any

discussion. However, if such a down-dip penetration is true, it should be of great interest

because it challenges the traditional view that ruptures stop at the brittle-ductile transition.

In a standard conceptual model for active faults (Figure 7.4), seismogenic (brittle) zones are

mainly controlled by velocity-weakening (VW) frictions which host large earthquakes with

fast seismic slips, while the ductile regions, located beyond and below the seismogenic zone,

are often associated with velocity-strengthening (VS) frictions which only hosts aseismic
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creeping and slow earthquakes (Burgmann et al., Science 2000; Chlieh et al., JGR 2008;

Perfettini et al., Nature 2010). Therefore, it would be surprising if the coseismic slip of the

2011 Tohoku earthquake penetrated into the ductile zone. We elaborate this matter further

here given the remarkable agreement between the SEBPs of both the US and EU arrays: the

sources of high-frequency radiations did not expand beyond the down-dip seismogenic limit.

Moreover, Figure S11 provides another example showing the high-frequency radiators of the

2015 Mw 8.3 Illapel earthquake stopped right at the down-dip limit of interplate seismicity

(Meng et al., 2018). Jiang and Lapusta (2016) investigated the possible mechanisms of

down-dip penetrations on strike-slip faults using dynamic rupture simulations. They found

that an activation of dramatic weakening (DW) due to thermal pressurization of pore fluid

enables rupture into the otherwise aseismic velocity strengthening region (Figure 7.4). Such

an enhanced dynamic weakening of fault frictional resistance occurs at slip rates ≤ 0.1

m/s (Di Toro et al., 2017; Rice 2006), which has critical impacts on earthquake rupture

propagation and effectively turns the creeping fault regions into seismic ones (Platt et al.,

2014; Noda & Lapusta, 2013). However, the absence of deep penetration beyond the down-

dip seismic limit in the Tohoku and Illapel earthquake suggests that the coseismic slip rate

at the bottom of the seismogenic zone was not fast enough to trigger the dramatic weakening

(DW) at the ductile region of the megathrust. An alternative scenario is that the down-dip

penetration did occur but the BP is incapable of resolving it. This is possible if the rheology

in the ductile region is too smooth and lack material heterogeneity to efficiently generate

strong high-frequency radiations. We consider this as a less plausible scenario. If such deep

penetration did exist, the stress shadow caused by the deep coseismic slip would shut off

aftershocks near pre-seismic down dip limit. However, this is not the case based on the

distribution of interplate aftershocks in Tohoku (Asano et al., 2011). We note that further

numerical scrutiny and a systematic review of down-dip rupture extension of subduction

zone earthquakes should be warranted.
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Figure 7.1: (US array) The effectiveness of the slowness calibration of Back-pro-

jection. (a) The US array (267 stations) that is used in this study. (b) Illustration of the

classification of seismic events in the subduction zone based on their relative distance to

the slab interface and focal mechanisms. The group of interplate earthquakes with similar

focal mechanisms (red circles) as that of the 2011 Mw 9.1 Tohoku earthquake are investi-

gated here. The classification follows Asano et al., (2011). (c) Distribution of De of the 109

M4 M7 investigated interplate events with similar focal mechanisms as that of the 2011 Mw

9.1 Tohoku earthquake. The fitted probability density function (PDF) follows a generalized

extreme value (GEV) distribution. (d) The spatial biases (black line) of the 109 events, as

measured by De, the distance of the image peak (BPI location, red circle) from the epicen-

ter (JMA location, blue circle), which is defined in the same way as Fan & Shearer (2017).

Colored regions are segmented automatically by K-means clustering based on distribution

of events’ horizontal locations. (e) Same as (d) but after regional SEBP.

108



109



Figure 7.2: (EU array) The effectiveness of the slowness calibration of Back-pro-

jection. (a) The EU array (369 stations) that is used in this study. (b) Illustration of the

classification of seismic events in the subduction zone based on their relative distance to

the slab interface and focal mechanisms. The group of interplate earthquakes with similar

focal mechanisms (red circles) as that of the 2011 Mw 9.1 Tohoku earthquake are investi-

gated here. The classification follows Asano et al., (2011). (c) Distribution of De of the 82

M4 M7 investigated interplate events with similar focal mechanisms as that of the 2011 Mw

9.1 Tohoku earthquake. The fitted probability density function (PDF) follows a generalized

extreme value (GEV) distribution. (d) The spatial biases (black line) of the 82 events, as

measured by De, the distance of the image peak (BPI location, red circle) from the epicenter

(JMA location, blue circle). Colored regions are segmented automatically by K-means clus-

tering based distribution of events’ horizontal locations. (e) Same as (d) but after slowness

calibration.
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Figure 7.3: Coseismic rupture evolution of high-frequency (0.5–2 Hz) radiations before (left)

and after (right) slowness calibration. BPs are imaged by US array (circle) and EU array

(diamond), with sizes proportional to the relative energy and color that represents the rup-

ture time. The red dashed line shows the down-dip limit of interplate seismicity (Igarashi et

al., 2001).
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Figure 7.4: A conceptual model for the interplate megathrust fault. The seismic locked zones

are controlled by velocity-weakening (VW) frictions while the creeping ductile zones are

associated with velocity-strengthening (VS) frictions. Dramatic weakening (DW) activated

at high slip rate is one candidate mechanism to explain deep penetration beyond the down-dip

limit of interplate seismicity.
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CHAPTER 8

Conclusions and Future Perspectives

8.1 Summary

We have shown that supershear earthquakes are less rare than people thought before, and

that oceanic supershear earthquakes occur as frequently as continental ones. We have de-

veloped and optimized tools, and applied them to investigate supershear ruptures in a more

consistent and more systematic way. In particular, motivated to better estimate rupture

speed, we have developed and optimized the Slowness-Enhanced Back-projection method.

The method mitigates spatial uncertainties of Back-projection from 20 km to 10 km,

significantly increasing the accuracy of the method. On the other hand, by conducting syn-

thetic test, we found a systematic underestimation of rupture speed using Back-projection.

Eventually, we applied these enhanced methods on a total of 86 earthquakes from the last

two decades and discovered four supershear earthquakes that had not been identified as

such, while confirming the other eight previously reported ones. This is around 14% of all

the examined earthquakes; more than twice as many as previously confirmed. While most

previously reported supershear earthquakes were generated within continents, the newly

discovered supershear earthquakes all occurred beneath the ocean.

This significant increase in the number of observed supershear earthquakes provides a

much greater basis for evaluating the conditions favourable for driving supershear rupture.

We observe that supershear rupture is more common along faults that separate oceanic and

continental plates. As oceanic and continental crust have distinct compositions, this is con-
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sistent with laboratory experiments that suggest supershear rupture is more sustainable on

faults separating contrasting materials. These oceanic–continental supershear earthquakes

also generally rupture in the same relative direction due to the contrasting interface, as the

rupture prefers to propagate in the same direction that the stiffer fault block is moving in.

Other factors that might affect the likelihood of supershear earthquakes occurring include the

depth to which large earthquakes occur on the fault and fault zone maturity. We find that

fault zone width is thicker in regions where supershear earthquakes occur, and that supers-

hear ruptures occur relatively frequently in mature oceanic transform faults, as manifested

by their wide fault zones.

Our work has increased the number of known supershear earthquakes by half, showing

that while these events may still be rare, they appear to be much more prevalent among

large, strike-slip earthquakes than previously thought. The additional information provided

by these earthquakes confirms observations made from experiments and will be able to guide

future research into these destructive earthquakes.

8.2 Future Perspectives

While these observations are important for understanding what influences whether a fault can

sustain supershear rupture or not, the physical mechanism for driving supershear earthquakes

is yet to be fully resolved. While the back-projection technique we used by can tell us about

how the fault rupture migrates, it is still difficult to provide information regarding the fine-

scale fault structure that slips. These details are important because their rupture speed

estimates are made based on the assumption of the fault being straight. It remains unclear

as to whether supershear earthquakes can occur on straight faults or whether non-planar

faults are needed, and how fast rupture can occur in mature fault zones that are likely to

have multiple slip surfaces. The additional supershear observations we identified will be able

to guide further detailed analysis of earthquake seismic data, as well as numerical simulations
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and laboratory experiments that should include representation of mature faults with realistic

geometries and wide fault damage zones.

8.2.1 Identifying New Supershear Earthquakes

Our studies set up a benchmark of identifying supershear earthquakes, which applies teleses-

imic back-projection imaging and the Mach wave method. We show that such a combination

is very effective in resolving rupture speeds of supershear earthquakes. Therefore, for future

earthquakes, seismologists can use these methods to quickly screen earthquakes’ rupture

speed. One can also exhaust earthquakes that occurred before 2000. Although seismic net-

works before 2000 are not as widely distributed as that after 2000, identifying supershear

earthquakes with sparser networks are still worth trying. Moreover, we demonstrate that in-

vestigating supershear earthquakes in a consistent, systematic way, more like a global survey

help drawing conclusion from a more fundamental perspective, for instance, the bimateral

effect we studied in Bao et al., 2022. Future studies can apply other methods to do similar

type of studies, for example, using near fault S-wave to confirm a supershear rupture speed

(Ellsworth et al., 2004). One can also use datasets of source time functions of earthquakes

(e.g., SCARDEC) to study rupture speed, for example, Chounet et al., 2018 developed a new

catalog of rupture velocities and directions for 96 shallow earthquakes based on SCARDEC

dataset of earthquake sources.

8.2.2 Application of the Supershear Earthquakes Dataset

With the newly developed and newly confirmed set of supershear earthquakes, seismolo-

gist can conduct more numerical studies to better understand physics of rupture speeds.

First, a systematic revisit of slip models of all the confirmed supershear events can help

better understand factors that control supershear transition and propagation. In particular,

most finite fault inversions have over-simplified assumptions of fault geometry as a single or
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multiple-fault-plane model. However, there are several newly developed inversion method

(e.g., Shimizu et al., 2019) that allows more freedom like fault geometries. One can use these

more advanced inversion method to investigate controlling factors of supershear transition

and propagation, for example, fault geometry, rake angle, and fracture energy ratio. On the

other hand, one may argue that finite fault models are affected by inherent non-uniqueness so

dynamic rupture modelling may also be applied to reproduce the physical process that gov-

ern the way the fault yields and slides, for events from the established supershear earthquake

dataset.
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