PROCEEDINGS
INTERNATIONAL SCHOOL OF PHYSICS «kENRICO FERMI»

Mechanics of Earthquake Faulting

Course 202
edited by A. Bizzarri, S. Das and A. Petri

T
S
>
Q
o
3
(]

=
©
3

a
Q
©
5

]

S
@

b
5

2 - 7 July 2018

Villa Monastero
Varenna, Lake Como

SCCERTA TALIANA DI FISICA



SOCIETA ITALIANA DI FISICA

RENDICONTTI
DELLA

SCUOLA INTERNAZIONALE DI FISICA
“ENRICO FERMI”

CCII Corso

a cura di A. B1zZZARRI, S. DAS e A. PETRI
Direttori del Corso
VARENNA SUL LAGO DI COMO
VILLA MONASTERO
2 — 7 Luglio 2018

Meccanica delle faglie
stsmogenetiche

SOCIETA ITALIANA DI FISICA
BOLOGNA-ITALY

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



ITALTAN PHYSICAL SOCIETY

PROCEEDINGS
OF THE

INTERNATIONAL SCHOOL OF PHYSICS
“ENRICO FERMI”

COURSE 202

edited by A. BizzARRI, S. DAS and A. PETRI
Directors of the Course
VARENNA ON LAKE COMO
VILLA MONASTERO
2 — 7 July 2018

Mechanics of Earthquake
Faulting

2019

10S

Press

AMSTERDAM - WASHINGTON DC

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



Copyright (© 2019 by Societa Italiana di Fisica

All rights reserved. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted, in any form or any means, electronic, mechanical, photocopying,
recording or otherwise, without the prior permission of the copyright owner.

ISSN 0074-784X (print)
ISSN 1879-8195 (online)

ISBN 978-1-61499-978-2 (print) (IOS Press)
ISBN 978-1-61499-979-9 (online) (IOS Press)
ISBN 978-88-7438-118-0 (SIF)

jointly published and distributed by:

10S PRESS SOCIETA ITALIANA DI FISICA
Nieuwe Hemweg 6B Via Saragozza 12

1013 BG Amsterdam 40123 Bologna

The Netherlands Italy

fax: 4+31 20 687 0019 fax: 4+39 051 581340
info@iospress.nl order@sif.it

For book sales in the USA and Canada
10S Press, Inc.

6751 Tepper Drive

Clifton, VA 20124

USA

Tel.: +1 703 830 6300

Fax: +1 703 830 2300
sales@iospress.com

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



Supported by
Camera di Commercio di Lecco
Istituto Nazionale di Fisica Nucleare (INFN)
Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi”
Univerlecco
Istituto Nazionale di Ricerca Metrologica (INRiM)
Universita di Roma Tor Vergata
Gran Sasso Science Institute (GSSI)

Istituto Nazionale di Geofisica e Vulcanologia (INGV)

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



Produced by the SIF Editorial Staff

Production Editor: Marcella Missiroli

Cover: see Aitaro Kato, The evolution of fault slip rate prior to earthquake: The role of
slow- and fast-slip modes, p. 53

Graphic elaboration by Simona Oleandri

Proprieta Letteraria Riservata

Printed in Italy by nuova MONOGRAF snc - Bologna

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



CONTENTS

A. B1zzaRrrI, S. DAs and A. PETRI — Preface . ......... ... ... .......

Course group shot . ... ...

ANDREA Bi1zZZARRI — The mechanics of supershear earthquake ruptures . . .

1. Imtroduction .. ... ... ... .
Physical problem . ... ... ..
Numerical solutions . . ........ .
Frequency content ... ... ... ..
The penetration of the forbidden zone ..............................
The shear-Mach and the Rayleigh-Mach cones. .......................
The two transition styles: the direct transition and the mother-daughter
MEChaNISIN . . ...t
Different ground motions .......... ... .. .. .
9. Concluding remarks. . ......... .. .

NS otk N

®

SHAMITA DAS — Unusual large earthquakes on oceanic transform faults. . . .

1. Introduction ............. .
2. Pre-existing zones of weakness on the ocean floor .............. ... ...
3. Re-activation of old transform faults: earthquakes with conjugate faulting
in oceanic environments . . ... .. ... ...ttt
3'1. The 1989 great Macquarie Ridge earthquake reactivated a dormant
conjugate fault . ... ... . ..

3'2. The 1987-1992 and the January 23, 2018 Gulf of Alaska earthquake
SEQUEIICES .« ¢ . et vt ettt e et e e

3'3. The M,7.8 18 June 2000 Wharton Basin earthquake: simultaneous
rupture of conjugate faults in an oceanic setting . ................

3'4.  The January 11 and 12, 2012 twin Sumatra earthquake (M,,8.6,8.2)

4. A great earthquake on a fossil fracture zone: the 2004 Tasman Sea earthquake
4'1.  Slip below the Moho during earthquakes .......................

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use

»

»

»
»
»
»
»
»

»
»
»

»

»
»

»

»

»

»

»

»
»

XVI

© o Ut = =

14

21
25
28

33

34
34

38
38
40
42
43

44
49

VII



EBSCChost -

VIII

5. A great earthquake with the main fault plane normal to regional transform
faults: the 1998 M,,8.1 Antarctic plate earthquake . ...................
6. ConcluSions . . ... ...t

AITARO KATO — The evolution of fault slip rate prior to earthquake: The
role of slow- and fast-slipmodes. ............ ... ... i

1. Wide spectrum of slip rate from fast- to slow-slip .....................
1'1.  Various types of slow earthquakes ............... ... ... ... ...
1'2. Complexity of slow earthquakes...............................
1'3. The early acceleration phase of slow-slip event ..................
2. Episodic unlocking of fault prior to large earthquake ..................
2'1. Foreshock sequence of the 2011 My, 9.0 Tohoku-Oki, Japan earthquake
2'2.  Foreshock sequence of the 2014 M., 8.2 Iquique, Chile earthquake . .
2'3. Triggering of the 2014 M,, 7.3 Papanoa, Mexico earthquake by a slow-
slip event . ...

2'4.  Foreshock sequence of the 2016 M, 7.0 Kumamoto, Japan earthquake
3. DISCUSSION . . o oo
4. ConcClusions .. ... e

CHRIS MARONE — The spectrum of fault slip modes from elastodynamic
rupture to slow earthquakes . ....... ... ... . .

1. Imtroduction .. ... ... ... .
2. Mechanics of slow Slip.......... .
2'1. Friction laws for slow slip .......... . i
2'2.  Laboratory observations of the full spectrum of slip modes from fast

B0 SlOW ..o
2'3.  Mechanics of laboratory slow earthquakes ......................
3. Earthquake scaling laws for dynamic rupture and slow slip .............

4. COnCIUSIONS . . ittt e e e e e e e e e e

W. L. ELLSWORTH — From foreshocks to mainshocks: mechanisms and
implications for earthquake nucleation and rupture propagation ..........

1. Introduction .. ... ... ...
2. Foreshocks and mainshocks ......... ... ... ... . . i
2'1. 1934 and 1966 Parkfield, California, USA.......................
2'2. 1992 Joshua Tree, California, USA ...... ... ... ... ... ........
2°3. 1999 Izmit, Turkey . ..... ... ..
2°4. 1999 Hector Mine, California, USA ... ... ... ... ... ... ......
3. Mainshock initial rupture process ........... ... .. i
3'1. 1989 Loma Prieta, California, USA ........ . ... . ... ... ......
3'2. 2004 Parkfield, California, USA . ... ... ... ... .. .. ... ... ......
4. Near source observations at SAFOD . ....... ... ... ... ... ... ... ....
Discussion. . ...

o

6. Conclusions . ............ ..

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use

»
»

»

»
»
»
»
»
»
»

»
»
»
»

»

»
»
»

»
»
»
»

»

»
»
»
»
»
»
»
»
»
»
»
»

CONTENTS

49
51

53

54
55
58
61
62
63
66

69
70
72
74

81

82
82
83

83
86
87
89

95

95
97
98
98
100
102
102
103
105
105
109
110



CONTENTS X

ALBERTO PETRI — Experimental statistics and stochastic modeling of stick-

slip dynamics in a sheared granular fault .......... .. .. ... ... ... .... » 113
1. Motivations . .. ... .. » 113
11, Crackling noiSe. . . ..ottt e e » 114

1'2.  The point of view of the statistical physics............ .. ... ... » 115

1°'3. Critical phenomena . . ....... ... .. i » 116

14, Universality .. ... ... » 117

2. Sheared granular matter in laboratory experiments ................... » 119
2'1. The laboratory set up .............. .. » 119
2'2.  Distribution of dynamical quantities . ............. .. ... ... ..., » 120

3. A stochastic model for the slider motion ............................ » 123
3'1. The friction force .. ... .o » 123
3'2. Results from the model . .. ... .. ... ... ... . . » 126

4. Criticality and its possible breakdown ................ ... ... ... . .... » 126
4'1.  Where does criticality come from?........... .. ... ... ... .. .... » 126
42, The ABBM model . ........ ... .. . i » 127
4'3. Breakdown of criticality ......... ... . .. . . » 128

5. Summary and perspectives .. ... ... ... » 130

YUN-TAI CHEN, YONG ZHANG and LI-SHENG XU — Inversion of earthquake

rupture process: Theory and applications . ......... ... ... ... ... ... .... » 133
1. Imtroduction .. ... ... . » 134
2. Theory and methods . ....... ... .. . . » 135

271, Seismic INVErSION . . ... .ottt » 135
2'1.1. Inversion with fixed rake ......... ... ... ... ... ... ... .... » 136

2'1.2. Inversion with rake variation .......... ... ... ... ... ..., » 140

2'1.3. Limitations and constraints . ....................c. ... ... » 141

2'1.4. Equations for the three kinds of inversions................ » 142

2'1.5.  An example: The 2009 M 6.3 L’Aquila, Italy, earthquake. .. » 143

22.  Joint inversion of seismic and geodeticdata ..................... » 146
3. Applications .. ... » 151
3'1. The M7.8 Kunlun Mountain Pass earthquake of 14 November 2001 » 151
3'1.1. Tectonic settings .. ....... ... .. i » 1561

3'1.2. Aftershocks ... ... ... » 151

3'1.3. Focal mechanism ......... ... .. ... ... .. . . ... » 151

3'1.4. Distribution of static slip ... ...t » 154

371.5.  Source rupture ProCeSs . .. .. ..v vt ettt e, » 155

3'1.6. Surface ruptures . ...........oiiii » 157

3'2. The M7.9 Wenchuan, Sichuan, earthquake of 12 May 2008 ....... » 157
3'2.1. Tectonicsetting ....... ... ... » 157

3'2.2. Focal mechanism and aftershocks ............... ... ... » 159

3'2.3. Distribution of static slip .. ........ .. ... ... ... ... » 160

3'2.4. Source rupture ProCeSS . . ..« o v vttt » 163

3'3. The My6.9 Yushu, Qinghai, earthquake of 14 April 2010 .......... » 165
3'3.1. Tectonicsetting........... ... ... .. i » 165

3'3.2. Focal mechanism . ........ ... ... ... .. . . ... » 167

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



X CONTENTS

3'3.3. Distribution of static slip .. .......... i » 167

3'3.4. Source rupture ProCeSs . .. . ..o e vttt » 167

3'4. Applications to the earthquake emergency response .............. » 168

4. SUIMINATY . ettt et e e e e e e e e e e » 172

MICHEL BOUCHON, DAVID MARSAN, HAYRULLAH KARABULUT, MUSTAFA
AKTAR, VIRGINIE DURAND and JEAN SCHMITTBUHL — Do plates begin to

slip before some large earthquakes? . ....... ... ... ... ... . ... ... ...... » 177
1. Imtroduction ...... ... ... » 178
2. Izmit earthquake ... ... .. .. » 178
3. Interplate and intraplate earthquakes . ....... ... ... .. ... ... ... ... » 182

R. MADARIAGA — Dynamics and spectral properties of subduction earth-

QUAKES .« oo » 189

1. Imtroduction .. ... ... .. » 190

2. ODbSErvations . . ... .i 'ttt » 191

3. Theory . ... » 195

3'1. Near field from a point source in an infinite medium ............. » 195

32, Asimplified model. ... ... . .. » 196

4. The 1 April 2014 Iquique earthquake .......... ... ... ... .. ... ...... » 198

5. The 24 April 2017 Valparaiso earthquake . ........ .. ... .. ... ... ..... » 201

51. Observations of the Valparaiso earthquake . .................. ... » 202

6. DISCUSSION. . . ..ot » 205

7. ConcluSions . .. ...t » 207

F. MULARGIA — Earthquake occurrence, recurrence, and hazard .......... » 211

1. Imtroduction .. ... ... ... . . » 211

2. Earthquake phenomenology: the state of theart ................... ... » 213

3. Earthquakes according to PSHA . ... ... ... .. . ... . ... ... ... ... » 217
Assumption 0. A probabilistic model of earthquake occurrence can be de-

TIVEd . o » 217

Assumption 1. Seismicity is known .. ...... ... .. . L i L » 218

Assumption 2. Seismicity is time independent . ............ ... ... ... » 218

Assumption 3. Tectonic strain is released by large earthquakes.......... » 219

Assumption 4. Strain energy is released by Characteristic Earthquakes . . . » 219
Assumption 5. The impossible assumption: Characteristic Earthquakes

occurring at random . ... ... » 221

Assumption 6. Exceedance probability and Return Time . .............. » 221
Assumption 7. The sum of ignorance leads to knowledge: the cognitive

democracy of logic trees ........... it » 222

4. DISCUSSION . .« ottt » 223

5. Conclusions . ... ... » 224

List of participants . ...........c. i » 227

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



The electronic version of volumes from 124 to 201 is available online at the IOS Press
web site

http://ebooks.iospress.nl/bookseries/proceedings-of-the-international
-school-of-physics-enrico-fermi

Figures with colour source files will appear in colour in the online version.

SIF Members are granted free access to these volumes at

https://members.sif.it

For a complete list of published courses see
https://en.sif.it/books/series/proceedings_fermi

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



This page intentionally left blank

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Preface

Modern investigations of the subject of mechanics of earthquake faulting and its
resulting consequences can be said to have begun with the seminal papers in 1964 and
1966 by B. V. Kostrov. We are therefore very pleased to introduce this volume to
commemorate the ~ 55th anniversary of the start of our subject. In 2017, the Societa
Italiana di Fisica (SIF) invited us to organize a school on the Mechanics of Earthquake
Faulting under the umbrella of the International School of Physics “Enrico Fermi”, with
support of the Istituto Nazionale di Geofisica e Vulcanologia (INGV). Course 202 was
held at the Villa Monastero, Varenna, Lake Como, Italy, from July 2 to July 7, 2018, and
was attended by speakers and participants from the four of the five inhabited continents
of the world.

One of the most important goals of the school was to present the state of the art of
the physics of earthquakes. It is obvious that it is not possible to perform laboratory
experiments at the same spatio-temporal scale and with the same boundary conditions
as real faults. Therefore, a multi-disciplinary scientific approach which combines labora-
tory inferences and mathematical models, together with analysis of recorded data from
earthquakes, is essential to making progress in our understanding of this very destruc-
tive phenomenon. With the very rapid technological advances in computational power,
technical facilities for laboratory experiments and high-quality broad-band data from
seismological networks, the future of this subject looks very optimistic. We therefore
welcome the opportunity to present the proceedings of the lectures presented at the
school by some of the most distinguished scholars of this topic today.

The school was arranged into twelve main lectures, which cover widely the most chal-
lenging aspects of the mechanics of faulting. These were offered by the three directors
(A. Bizzarri (INGV, Bologna), S. Das (University of Oxford) and A. Petri (CNR, Roma))
and by nine scientists of outstanding international fame (R. J. Archuleta (U.C. Santa
Barbara), M. Bouchon (Université Grenoble Alpes), Y.-T. Chen (China Earthquake Ad-
ministration, Beijing), W. L. Ellsworth (Stanford University), A. Kato (University of

XIII
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Tokyo), R. Madariaga (ENS, Paris), C. J. Marone (PennState University), F. Mulargia
(Universita di Bologna), and A. Schubnel (ENS, Paris). We also organized four short
talks given by respected scientists from Israel and France (I. Lior and A. Ziv (Tel-Aviv
University), B. Gardonio and H. S. Bhat (ENS, Paris)). A 21-poster session was included
to offer advanced doctoral students and junior researchers the possibility to present and
discuss their work with these distinguished scientists, as well as with each other. Over-
all, 50 students, young researchers and observers attended the school, coming from 15
Countries and of 18 different nations.

Bizzarri presented a comprehensive view of earthquakes that propagate spontaneously
with rupture speed greater than the shear wave speed characterizing the medium in which
the fault is embedded. He discussed the main differences, from theoretical and numer-
ical points of view, existing between sub- and supershear theoretical earthquakes, by
considering both the on-fault and the off-fault solutions, and their practical implica-
tions.

In her lectures, Das posed the fundamental basis of the inverse problem of earthquake
rupture mechanics and then applied them to great subduction zone earthquakes as well
as to large earthquakes on transform faults. The former included a detailed study of
the rupture speed of the 2001 M,, 7.8 Tibet earthquake, which not only surpassed shear
wave speeds, but almost reached the compressional wave speed of the medium. The
latter elucidated that the occurrence of large and great earthquakes taking place in
oceans implies that the oceanic crust is crumbling by fracture along pre-existing nearly
normal conjugate faults, even in regions where the transform fault is no longer active.

In his lecture entitled “The evolution of fault slip rate prior to earthquake: The role
of slow- and fast-slip modes”, Kato discussed the complexity of the nucleation stage
of seismic ruptures. He showed that recent seismic and geodetic studies of foreshock
sequences suggest that partial unlocking of the fault took place episodically through
interplay between fast- and slow-slip modes before large earthquakes. He also stressed
the importance of assessing the degree of criticality within fault segments adjacent to
already ruptured portions.

The world of laboratory experiments was highlighted by Marone, who summarized
results from laboratory experiments showing repetitive slow slip, described different fric-
tion laws for slow earthquakes and finally discussed the implications of the earthquake
scaling laws.

Ellsworth thoroughly scrutinized the differences between the two hypotheses proposed
to describe earthquake nucleation, namely, the preslip and the cascade models and high-
lighted how they take opposing views on the role of aseismic deformation in the nucleation
process, as well as the prospects for prediction.

Petri focused on the dynamics of a laboratory spring-plate system, sliding upon a gran-
ular bed. Although distant from a seismic fault, this system presents all the hallmarks
of critical systems, which are shared by several different physical phenomena including
earthquakes. The idea that the dynamics of such systems spring from the presence of a
(non-equilibrium) critical transition leads to seek their common features and stimulates
to identify the essential mechanisms from which similar statistical properties emerge.
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Chen shared with us his experience of the inversion of complex kinematic earthquake
rupture processes, by summarizing the most prominent studies made in the past two
decades in the analysis of the teleseismic and geodetic data for retrieval of the earthquake
rupture process. Such information, released soon after the occurrence of destructive
earthquakes, is now routinely being used by local authorities in the task of earthquake
emergency response for such catastrophes.

Bouchon illustrated the behaviour of 65 large earthquakes and showed that most of
those occurring along the plate interfaces are preceded by foreshocks, while intraplate
earthquakes are less prone to foreshocks. He concluded that this difference supports the
idea that slow slip of the plate interface precedes many large interplate earthquakes.

Near-field seismic radiation and dynamic inversion of large subduction (or mega-
thrust) earthquakes was the subject of Madariaga’s lectures. It focused on two great
Chilean earthquakes and showed that at low frequencies the ground spectra differ quite
significantly from the usual Aki-Brune spectrum used in studies of the far-field spectral
properties of earthquakes.

Finally, Mulargia gave a stimulating view of the problem of earthquake occurrence,
recurrence and hazard. In particular, he suggested that the Probabilistic Seismic Haz-
ard Assessment (PSHA) —which plays a fundamental role in the defence strategy from
earthquake damage of most countries— ignores the physics of the earthquake faulting
system and, as a result, PSHA estimates are essentially void of scientific significance and
merely speculative.

The stunning location of Villa Monastero with its exceptional historical and cultural
heritage, its superb gardens, as well as the charming and breathtaking atmosphere of
the Como Lake, with its Manzoniana melancholy, provided a very pleasant backdrop for
numerous informal discussions between the entire group of participants, and contributed
to the extraordinary success of the school. The topics covered during the school gave
a very clear picture of the actual state of the art of the physics of earthquake ruptures
and, at the same time, provided a list of open issues and questions that are still under
debate, thus providing young researchers with new scientific challenges for the years to
come.

Finally, we wish to put on records our thanks to the SIF President, Prof. L. Cifarelli,
for promoting this school, the only one to follow earlier schools on similar subjects in
1979 and 1982 —both of them co-directed by Prof. E. Boschi, who passed away while we
were writing this preface— and to Dr. T. Pepe (INGV, Rome) for supporting the whole
initiative and for his enthusiasm. We also want to acknowledge Dr. S. Topazio (INGV,
Rome) for her preliminary help in the very early stages of the organization of the school,
our Secretary, Dr. A. M. Loguercio (CNR, Rome) for her precious work, and the whole
staff of the SIF (with a special emphasis to B. Alzani) for their invaluable and continuous
support in the organization and management of the school.

A. BizzARrRI, S. DAs and A. PETRI
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The mechanics of supershear earthquake ruptures

ANDREA Bi1zzarri(*)

Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Bologna
Via Donato Creti 12, 40128, Bologna, Italy

Summary. — In this paper we will review the fundamental aspects of the super-
shear earthquake ruptures, i.e., events which propagate with speeds greater than
the shear wave speed of the medium surrounding the fault. The rupture starts from
an imposed hypocenter and then it spreads spontaneously (i.e., without imposed
rupture speed) over the entire fault plane. The latter is characterized by a rheology
described by the linear slip-weakening model, which analytically prescribe the evo-
lution of the fault frictional as a function of the cumulated fault slip. The problem
is solved numerically, by using two different finite-difference schemes, because it is
not possible, even in homogeneous conditions, to solve the elastodynamic problem
in an analytical, closed form. We will discuss the main differences exsisting between
sub- and supershear synthetic earthquakes, by considering both the on-fault and the
off-fault solutions. The results presented here summarizes the most prominent and
recent researches in this field, as well as the seismological implications.

1. — Introduction

It is well known that quantitative seismology is a juvenile discipline and therefore
the available data are obvioulsy limited. At the same time, it is also well known that
it is impossibile to reproduce the physical phenomenon under study (i.e., the rupture

(*) E-mail: andrea.bizzarri@ingv.it

(© Societa ltaliana di Fisica 1
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propagation occurring during an earthquake) at the same scale of the real process (the
spatial scale is km long) and in the same conditions (in terms of slip velocity and confining
stress) of a real-world seismic event.

Theoretical and numerical models are therefore a powerful tool to create realistic
scenarios and to construct synthetic catalogs of plausible events to be analyzed and
compared against the observed (or inferred) data coming from instrumental networks.

The temporal focus of the present paper is the so-called coseismic phase, lasting from
seconds to minutes, during which the stress is released on the fault and re-distributed in
the surrounding medium. Within this temporal scale several competing (and potentially
concurrent) physical and chemical mechanisms take place (see [1] and references cited
therein for a thorough review) and seismic waves are excited. This stage starts in a
dynamic fashion after the long preparatory phase (the nucleation stage) and ends with
the healing and stopping phases, leading to a new equilibrium state of the seimogenic
region, thus preluding an interseismic, re-strengthening phase, which in turn ultimately
culminates in a new slip instability (or a new, sometime triggered, earthquake event).

One of the results of the dynamic modeling of earthquakes is the rupture speed, i.e.,
the velocity at which the rupture (more exactly the rupture front, which separates the
region where the fault surface is still at rest from the portion(s) where the stress is releas-
ing) advances. In the class of the so-called spontaneous models this physical observable
is not prescribed (i.e. not imposed a priori, like in the non-spontaneous models), but in-
deed it is itself a part of the solution of the problem. The rupture speed, v, thereinafter,
is usually compared with the value of the shear wave speed vg (an intrinsic parame-
ter which characterizes the medium surrounding the seismic fault system) so that two
regimes of rupture propagation have been defined (with self-explaining meaning): the
subshear regime and the supershear regime.

Indeed, the problem supershear earthquakes has received the increasing interest of
theoretical and numerical studies, laboratory experiments and observations of (or infer-
ences from) real-world events. Frist of all, we mention that, using analytical models of
non-spontaneous, purely in-plane (mode II) crack, [2-5] and [6] demonstrated that rup-
ture can stably propagate at supershear rupture velocity. On the other hand, numerical
simulations showed that spontaneous ruptures governed by a linear slip-weakening fric-
tion law ([7-10] in the 2D, purely in-plane case and [11-14] in the 3D one; see fig. 1a), as
well as spontaneous ruptures obeying to rate- and state-governing laws ([15] in the 2D
case and [13] in the 3D one; see fig. 1b), exhibit, for carefully chosen values of governing
parameters, a jump from sub- to supershear rupture velocities. (For the classification
of dimensionality and geometries of the problem readers can refer to sect. 2.1 of [1]).
Moreover, laboratory experiments by [16] and by [17] showed that supershear stick-slip
motion occurred after a stable sliding. Indeed, the prominent experimental result [18,19]
is that shear cracks from either projectile impact loading or shear loading with exploding-
wire-nucleation can propagate at intersonic speed in homalite (see fig. 2).

In spite of this profusion of analytical, numerical and laboratory evidence it is well
known that the observations of crustal earthquakes have revealed that most ruptures
tend to propagate with an average velocity that is about 80% of the shear wave ve-
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Fig. 1. — Numerical results demonstrating the presence of supershear ruptures. The occurrence
of the supershear transition is emphasized by vertical red arrows. (a) 2D model with linear slip-
weakening governing model (eq. (3)) and homogeneous conditions. The plot show the behaviour
of the fault slip pertaining to a bilateral rupture which nucleates at the origin (for sake of
simplicity, only one half of the fault is reported). Modified from [23] with permission of John
Wiley and Sons. (b) 2D model obeying to Dieterich-Ruina law (eq. (6)) and bilaterally spreading
and again starting from the origin. Scales and color bar are in arbitrary units. Modified from [67].
In both panels the fault slip is reported; in panel (a) only the cohesive zone (i.e., the region
in which the stress release is accomplished) is reported; see also fig. 13d for a comparison and
sect. 7 for a further discussion.

locity (e.g., [20]). However, there are a few earthquake ruptures which appear to have
propagated with a velocity greater than the shear wave velocity; they are listed in table I.

The state-of-the-art knowledge indicates that supershear earthquakes possess some
peculiar features:

i) [21] and [22] noted that in classical fracture mechanical models crack tip singulari-
ties emit diminished high-frequency motion when traveling at supershear speeds, which
might nullify the Mach cone enhancement of high frequencies. This has been theoretically
discussed also by [23], basing on the mode II, non-spontaneous, self-similar analytical so-
lution of [2], and further demonstrated for spontaneous 3D rupture governed by different
constitutive models by [24], for both homogeneous and heterogeneous conditions.

ii) They emit a Mach cone having enhanced high frequencies [22,25,26] and they can
radiate a locally planar or conical wave front having less geometric spreading than that
radiated from subshear rupture [22].

iii) Supershear earthquakes also emit Rayleigh Mach waves, most evident in the fault-
normal and vertical components of particle velocity on the free surface, which interfere
and lead to complex velocity and stress fields. Rayleigh Mach fronts do not attenuate
with distance from the fault trace [27].
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Fig. 2. — (a) The dynamic photoelasticity setup employed in laboratory experiments by Rosakis
and coworkers [18]. A Homalite-100 specimen 4 mm thick is subjected to an impact by a steel
projectile (having length 75 mm and diameter 50 mm) fired from a high-speed gas gun. The
steel projectile impacts a steel piece (at 25m/s), and the compressive longitudinal wave loads
the notch tip in a predominantly shear mode. The dynamic stress field generated by the loading
was recorded using photoelasticity in conjunction with high-speed photography and the resulting
isochromatic fringe pattern was recorded by a high-speed camera (up to 2 million frames per
second). (b) Enlarged view of the isochromatic fringe pattern around a steady-state mode II
intersonic crack. (c) Resulting crack speed obtained from the crack length history (squares) and
from shock wave angles (circles) for a field of view around the notch tip (solid symbols) and for a
field of view ahead of the notch (open symbols). The so-called forbidden zone is marked in pink
(for Homalite-100, vp = 2200m/s and vs = 1255m/s). Reproduced from [18] with permission
from The American Association for the Advancement of Science.

iv) The high-frequency content of a Mach pulse overwhelms that arising from stress
heterogeneity; although the heterogeneities can reduce the peaks in ground velocity and
can also diminish the coherence of the Mach fronts, ground motions at stations experi-
encing Mach pulses should be richer in high frequencies compared to stations without
Mach pulses [26].
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TABLE L. — List of directly observed (*) or inferred (°) supershear earthquakes.

Year Magnitude Location Reference

1906° 7.9 San Andreas Fault, San [70]
Francisco, CA, USA

1979° 6.5 Imperial Fault, Imperial Valley, [71]
CA, USA

1999° 7.4 North Anatolian Fault, Kocaeli [72]
(Izmit), Turkey

1999° 7.2 North Anatolian Fault, Diizce, [72]
Turkey

2001° 8.1 Kokoxili (Kunlun), Tibet [73]

2002° 7.9 Denali Fault, Alaska [21]

2010° 6.9 Yushu Fault, Qinghai, China [74]

2012° 8.6 Indian Ocean [75]

2013° 7.5 Queen Charlotte Fault, Alaska [76]

v) Contrarily to subshear ruptures, for which the high-particle velocities are concen-
trated near the fault trace, supershear ruptures produce ground motions which extend
widely in the direction perpendicular to the fault trace, with a predominance of the
fault-parallel component of the particle velocity [28].

vi) Supershear earthquake tend to enhance the variation of the rake [13,29]; this
can have consequencies in the formulation of analytical expression of the slip-dependent
governing models, as discussed in [30].

vii) Depending on the style of the transition from sub- to supershear regime the
ground motions resulting from the earthquake propagation are different [31].

In the following sections we will review in more detail and discuss the above-mentioned
features.

2. — Physical problem

We solve the elastodynamic problem for fault, neglecting body forces, i.e., we solve
the II law of dynamics for continuum media, which reads

(1) pik; = 04j,j,

where p is the cubic mass density, o;; is the stress tensor and the Einstein’s index sum-
mation is assumed. For the sake of simplicity we consider a planar fault, perpendicular
to the x5 Cartesian axis. In the 2D case the rupture propagates along the x; axis and
the solutions only depends on the spatial coordinate x; (pure mode-II geometry) and on
time ¢. In this case the fault slip u is written in the form u = (u;(21,t),0,0). In the
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3D case we consider a vertical, strike slip fault mechanism, so that the fault slip reads:
u = (uy(x1,x3,t),0,us(x1,z3,t)). Note that in this latter case we have the dependence
on both the two on-fault spatial coordinates and that the two shear modes of propaga-
tion (mode IT and mode III) are coupled together. Rake rotation is allowed and thus the
slip azimuth (namely the ratio uz/u;) can change both in space and in time during the
spontaneous propagation of the rupture. On the contrary, material interpenetration and
fault opening is not allowed (this is why us = 0 and thus mode I is not permitted in the
model).

The medium surrounding the fault is perfectly elastic, homogeneous and initially at
rest; it moves only in response to waves excited by the (stress re-distribution caused by
the) earthquake source.

The shear components of the stress tensor are linked to the fault governing model,
which complements eq. (1); in full of generality this law can be written as follows:

(2) 7= p(wiO1, ..., wNON; 1, ... Par)on T,

in which {O;};=1,... n are the physical observables (or dynamic variables), {w;}i=1,.. ~
are the weights expressing the relative importance of each single chemical or physical
process taking place during the seismic event described by {O;}i=1,... ~ and {p;}i=1,.. M
are the constitutive parameters. In eq. (2) 7 is the modulus of the shear traction, u

ff is the effective normal stress,

stands for the dimensionless friction coefficient and o,
which in turn is expressed as the difference between the stress of tectonic origin o, (o33
for our fault geometry) and the pore fluid pressure pgyiq.

In this paper we will consider the slip-weakening (SW thereinafter) constitutive model,
which is the prime example of the class of the cohesive force fault governing equation. It
has been originally introduced by [32] basing on the theory of Barenblatt [33,34] on mode
I ruptures on metals and subsequently extended to shear modes of propagation. In this
formulation the slip begins on the fault only when the traction reaches, for some reason,
the upper yield stress 7, = p1,0,°%. Then it decreases as a function of the developed slip
u only. The simplest case, which has been massively employed in numerical models of
dynamic ruptures ([7,11,23] among many others in subsequent years) due to its inherent
simplicity from a computational point of view, is represented by the linear SW law, which
reads

u
e :uf)di o, u < do,
0

(3) T
MfUneH7 U Z d07

where dy —sometimes indicated by D. by experimentalists— is the characteristic (often
and improperly called critical) length of the model and 7y = p fU,LCH is the residual, or
kinetic, level of friction attained after the stress release. The presence of a characteristic
length makes it possible to apply this model at a laboratory scale (where dy ~ some pums)
as well as at a real-world scale (where dy ~ few cms). The nucleation mechanisms, which
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cause the transition from an initial stress state 79 up to 7, is not inherently modeled,
so that some artificial procedures are needed to initiate a rupture, as compendiously
discussed in [35].

In eq. (3) the slip w simply is uq(z1,t) in the 2D case, but it can be regarded either
as the actual modulus of the slip vector,

(4) uwmoD (21, 25, 1) = |Ju(zy, 23,1)],

or as the slip cumulated along its path

t
(5) WPt (g o ) = / v (21, 25, )| 2.
0

in the 3D case. The differences between these two (theoretically different) formulations
occur only when a relevant rake rotation takes place [30], i.e., when the slip velocity
vector significantly changes (in time and in space) during the rupture propagation. The
constitutive model (3) is essentially theoretical (or mathematical) in this origin and
it is intentionally simple; in homogeneous conditions it predicts a constant stress drop
(accomplished over the breakdown time T}, which in turn is controlled by dp; see eq. (A5)
in [10]).

Just for completeness we mention here that a more alaborated model which has been
considered in a large number of studies dealing with dynamic models is one example of the
rate- and state-dependent friction laws, the so-called Dieterich Ruina (DR henceforth)
law [36,37]:

T= [M* +aln <£}> +bln (\IJE*>] on°,
(6) "

which is also known as ageing law. Equation (6) possesses three governing parameters; a,
which describes the slip-hardening phase (also named the direct effect), b, which accounts
for the short-range evolution effect of traction and its long-range velocity strengthening
and L, the characteristic length scale, which is the counterpart of dy in the SW model (3).
From a more physical point of view, a and b describe the effects of thermally activated
exponential creep occurring at the micro-asperity contacts level. The quantities p, and
v, are reference values for the friction coefficient and the fault slip, respectively; if the
fault has an initial velocity vg = v., then u, formally defines the initial value of fault
traction. The state variable ¥ (which in general is a multi-dimensional variable ¥ =
(U, Ps,...,Pk)) accounts for the different states of the fault surface and it represents
a sort of memory of the fault of the previous slipping episodes. In the case of DR model
(eq. (6)) the single variable ¥ has the physical meaning of the average contact time of
the micro-asperities.
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3. — Numerical solutions

There is no reason to emphasize that the spontaneous, 3D, dynamic problem cannot be
solved analytically in closed form, even in homogeneous conditions (where all the medium
and governing parameters are constant in time and spatially uniform). Remarkably, the
only exception is represented by the 2D, pure mode II solution proposed by [38], although
some integrals have to be evaluated numerically. Therefore we solve eq. (1) coupled
with (3) numerically.

For the 2D case, we use the finite difference code described in [10], originally developed
by [39], which uses a mesh of triangles and the leap-frog scheme. The code has been made
more efficient by us using parallelization through the OpenMP paradigm (see [40]).

For the 3D case we use two OpenMP-parallel, 2nd-order accurate in space and in
time, finite difference codes. For the investigations on the fault (see sects. 4 and 5)
we adopt the conventional grid method (all components of the different quantites are
defined in the same grid node), implementing the traction-at-split node fault boundary
condition, which is described in details in [13] and [41]. For the results pertaining the off-
fault features (see sect. 6) we prefer the staggered-grid (the components of the different
quantites are defined in the different grid nodes) code described in [42] and used in [27]
and [26], which in the body surrounding the fault is 4th-order accurate in space. In
this case the fault boundary condition is implemented with the staggered-grid split-node
method (e.g., [43]).

In both 2D and 3D cases the nucleation is imposed in a hypocenter point and then
the rupture develops spontaneously and bilaterally (i.e., in a symmetric way with respect
to the imposed hypocenter) over the whole fault line or plane (in the 2D and in the 3D
case, respectively). For sake of simplicity all the parameters are homogeneous, unless
otherwise specified in the following discussions.

As stated above, the value of the rupture speed is a part of the solution of the dynamic
problem, but it is an indirect quantity, in that it has to be computed from the rupture
time t,.. The latter is defined as the first time instant when the fault slip velocity v,
in a given node, exceeds the threshold value v; = 0.01m/s (][29] and references cited
therein). We remark here that this value is at least two orders of magnitude smaller
than the typical peak slip velocity which is attained in the numerical results of dynamic
models and therefore it is able to capture what happens in most of the breakdown zone
in numerical experiments on homogeneous faults, where the rupture always accelerates
to a seismic regime.

In 2D v, in the generic location ;3 = (i — 1)Ax is computed by using the two-point
central difference method:

i+ DAz —(i—1)Ax 2Ax

(7) =TT D 0BG D 66D

(Az is the spatial sampling, which is homogeneous over the whole computational do-
main), while in 3D, in each node of the fault, it is computed as the inverse of the
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slowness:

1
|V($1,x3)tr(l’1,1'3)” ’

(8) vp(21,73) = |

where the spatial derivatives of ¢, in eq. (8) are given by (e.g., [44])

)
9) 8731757"(%1,51”3) =
b+ Lk ) =G - L+ D)+ GG+ 1L,k—1) = (i —1,k—1)
Az 4
and
)
(10) T%tr(ml,xg)

)

LB+ LE+ ) —h(i+ LE-D) 4+ G- LE+1) —6(i—1,k—1)
T Az 4

where the symbol ¢ indicates the discrete equivalent of a generic quantity g and the
doublets (7, k) define a fault node located at the position iAx in the strike direction (x1)
and at the depth x3 = (kK — 1)Ax (spatial sampling is constant in all directions, again for
simplicity).

4. — Frequency content

The results presented here pertain to a 3D model with linear SW governing model
(eq. (3)); the parameters are listed in table 1 (Model A) of [24].

In fig. 3a we plot the rupture speed v, on the fault plane, computed through eq. (8);
due to the symmetries of the problem only a quarter of fault plane is displayed; moreover,
for clarity of presentation, we plot v, only up to time ¢t = 1.29s, in order to better
emphasize the region where rupture front accelerates to supershear rupture velocities.
This transition is inded expected, since the value of strength parameter S is low (in
the present case S = 0.8) and below the critical threshold which discriminate between
subshear and supershear rupture propagation (see for instance [23,45] and sect. 7). S,
sometimes called seismic ratio, is defined as follows:

Tu — T0

11 S =
( ) df To — Tf

[8,46,47]. We also note that in the direction of the pre-stress (namely in the in-plane di-
rection, 1 for the adopted fault mechanism) the rupture accelerates up to supershear ve-
locity, reaching a value (4209 m/s) which is very close the Eshelby speed (vgp = 4243 m/s
for our parameters). On the contrary, in the anti-plane direction (5 for the adopted fault
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Fig. 3. — (a) Rupture speed on the fault plane in the case of homogeneous 3D fault governed
by the linear slip-weakening model (eq. (3)), calculated from eq. (8). Blue portions of the
fault identify the unbroken areas, while the black star denotes the earthquake hypocenter; black
triangles indicate the locations where Frequency Amplitude Spectra (FAS) of fault slip velocity is
calculated. Due to the symmetry of the problem, only a quarter of the fault plane is reported in
the figure. Only for graphical clarity, the rupture speed is calculated not in the whole temporal
window of the computation but only up to time ¢ = 1.29s. The parameters are reported
in table 1 of [24] (their Model A). (b) Resulting FAS of the fault slip velocity time series.
Asterisks indicate locations where rupture speed is supershear. Solid lines show unmodified
FAS. Dashed and dotted lines show FAS of supershear locations multiplied by w and w'/?,
respectively. Vertical arrow shows the lowest frequency peak caused by numerical oscillation in
slip velocity. “Not valid” shows the range of frequencies in which antiplane and in-plane FAS
cannot be compared. Reproduced from [24] with permission of John Wiley and Sons.

mechanism) v, always remains subshear, as already numerically demonstrated by [13].
Moreover, it is evident from fig. 3a that there are intermediate regions where v, increases
from sub- to supershear rupture velocity, passing through the rupture velocity interval
which has been considered as forbidden in 2D (e.g., [23]). We will discuss in more details
this important issue in sects. 5 and 7.

In fig. 3b we plot the magnitude of the Fourier amplitude spectra (FAS) of the fault
slip velocity time series at nine locations (black triangles in fig. 3a). All locations in
this numerical experiment are at a distance of 3km from the imposed hypocenter H
(the black star in fig. 3a) and at different azimuths with respect to H. As a consequence
of the linear SW governing law with constant effective normal stress, all the locations
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experience the same stress drops (both static stress drop, A =T0—Tf, and breakdown
stress drop, AT, = Tu— 7r), but they have different rupture velocities (basically due

to the different oupling between the two modes of propagation, II and III). The FAS
formally is the spectrum of the magnitude of the fault slip velocity time series. Namely,
all locations’ slip acceleration time series were terminated by a cosine-taper of duration
taur starting at a delay tgq.¢ after the first non-zero value (i.e., the onset time at that
given fault node). The termination of the acceleration time series was chosen to exclude
the back-propagating healing phases from unslipped parts of the models. The tails of the
tapered accelerations were then padded with zeros and integrated to velocity. The tails
of these velocities were gradually cosine-tapered to zero and the tapered slip velocities
were then normalized to have one meter of total cumulative slip, a typical value that
may be associated with a M ~ 7 earthquake. In this model we used tsqr¢ = 0.58
and tg,, = 0.1s for the acceleration taper and tgq.+ = 0.3s and tg,, = 0.7s for the
velocity taper.

From fig. 3a we can see that the spectra (solid lines) agree at low frequency but
they diverge above 10 Hz. Moreover, we also see that a numerical oscillation occurs at
some frequency, that frequency always being the lowest for anti-plane locations (see the
arrow at 80Hz for locations 7, 8, and 9 in fig. 3b) and highest for in-plane locations
(about 180 Hz for location 1, not visible in fig. 3b). Because of the numerical oscillation,
the in-plane and anti-plane locations’ spectra cannot be compared in the band marked
“not valid” on the figure, although the in-plane spectra are usually valid well into that
band.

The most relevant result in fig. 3b is that in the band where the FAS diverge (10—
40Hz), the FAS of the pure in-plane location (1) is in the middle of the group, the
location closest to the sub- to supershear transition (3) has the lowest FAS, and the FAS
of the subshear locations (4 to 9) exceed those of the supershear [24]. This verifies the
predictions of [2] and [23] that supershear crack tips should have less abrupt slip velocity
onsets than subshear tips. We also remark here that the location with the lowest FAS
experiences the largest rake rotation within the breakdown zone.

The dotted and dashed FAS in fig. 3b are the FAS of supershear locations (solid lines
for 1, 2, and 3) multiplied by w!/? and w, respectively, just to simulate the spectral
enhancement of the radiated S waves expected for supershear rupture speed compared
to subshear ruptures in case of slip heterogeneity spectra that follow k1'% and k=2 at
high wave number, respectively. They show that the spectral enhancement expected
from supershear propagation exceeds the diminution of spectral amplitude caused by
supershear reduction of the crack tip singularity.

It is important to emphasize that the results presented here are valid also in case of
different governing models; esamples are reported in figs. 8 and 10 of [24]. Moreover,
also for heterogeneous models (where the frictional properties are not homogeneous over
the whole fault plane) it holds that the average FAS amplitude of subshear locations
has about twice the amplitude of the supershear FAS in the 6-30 Hz band (see fig. 11d
of [24]).
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5. — The penetration of the forbidden zone

The results discussed in this section pertain to a 3D model with linear SW governing
model (eq. (3)); the parameters are listed in table 1 of [29].

Self-similar calculations, in which a 2D, pure anti-plane (mode IT) crack suddenly ap-
pears and starts extending at a constant speed showed that speeds between the Rayleigh
speed vg and the vg are not possible, based on energy considerations [23,48,49]. More-
over, Andrews [50], starting from [2], founds self-similars solution in between vy and vg
(non-spontaneous solutions) which are not physically realistic for pure mode-II sponta-
neous ruptures and his solutions are singular at the crack tip. Moreover, their numerical
calculations of a mixed-mode rupture (in which u = (uy(z1,t),0,us(x1,t))) have poor
resolution and therefore can not handle the question of the penetration of the “forbidden
zone” properly.

In order to determine if the forbidden zone truly exists, as well as to understand
its properties if it is not forbidden, and to better understand the supershear rupturing
process, Bizzarri and Das [29] carried out numerical calculations using finer grids than
had ever been used before (5m square grids). This extraordinary spatial resolution,
associated with a time step of 1.2 x 10™*s, gives an unprecedented resolution of the
cohesive zone; on average we have (N.) = (Xp)/Ax = 100 (X} is the breakdown zone
length, i.e., the spatial extension on the fault over which the traction degrates from the
upper yield stress down to the residual level). Just for comparison, the best resolved
model of [14] uses (N.) = 0.9.

The resulting supture speed [29] is reported fig. 4a, where we have shown the regions
which remained subshear and those which reached supershear speeds. Note that the
spatial scales are normalized by the fault length L/ and the fault width W/. Also
in this case, due to the symmetries of the problem, we report only one half of the
rupture, which we recall is expanding bilaterally with respect to the imposed hypocenter
H.

In fig. 4b we plot the rupture speed along the pure mode II and a chosen direction
where the two modes II and III are mixed together (reported in panel (a) as dashed
red line). The rupture velocity clearly passes through the “forbidden zone” in both
directions, the change in gradient of the curve on either side of the forbidden zone be-
ing particularly sharp for the mixed-mode case. Thus, though the crack front does
pass through the so-called forbidden zone, it passes through it fast, as it emerges from
fig. 5 [12] did proposed this idea, based on numerical simulations which did not have
the same level of resolution compared to those discussed in this paper. The penetration
of the forbidden zone was also shown in [13] (their fig. 2c), but for a special, non-
dimensional set of parameters (that of [7] and [23]) which cannot be easily scaled to
a real-world dimension and realistic conditions. We can clearly see that in the pure
mode-II direction, the rupture then passes through the Eshelby speed without any per-
ceptible change of gradient and it finally approaches vp. The expected increase of the
values of the supershear rupture speeds near the free surface is very clearly seen (see
also [28,35,51]). However, we emphasize that in our simulations the penetration of the
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Fig. 4. — (a) Distribution of the rupture speed on the left half of the fault plane. The purple
region denotes the initial patch where nucleation occurs. Spatial coordinates are normalized by
the fault length LY and the fault width W¥. The continuous black line represents the separation
existing between regions experiencing sub- and supershear rupture speeds. The lines along which
the rupture velocities v, will be plotted in (b) are shown by red and black dashed lines. (b)
Plot of v, as a function of the hypocentral distance, along the two profiles shown in panel (a).
The so-called forbidden zone is marked in grey. See sect. 5 for details. Modified from [29] with
permission of Elsevier.

forbidden zone is not due to phase conversion along the free surface or to interactions
with the stress field generated by the sliding near the free surface, as shown by [52] (their
figs. 7 and 9c).

Finally, in fig. 4 we report a zoom of the so-called forbidden zone [vg, vs]. In this plot
we superimpose the results pertaining to three different numerical experiments, when
we only vary the spatial and temporal discretization. It is apparent that the number
of points failing within the forbidden zone increases as the resolution becomes finer, as
expected. The number of points within [vg, vg] is also marked in the figure. The discrete
jumps in the rupture speed do not depend on the adopted numerical scheme (see the
discussion in [29]).

In sect. 7 we will see that also in pure mode II problems, under some conditions, the
forbidden zone does disappear.
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Fig. 5. — Zoom of the rupture speed in the so-called forbidden zone. The number of points
failing in the range [vr,vs] is also indicated for the different resolution of the models (listed in
the topo of the panel). The maximum number of grid points lying within the forbidden zone are
36 and 208 for the pure mode II and the mixed-mode case, respectively. Even with a rougher
discretization of 25m grid size, we have 11 and 13 points in this zone, respectively, confirming
that the forbidden zone is penetrated. Reproduced from [29] with permission of Elsevier.

6. — The shear-Mach and the Rayleigh-Mach cones

As for the previous section, the results presented here are from a 3D model with linear
SW governing model (eq. (3)); the parameters are tabulated in table 1 of [26].

In the case of 2D steady state models [53] and [54] showed that supershear ruptures
generate shear Mach (Mg henceforth) waves. Mach cones have been connected to the
vapor cone generated by airplanes traveling at transonic speeds, just before reaching the
speed of sound. For this reason, supershear earthquakes have been sometime, althought
improperly, named “supersonic earthquakes”. On the other hand, [27] showed that su-
pershear ruptures having a straight rupture front generate not only Mg waves, but also
Rayleigh Mach (Mpg thereinafter) waves, which interfere and lead to complex velocity
and stress fields (see their fig. 1 for a graphical sketch). Dunham and Bhat [27] also
found that Mg fronts are most evident in the fault-normal and vertical components of
particle velocity on the free surface and that they do not attenuate with distance from the
fault trace (in a homogenous, ideally elastic medium). Finally, they also demonstrated
that while high particle velocities are concentrated near the fault trace for subshear rup-
tures, in case of supershear ruptures they extend widely in the direction perpendicular
to the fault trace. Additionally, they showed that when rupture velocity increases from
sub- to supershear speeds, the dominant component of particle velocity changes from
fault-normal to fault-parallel, as also shown by [28].
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Caption to fig. 6: (a) Rupture velocity normalized by the S-wave velocity on the fault plane
in the case of supershear rupture. As usual, black line corresponds to v, = vg contour. On
the top of the panel we report the total seismic moment, My, and the spatial averages over
the whole fault surfaces of the total cumulative fault slip and rupture velocity ({uto:)s and
(vr)s, respectively). (b) Snapshots at different times (indicated on the single plots) of the
resulting free surface particle velocity V (with saturated color scale). Mg and Mg are the
shear and Rayleigh wave Mach fronts, respectively, and P; denotes the first positive peak
in particle velocity, associated with dilatational motion. Note in the last two snapshots the
stopping phases generated from unbreakable barrier at 1 = 110km. Numerical dispersion of
high-frequency waves is responsible for oscillations behind sharp wavefronts. See sect. 6 for
further details. Modified from [26] with permission of John Wiley and Sons.

Caption to fig. 7- The same as fig. 6, but now in the case of homogeneous subshear rupture. In
the present case R denotes the Rayleigh wavefront. Modified from [26] with permission of John

Wiley and Sons.
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Fig. 8. — Time evolution, low-passed at 8 Hz, of the components of the normalized free surface
particle velocity for the supershear model (fig. 6) at several receivers, all located 50 km along
strike from the hypocenter and equally spaced by 5km in the direction normal to the fault
(the absolute location of each receiver is indicated, for each trace, to the right of panel (c)).
Velocity is normalized by the multiplier factor G/(vsATg), G being the rigidity of the medium
and A7y being the dynamic stress drop. Py and Sp mark the theoretical arrival times of the
direct P and S waves from the imposed hypocenter, respectively. Mg and Mpg indicate the
shear and Rayleigh Mach fronts, respectively, and P; denotes the first positive peak associated
with dilatational motions, as in fig. 6a. The stopping wave fronts are outside the time window
considered here for all free surface receivers. Reproduced from [26] with permission of John

Wiley and Sons.
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Fig. 9. — Same as fig. 8, but for the subshear configuration of fig. 7. Also in this case the
stopping wavefronts are outside the considered time window considered. R again marks the
Rayleigh wavefront. Reproduced from [26] with permission of John Wiley and Sons.

Bizzarri and coworkers [26] showed that in the truly 3D homogeneous case (in which
the rupture fronts are curved due to interactions with the free surface and the finite
fault width) still exist coherent Mg and Mg fronts. This is clearly visible from fig. 6b,
where we report some time shapshots of the particle velocity V (its three components)
pertaining to the supeshear case (the spatial distribution of the rupture speed is reported
in fig. 6a). The comparison for the subshear configuration (fig. 7a) is reported in fig. 7b.
The differences in S between super- and subshear models arise from differences in 7y only,
since we keep 7, and 7y the same in both models; this results in a factor of two larger
dynamic stress drop for first model compared with the second one (see table 1 of [26]).

From fig. 6b we can observe that the inclination of Mg with respect to the x;-axis
(which is expressed as Sg = arcsin(vs/v,)) is constant through time, suggesting that the
rupture velocity is constant; this prediction is in agreement with our numerical calcula-
tion of v, (see fig. 6a). These results of [26] basically confirm what [27] found in their
non-spontaneous model with a straight rupture front. Moreover, in agreement with [27],
the comparison between figs. 6b and 7b confirms that in the steadily propagating homo-
geneous subshear case (fig. 7b) V is significant only near the fault trace, while in the
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Fig. 10. — (a) Distribution of v, /vg for a heterogeneous model for which the initial shear stress
is 7o = Arhet) ¢ T(gTef), where Téref) = 65.62MPa (an intermediate value between super- and
subshear models) and A7"Y follows a k~' distribution at high wave numbers k (see sect. 4
of [26] for additional details). As for previous figs. 6a and 7a, the total seismic moment and the
spatial averages (over the fractured portion of the fault surface ') of the total cumulative fault
slip and rupture velocity are reported on the top of panel. (b) Resulting vawe fields in the same
receivers of figs. 6b and 7b. The shear (Ms) and Rayleigh (Mg) Mach fronts are not obscured
by the presence of heterogeneities in the initial shear stress. Modified from [26] with permission
of John Wiley and Sons.
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Fig. 11. — Spectral analysis of ground velocity at (z1,z3) = (50,35) km for the three models of
figs. 6, 7 and 8. Frequencies above 8 Hz are affected by numerical oscillations. The omparison
of FAS of three components of V indicate that the ground motions of a supershear rupture is
richer in high frequencies with respect to that from a homogeneous subshear and that when a
Mach pulse is present, its high-frequency content overwhelms the high frequencies introduced
by stress/slip heterogeneity. Modified from [26] with permission of John Wiley and Sons.
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supershear case (fig. 6b) large ground velocities extend to the end of the computational
domain in the direction perpendicular to the fault [26].

The two Mach fronts (Mg and Mpg) can be clearly recognized in the time evolution
of V at different distance form the fault trace (see fig. 8). The distance along the strike
distance is 50km in order to be sure to capture all the features of the well-developed
rupture and to minimize the potential effects of the imposed nucleation procedure. In
agreement with [27], we can see that as the distance from the fault trace increases the
amplitude of particle velocity (especially V7 and V3) decreases faster in the subshear
model (see fig. 9) compared to the supershear one (see fig. 8) in these models having fairly
uniform rupture speed. Another interesting feature which emerges from the comparison
of figs. 8 and 9 is that in the supershear model V3 > V5 at most locations; on the
contrary, in the subshear model the opposite is true (i.e., V1 < V5 at most locations).
This result [26] confirms the conclusions of [28] and [27].

If we introduce spatial heterogeneities in the distribution of the initial shear stress es-
sentially we can confirm what we see in homogeneous models, in particular, the two Mach
fronts still appear (fig. 10b), althougth the Mg front is less coherent in heterogeneous
model than in the homogenesous one (this is an obvious consequence of the variability
in rupture front history; see fig. 10a). The details of heterogeneous distribution is given
in sect. 4 of [26]; we simply mention here that the heterogeneous initial shear stress is
consistent with a specified power spectral density which attenuates with increasing ra-
dial wave number. Due to the heterogeneous value of the S parameter (eq. (11)), the
distinction of the two speed regimes of propagation is not so strong as it was for pre-
vious homogeneous models; in this numerical experiments v, generally exceedes vg (see
fig. 10a), but it exhibits some subshear patches. This model is characterized by a grad-
ual, spontaneous (and probably more realistic) cessation of slip at various locations (i.e.,
it stops at different times and distances along strike for each depth); when the rupture
propagates into fault patches with negative stress drop (i.e., stress increase), it stops
gradually. It is apparent that in this case the event size was not predictable a priori (i.e.,
before running the simulation). This configuration can be regarded as an interesting
example of how artificial it probably is to stop ruptures so abruptly at the end of the
fault, as we have done in the homogeneous simulations.

Calculations of the Fourier amplitude spectra (FAS) of ground velocity time histories
corroborate the kinematic results of [24]: i) The ground motion of a supershear rupture
is richer in high frequency with respect to a subshear one and ii) when a Mach pulse
is present, its high-frequency content overwhelms that arising from stress heterogeneity.
Numerical experiments of [26] indicate that a Mach pulse causes approximately an w=!7
high-frequency falloff in the FAS of ground displacement. This is visible from fig. 11.

7. — The two transition styles: the direct transition and the mother-daughter
mechanism

In the present section we will consider a pure in-plane 2D fault subject to the linear
SW law (eq. (3)); the parameters are the same as those of sect. 5.

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

22 ANDREA BIZZARRI

a

2 Ve

o

Q

g |7

Sos8f v ] i
£ 0,55 | S A Rk ; forbidden zone
50.58 .

° f -

g R

° 12

o

"]

g

- [ Direct transiton

[ Mother-daughter transition

0 0.5 1 1.5 2 25 3 3.5 4 4.5

Time (s)

Fig. 12. — Rupture speeds for the 24 values of the streneght parameter S used for a homogeneous
2D, pure in-plane rupture (see sect. 7). The spatial grid size Az is 40 m and the starting velocity
is 0.5km/s. The so-called forbidden zone is marked (as in fig. 4). The two kinds of transition
behavior for the smaller and larger S values are clearly visible (light blue and light orange,
respectively). The vertical dashed lines indicate the birth of the daughter rupture in the case of
the mother-daughter mechanism. For values of S greater than 0.9 the jump to the supershear
speed (associated with the presence of the forbidden zone) occurs after t = 4.5s (and thus out
of the reported scale). When S reaches the critical value of 1.77 [23] the rupture asymptotically
reaches vg and remains in the sub-Rayleigh regime. Modified from [40] with permission of John
Wiley and Sons.

Motivated by the results discussed in sect. 5, Liu and coworkers [40] carried out one
hundred and twenty six numerical experiments in order to scrutinize the features of the
penetration of the so-called forbidden zone. For each configuration they investigate the
relation existing between the rupture speed and the strength parameter S; they consider
24 values of S in the range between 0.38 and 1.2, and 6 values larger than 1.2. To
obtain different values of S, they change the upper yield stress 7, and they keep the
other parameters unchanged. Contrary to the 3D case, where the absolute values of the
stresses affect the behavior of the propagating rupture (they indeed control the level of
rake rotation; [13]), in the 2D case only the value of S controls the rupture behavior. For
values of S greater than the critical value of Sy,.x = 1.77 the rupture speed remains below
the Rayleigh wave speed [8,23,55], so most of the values chosen ensure that supershear
rupture speeds are attained.

Liu and coworkers [40] found there are two rather different mechanisms which con-
trol the supershear transition, discriminated through a threshold value of the strength
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Fig. 13. — (a) Phase diagram summarizing the behavior of the dynamic system; we plot the
values of v, (in a color scale) as a function of the strength parameter S (on the abscissa) and
the ratio between the half-critical length L. and the location of the rupture front L (on the

ordinate; L., first introduced by [23], is defined as LI = 2G ?jz% (::Wdo’ where A and

G are the two Lamé’s constants). The penetration of the forbidden zone is emphasized in red.
(b) Shape of the cohesive zone in case of direct transition (S = 0.4). The red line indicates where
slip velocity is zero (i.e., the nominal boundary between the unbroken and the broken parts of
the fault). Leading edge and trailing edge of the cohesive zone are also indicated, in agreement
with [29]. (c¢) Corresponding rupture speed as a function of the distance from the hypocenter.
The red and green vertical dashed lines denotes the beginning of slip-weakening (SW) and the
end of time-weakening (T'W) used to obtain the rupture nucleation. Region between red vertical
line and green vertical line denotes the transition from TW to SW. For distances greater than
the green vertical line the propagation is fully spontaneous and governed by the SW model.
(d) and (e) The same of panels (b) and (c), respectively, by now for S = 0.9, failing in the
mother-daughter mechanism. Modified from [40] with permission of John Wiley and Sons.

parameter, S. ~ 0.7. It is important to mention that, due to the numerical nature of
the problem, it is virtually impossible to find an exact, arbitrarily accurate value which
distinguishes the two regimes, and this is the reason why [40] gave the value “~ 0.72” as
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upper bound for S in the direct transition (DT thereinafter) mechanism and the value of
“~ 0.76” as lower bound for the mother-daughter (MD thereinafter) mechanism. When
S < S. (so that we deal with “weak” faults) the DT mechanism (see also [56,57]) domi-
nates (light blue in fig. 12). There is no peak in the shear stress field traveling ahead of
the main rupture front and therefore no daughter rupture appears. More importantly,
the rupture penetrates and then passes smoothly through the formerly considered for-
bidden zone [40]. It then approaches the vp speed, which indeed is the terminal, limiting
speed for this rupture mode. Remarkably, the “forbidden zone” [vg,vg| can disappear in
this case. As pointed out by [40], the results are accurate and robust; the phenomenon
we observe is not an artefact of the numerical method, the numerical resolution, or the
method employed to nucleate the rupture.

On the other hand, when S > S, (so we deal with “strong” faults), the MD mechanism
(also referred to as the Burridge-Andrews mechanism; [3,23,45,56-59]) dominates. This
family of configurations is marked in orange in fig. 12; in these cases the forbidden zone
does really exist, as the transition to the intersonic regime involves a rupture speed
jump. We recall here that the pioneering model of [23] fails in this cathegory, since he
used S = 0.8 (see his fig. 3).

In fig. 13a a phase diagram is reported summarizing the behavior of the different
ruptures considered in the present work. As S increases and approaches the critical value
Smax = 1.77, the rupture tends to remain in the sub-Rayleigh regime, as expected. On the
other hand, when S decreases, the supershear transition can occur sooner. Figure 13a
also reports the distance from the imposed nucleation point at which the supershear
transition occurs (namely the quantity indicated as transitional length L,Eia]z)s of [29]).

Two end-member cases are reported in figs. 13b and 13¢ (direct transition mechanism;
S = 0.4) and in figs. 13d and 13e (mother-daughter mechanism; S = 0.9). The green
region in figs. 13b and 13d emphasizes shape of the cohesive zone, where the fault traction
degrades from the upper yield stress 7, down to the kinetic level 74 (or analogously, where
the fault slip increases from 0 to dg). From fig. 13b it is clear that no daughter rupture
develops ahead of the main rupture, which indeed is a single continuous line, without
any jump. The position of the leading edge and rupture time increase smoothly during
the transition. The penetration of the so-called forbidden zone is evident from fig. 13c,
in which we report the values of the rupture speed as a function of the distance from
the imposed hypoceter. In the mother-daughter case (figs. 13d and 13e) we can see that
overall behavior of the rupture below vg is similar to that seen above. One interesting
result of [40] is that, as vg is approached, a major change in the behavior occurs; the
rupture speed no longer crosses vg but approaches it asymptotically (see fig. 13e). Then
a secondary fracture is initiated ahead of the main rupture front; the daughter rupture
now starts to propagate at a speed which is already supershear (as expected; see [23]),
but it exhibits negligible fault slip and fault slip velocity. The mother rupture then
merges with the daughter rupture and it is only after this time that the fault slip and the
fault slip velocity of the daughter rupture become appreciable. In fact, the increase in
the speed of the daughter rupture mentioned above actually occurs after the merging of
the two ruptures and eventually itself approaches the P wave speed (the limiting speed
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of this rupture mode). Thus, as observed by [40], the daughter rupture is essentially
a “pseudo-rupture”, where the two sides of the fracture have broken apart, but do not
have significant motion and no appreciable stress drop, a feature seen in [23].

8. — Different ground motions

As in sect. 7, we will consider here a pure in-plane 2D fault governed by the linear
SW law (eq. (3)); the parameters are the same as those of sects. 5 and 7.

Given the fact that two different transition mechanisms exist, as discussed in previous
section [60,61], it is natural to investigate whether they correspond to different ground
motions; this has been done by [31]. According to that paper, in the following we will
refer to Vi (x1, 22,t) and to Va(x1, xot) as the fault-parallel (FP henceforth) and the fault-
normal (FN henceforth) component of the particle velocity fields, respectively. Moreover,
we freely speak of “ground motions” although, namely, there is no the free-of-traction
condition in the present model. Namely, V; and V5, are particle motions excited by the
earthquake source. Indeed, we know that the Mach cone originated by the supershear
rupture propagation does not depends on the presence of the free surface (see, e.g., [27];
their fig. 1); the latter is known only to produce the additional Rayleigh-Mach waves
([26,27]; see also sect. 6) and it tends to enhance the supershear propagation once the
rupture front interacts with it [29,35,51,52,62-65].

The two cases are the same reported in fig. 13; while Model A has S = 0.4 (DT
mechanism), Model B has S = 0.9 (MD mechanism); both the configurations have the
same initial shear stress 7o and the same 7y (so that the dynamic stress drop is also the
same; A7y = 70— 7y = 18.6 MPa). In such a way the amplitudes of the ground velocity of
Models A and B reported in the following are directly comparable. However, the former
has 7,, = 81.24 MPa (which correspond to an upper friction coefficient p,, = 0.677), while
the latter has 7, = 90.54 MPa (u,, = 0.755).

We report in fig. 14 the snapshots of the spatial distribution of the particle velocity
field in the whole medium. As expected, we can clearly recognize the presence of the
shear Mach (Mg) waves, that are generated by the two supershear ruptures (see sect. 6).
Shear Mach waves are preceded by a first peak in particle velocity (the arc denoted with
the symbol P in fig. 14), which is associated with dilatational motion [26]. In general, we
have that the Mg wavefront is more relevant at large distances from the fault for ruptures
experiencing the DT mechanism with respect to those experiencing the MD mechanism.
As pointed out by [31], this is physically reasonable, because DT is characterized by a
smaller value of the S parameter and thus by a higher level of fault instability (namely,
since in our simulations 7o and 7y are kept unchanged, Model A has a greater breakdown
stress drop, A7p). This conclusion holds for both FP and FN components of particle
velocity [31].

Remarkably, there is a more relevant difference between the wavefields of DT and
MD mechanisms found by [31]; from fig. 14 we see that in the MD mechanism it emerges
another wavefield (the trailing Rayleigh field or trailing Rayleigh pulse), which has been
first mentioned by [66] in explaining the Denali, Alaska, PS10 record, has been experi-
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Fig. 14. — Spatial distribution of the particle velocity fields from homogeneous 2D, pure in-plane
ruptures. Top panels pertain to direct transition (DT) mechanism (S = 0.4, figs. 13b and 13c),
bottom panels pertain to mother-daughter (MD) mechanism (S = 0.9, figs. 13d and 13e). Left
panels report the fault-parallel (FP) component (namely, V1), right panels report the fault-
normal (FN) component (namely, V2). As usual, the star indicates the imposed epicenter. Due
to the symmetry of the problem, only the positive part of the xi-axis is reported. The red
dashed line denotes the fault trace and the big dots indicates the strike distances at which the
supershear transitions occur (z1 = 1.66 km for the DT case and 21 = 7.88km for the MD). The
times of the snapshots (indicated in each panel) have been selected in order to have the same
location of the rupture tip for both the models. Big arrows emphasize the relative motion of the
parts of the elastic medium separated by the fault interface. All relevant fields are also indicated
(only in the positive x2 half-plane, for better clarity). Reproduced from [31] with permission of
Elsevier.
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Fig. 15. — Synthetic signals pertaining to the two models of fig. 14 at a strike distance of 20 km
from the hypocenter and for different off-fault distances (indicated near each trace). Again, top
and bottom panels are for DT and MD mechanism, respectively; left and right panels report
the FP and the FN component, respectively. As for figs. 8 and 9 data are low-passed at 8 Hz
and the offset for n-th receiver is (n — 1). Reproduced from [31] with permission of Elsevier.
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mentally identified by [67] and [68]. The trailing Rayleigh field does actually propagate
at the Rayleigh wave speed. The trailing Rayleigh field is quite visible especially in the
fault-normal (FN) component of ground motions (see fig. 14d); in the DT mechanism it
is much lower (see fig. 14b) and it is practically absent in the fault-parallel (FP) com-
ponent (see fig. 14a). The very small amplitude of the trailing Rayleigh field in the DT
case is also confirmed by the results in a truly 3D model (pertaining to a configuration
with S = 0.4) by [26] (see their figs. 3a and 3c from 3" to 5*® snapshots).

From fig. 14d, we can also see that in the MD case inside the shear Mach cone (i.e.,
at off-fault distances up to about 5km for the time snapshot reported in fig. 14d) the
trailing Rayleigh field appears as a 8-shaped object in the FN component of V. This
8-shaped object is not vertical, but its lobes have a forward curvature, in total agreement
with the results of [67]. Far from the fault (namely, outside the shear Mach cone) the
trailing Rayleigh field expands as an arcuate front, with a slightly lower curvature with
respect to the P, arc.

In fig. 15 we plot the particle velocity time histories at different stations located at a
distance along strike of 20 km from the hypocenter. Data are low-passed at 8 Hz in order
to avoid the numerical noise due to grid dispersion. These records clearly indicate the
differences in the trailing Rayleigh field in the DT and in the MD models (top and bottom
panels, respectively). While the trailing Rayleigh field is feebly recognizable in the case of
DT, it is firmly seen in the case of MD. In the latter situation its amplitude is paramount
with respect to that of Mg waves. Once the rupture propagates along the fault the
trailing Rayleigh field expands and intersects the Mach cone and persists at large distance
from the fault trace. As observed in fig. 14d, also from figs. 15c and 15d it emerges
that for stations close to the fault trace (namely, inside the Mach cone) the behaviour
of the trailing Rayleigh field (marked as dashed green lines in fig. 14) has a forward
curvature. Incidentally, we remark here that since our models do not incorporate any
stopping or self-healing mechanism (i.e., the rupture continues to propagates forever due
to the homogeneities of the spatial distribution of the parameters), there is a permanent
deformation in the x;-direction, which corresponds to the fact that the particle velocity
does not go back to zero.

9. — Concluding remarks

We have reviewed the prominent features of sesimogenic ruptures that sponetaneously
propagate on a planar fault surfaces, governed by the linear slip-weakening governing law,
for both 2D and truly 3D models. The numerical models presented in the recent literature
highlight that earthquakes traveling at velocities greater than the S wave speed of the
elastic medium in which the fault is embedded possess some special features, both in the
solutions on the fault and in the solutions in the surrounding medium (and therefore on
the free surface). A thorough analisys of the numerical solutions makes it possible to
distinguish between sub- and supershear events, as well as to discriminate the style of
the transition from the sub-Rayliegh and the supershear regimes.
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The material presented here comes from scientific collaborations and papers with S.
Das, E. M. Dunham, C. Liu and P. Spudich, which are greatly awknowledged. These
results have been presented during Course 202 of the International School of Physics
“Enrico Fermi” entitled “Mechanics of earthquake faulting”, held in Varenna (Como,
Italy) from 2 to 7 July, 2018, directed by A. Bizzarri, S. Das and A. Petri, under the
sponsorship of the Italian Physical Society (SIF) and Istituto Nazionale di Geofisica e
Vulcanologia (INGV).
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Unusual large earthquakes on oceanic transform faults

Summary. — According to the classical theory of plate tectonics, oceanic transform
faults do not usually have “large” or “great” earthquakes. In this paper, we discuss
several transform fault earthquakes, some now moved into unusual tectonic settings
due to plate motion, which did have earthquakes lying in the magnitude range
7.8 < Mw < 8.1. The 2004 M,8.1 earthquake occurred on a fossil fracture zone
in the Tasman Sea. The 2000 M,,7.8 earthquake occurred in the Wharton Basin
and ruptured two conjugate faults simultaneously. The largest known strike-slip
earthquake in 2012 (M,,8.6) occurred off the coast of Sumatra and ruptured cross-
cutting faults. An oceanic strike-slip earthquake in 1998 with M,,8.0 occurred on
the Antarctic plate, but on a fault parallel to the ridge and nearly normal to the
transform faults that is, it occurred on the ridge fabric! All these earthquakes
together with the 2012 twin earthquakes (M,,8.6 and 8.2) in the Wharton Basin,
the 1987-1992 (6.8 < M,, < 7.8) Gulf of Alaska sequence and the M,,7.9 2018 Gulf
of Alaska earthquakes, show that the oceanic lithosphere is breaking up along the
ridge-transform conjugate fault systems under tectonic stresses.
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1. — Introduction

One of the key pieces of evidence that supported the theory of plate tectonics in the
1960s, was the explanation of how plates move along mid-oceanic transform faults, and
was first given by Wilson in 1965 [1]. Figure 1(a) shows the six possible types of dextral
(right-lateral) transform faults that he discussed. Six sinistral (left-lateral) transform
faults, which are mirror images of the ones shown, also exist. Figure 1(b) shows the
appearance of the right-lateral systems of fig. 1(a), after a period of growth. Note that
length of the active transform fault is constant in some cases, growing in other cases and
decreasing in one case. Some of these will be seen for the earthquakes discussed in detail
later in this paper.

In the ridge-ridge configuration (fig. 1(a)), oceanic transform faults are bounded at
both ends by spreading ridges, with the portion of the previously active transform fault
beyond the ridges, called “fracture zones” being practically aseismic. In regions where
the spreading ridge is no longer active, the fracture zones are termed “fossil fracture
zones”.

Explanation of the focal mechanisms along the ridge and transform faults along mid-
ocean ridges was first given by Sykes in 1967 [2], and a schematic is shown in fig. 2. Very
occasionally earthquakes do occur on the fracture zone, and have focal mechanisms with
reversed polarity from the nearby oceanic transform fault [3]. This very useful fact can
be used to identify such earthquakes. Figure 2 also shows that the situation is even more
complex with other kinds of mechanisms occuring at the “inner corners” (fig. 2).

That fracture zones are essentially aseismic can be seen by examining earthquakes
large enough to have a centroid moment-tensor (CMT, which can be accessed at
http://www.globalcmt.org/CMTsearch.html) solution. By counting such earthquakes
located within ~ 1000 km of, as an example, the Mid-Atlantic Ridge between the Equa-
tor and 70°N (just North of Iceland), for the 34-year period from 1976-2009 inclusive,
Robinson [4] showed that of the 1002 CMT solutions reported, 266 are strike-slip. Of
these 266, only 8 are unambiguously identified as having occurred on the fracture zone by
virtue of having focal mechanisms with reversed polarity relative to the nearest transform
fault. These rare fracture zone earthquakes had negligible seismic moment compared to
the strike-slip earthquakes on the nearby transform faults.

In this paper, I will discuss several unusual cases of large or great earthquakes on
oceanic transform faults, including a M,,8.1 on a fossil fracture zone and a M,,8.0 pure
strike-slip earthquake, which is nearly normal to the existing oceanic transform faults
(i.e., fractures along the pre-existing ridge fabric) as well as several large mid-oceanic
earthquakes with simultaneous conjugate faulting. Tables I, IT and III list of all earth-
quakes discussed in this paper.

2. — Pre-existing zones of weakness on the ocean floor

Earthquakes can occur on either of the nodal planes of an earthquake. Stress compo-
nent 7., in elastic media implies that either the plane x or the plane y, or both, could

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



UNUSUAL LARGE EARTHQUAKES ON OCEANIC TRANSFORM FAULTS 35

(a)
SIXTYPES OF RIGHT-LATERAL TRANSFORM FAULTS

Ridge — ridge Ridge — subduction-zone
uly d dpu
<[> <> <« «€>>
o —_ —_—
~ =~ =~
<||—=>

Mid-ocean ridges

Subduction-zone — subduction-zone

u9sd usd dfFu
< < >
—_— —_— —_
= - ~ ~
> < <
d u ugd ugd
Alpine San Andreas
fault fault
d = down
u—up
(b)
i i i |
! <> : : <«||> udd : <[> dpu
R | IS S L — ] =
~ 1| _____ - 0= <~
<«||> |
I

Transform Fault Length

— Constant
— Growing
—— Decreasing

Fig. 1. — (a) Illustration of the six kinds of right-lateral transform faults. (b) The same as (a)
but after some period of growth.
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Fig. 2. — Schematic representation of the classical picture at mid-ocean (spreading) ridges,
showing the focal mechanisms. Black arrows indicate relative plate motions and red lines the
active plate boundary. The red focal mechanism shows the typical expected on the (active)
transform fault, and the green ones the typical ones on the spreading ridges. The dashed blue
line are the continuations of the transform fault which are usually visible in bathymetric surveys
of the seafloor. The blue focal mechanisms are the ones for the rare earthquakes on these and
have strike-slip mechanism reverse to that on the active transform. Both strike-slip and thrust
earthquakes are seen in the inner corners and are in purple.

rupture. On land this is uncommon, though two such examples are known (see table I).
This is because generally though either one of the nodal planes x or y can rupture due
to tectonic stress, usually one of them is much weaker than the other, for example due
to there being a pre-existing plane of weakness. The earthquake therefore usually only
chooses to rupture the weaker plane. This is generally the normal situation on land,
though aftershocks often cluster on the conjugate plane [5]. Table I gives two counterex-
amples on land in which both nodal planes ruptured, one simultaneously and the other
over some period. In some cases, the two conjugate planes rupture in a single earth-
quake; in some cases, one nodal plane ruptures and a few hours or days later the other

TABLE 1. — Farthquakes with conjugate faulting on land.

Date Location Magnitude Fault type Faulting mode
1) March 7, 1927 Tango, Japan M,,8.0 Strike-slip  Simultaneous
2) November 23, 1987 Superstition Hills, Ca. M,6.2 Strike slip  First earthquake
November 24, 1987 " M.6.6 ~ 11h later
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TABLE II. — Earthquakes with conjugate faulting in oceanic environments.

Date Location M., Fault type Faulting mode

1) May 23,1989 Macquarie Ridge 8.2 subd.-subd. conjugate fault
reactivated by
aftershocks

2) 1987-1992 Gulf of Alaska 7.2, 7.8, ridge-transform conjugate faulting

7.7, 6.8 over the period

3) June 18,2000 Wharton Basin 7.8 transform-ridge Simultaneous

rupture on

transform fault
and ridge fabric
4) April 11, 2012 " 8.6, 8.2  transform-ridge fabric "
5) Jan. 23,2018  Gulf of Alaska 7.9 transform-ridge conjugate fault
reactivated by

aftershocks

ruptures. In some cases, the main earthquake activates high aftershock concentration on
the conjugate fault. An example of the plane of slip in some of these off-fault aftershocks
being in a direction normal to the main shock fault was given by Yamashina in 1980 [6],
based on field observations.

The 1927 Tango, Japan earthquake (table I) was known to have initiated on the
Gomura fault and ruptured it and its perpendicular Yamada fault near its eastern end
simultaneously. Of the rupture on the conjugate fault, Richter ([7], p. 576) wrote that
“either it was initiated by the arrival of the fracture progressing along the Gomura fault,
or it was triggered by the shaking from the elastic waves arriving a little sooner. In
fact, there are reports to the effect that the Yamada scarp was seen forming after the
first violent shaking in its vicinity.” A M,6.2 earthquake occurred on the Elmore Ranch
fault in the 1987 Superstition Hills, Ca. earthquake sequence (table IT), and was followed
about 11 hours later by a M 6.6 earthquake on the Superstition Hills main fault. These
two strike-slip faults are nearly orthogonal to each other [8]. Both these earthquakes were

TABLE III. — Great under-water earthquakes in unusual tectonic environments.

Date Location M,, Fault type Faulting mode
1) March 25, 1998 Antarctic Plate 8.0  Pure strike-slip Cuts across

pre-existing ridge fabric
2)  December 23, 2004 Tasman Sea 8.1 " Great earthquake

on a fossil fracture zone
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on land, and hence had the advantage that their strikes were clearly seen from either the
fault trace (in Tango) or by the fault trace and the concentration of aftershocks on the
conjugate fault. The rest of the earthquakes discussed below were all under water.

Along mid-oceanic ridge-transform regions, there are two, nearly normal to one an-
other, planes of weakness. These are the ridge itself together with the ridge fabric and
the transform fault. (The ridge fabric is the location of where the ridge was in the past
and its trace is a weak zone.) Matthews et al. [9] give a comprehensive discussion of the
tectonic fabric in oceans. So, mechanically an earthquake can rupture either one or both
planes in such tectonic settings. Examples of earthquakes known to have ruptured on
conjugate planes are given in table II.

3. — Re-activation of old transform faults: earthquakes with conjugate
faulting in oceanic environments

It is now known that old transform faults and even fossil fracture zones can be re-
activated by nearby large earthquakes, due to stress increase after a major earthquake.
The reactivation is generally been found to produce earthquakes of smaller magnitudes
(M, < 6). Some of the earthquakes discussed below are examples in which the earth-
quakes due to the reactivation are larger ones.

3'1. The 1989 great Macquarie Ridge earthquake reactivated a dormant conjugate fault.
— At the time of its occurrence, the May 23, 1989 Macquarie Ridge earthquake (1/,,8.2)
was the largest seismic event to have occurred globally for about twelve years and the
largest on the India/Australia-Pacific plate boundary South of New Zealand in more than
seventy years. Using arrival times at worldwide stations compiled by the International
Seismological Centre (ISC), Das [10] relocated all earthquakes in the vicinity of the main
shock for which at least seven stations reported P-wave readings in the period between
January 1, 1964 and December 31, 1989, using the method of joint hypocenter deter-
mination JHD&9 [11,12]. Figure 3(a) shows the aftershocks with their CMT solutions
superimposed on the bathymetry.

The aftershock map shows that there are two linear zones along which the aftershocks
are concentrated. One is a 220 km segment of the India/Australia-Pacific plate boundary
on which the main shock occurred. The other is a linear feature to its West, trending
in the Northwest-Southeast direction, nearly 175km long and lying close to the 4000 m
bathymetric contour. The bathymetric data shows that the seafloor to the West of this
feature is deeper and relatively smooth. In the area to the East and up to the Macquarie
Ridge, the seafloor is shallower and rougher, suggesting a discontinuity in its nature (e.g.,
age) of the seafloor on the two sides of the 4000 m bathymetric contour. The relocated
background seismicity [10] for the 25-year period prior to the earthquake showed that
this linear feature was not active prior to the earthquake, the first aftershocks appearing
on it about 2% hours after the main shock.

It is interesting to note that for an earthquake of its size, the Macquarie Ridge earth-
quake had unusually few and unusually small aftershocks —a property I later noted for
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Fig. 3. — (a) = 7 months of aftershocks with their CMT solutions for the 1989 Macquarie
Ridge earthquake, superimposed on the bathymetry. (b) The shaded area indicates the zone of
increased shear stress, both at the ends of the fault as well as in the off-fault regions, due to the
occurrence of the main shock.

many strike-slip earthquakes. In the seven-month period following the earthquake, 79
aftershocks were reported with 44 occurring within the first 7 days and only 17 in the
5 months since August 1, 1989. Twenty-nine of the aftershocks were associated with
the linear feature to the West of the plate boundary. Moreover, the largest aftershock
(myp, = 5.6) occurred about 38 hours later, not on the main fault plane but on this second
feature. Only 12 events were large enough for CMT solutions to be reliably obtained and
of these, three of the smallest were on the main fault.

The CMT mechanisms show that the main fault plane rupture was pure right lateral
strike-slip, but for the secondary feature, assuming that the fault plane is the nodal
plane with strike similar to the trend defined by the aftershocks, the motion is seen to
be primarily left-lateral strike-slip. The magnetic anomaly data for this area [10] shows
that there is a left-lateral offset of magnetic anomalies 12, 13 and 18 on the two sides of a
Northwest-Southeast trending feature at this place. The trend of the seismically defined
feature follows the trend of a fracture zone inferred from this magnetic anomaly data and
is seen to be parallel to other fracture zones to its West. This fracture lies largely within
the zone of increased off-fault shear stress that is expected to the West of the ridge for
this earthquake (fig. 3(b)).
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Fig. 4. — Tectonic interpretation of the earthquake mechanisms for the 1989 Macquarie Ridge
earthquake.

Figure 4 shows the tectonic interpretation of the earthquake mechanisms combined
with the locations of all known events in the area. It suggests that the triangular area
between the plate boundary, the reactivated fracture and a fault to the North on which
an earthquake of magnitude (M; = 7.7) occurred in 1982 is being “squeezed” towards
the North and West. This triangular feature is also clearly seen in the free air gravity
anomaly map.

3'2. The 1987-1992 and the January 23, 2018 Gulf of Alaska earthquake sequences.
— At the time of its occurrence, the 1987-1992 Gulf of Alaska earthquakes provided a
rare opportunity for a detailed study of three oceanic intra-plate earthquakes of M,, >
7.0. Figure 5 shows the tectonic setting of these earthquakes, where the Pacific plate
is subducting under Alaska. The four main earthquakes, all pure strike-slip occurred
on November 17, 1987 (M,,7.2), November 30, 1987 (M,,7.8), March 6, 1988 (M,,7.7)
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Fig. 5. — Tectonic setting of the Gulf of Alaska earthquakes. The arrow shows the direction in
which the Pacific plate is subducting under Alaska.

and August 7, 1992 (M,,6.8). Pegler and Das [13] examined the seismicity from 1964
to the day before the earthquake and showed that there were no known earthquakes in
the region for this period. The earthquakes and their aftershocks were relocated using
the JHD method and fig. 6 shows these relocated epicenters together with the CMT
solutions for the first three large earthquakes. For the first earthquake, the plane of
faulting is clearly the E-W plane, as seen from the aftershocks, as well from the analysis
of P and SH waves [13]. The second earthquake, the largest of the sequence occurred
at the easternmost end of the fault of the first one and the aftershocks and the body
wave analysis showed that the main plane of faulting was the N-S plane. The plane of
rupture for the third one was more difficult to see clearly from the aftershock pattern.
The aftershocks of the second were still occurring and the aftershocks gave a cross-like
pattern. Analysis of the P and SH waves for the third earthquake, the second largest
of the sequence, showed that the N-S plane was indeed the plane of rupture. Temporal
development of the aftershock pattern following this earthquake is shown in fig. 7, and
re-inforces this conclusion. The aftershocks in the E-W direction are interpreted as “off-
fault” aftershocks. Magnetic anomaly and bathymetric data were used to conclude that
the North-South portion sequence lies along magnetic anomaly 13, and the East-West
fracture and aftershock concentrations along related fossil fracture zones —that is, pre-
exisiting zones of weakness.
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Fig. 6. — Relocated epicenters together with the CMT solutions for the first three large earth-
quakes [13].

The M,7.9 in January 23, 2018 occurred to the West of the 1987-1992 sequence.
The aftershock map from the USGS (earthquake.usgs.gov/earthquakes/eventpage/
us2000cmy3) shows a cross-hatched pattern similar to that of the 1987-1992 sequence.

33. The M,,7.8 18 June 2000 Wharton Basin earthquake: simultaneous rupture of
conjugate faults in an oceanic setting. — This was the first example of such an earth-
quake. Figure 8 shows the tectonic setting, the known seismicity from 1904 till the day
of this earthquake, with the main shock CMT in red. Analysis of broadband teleseis-
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Fig. 7. — Temporal development of the aftershock pattern following the March 6, 1988 (M,,7.7)
earthquake, reinforcing the conclusion that the plane of faulting is the N-S nodal plane.

mic data and relocated seismicity was used by Robinson et al. [14] to show that this
intraplate earthquake, in the region of diffuse deformation separating the Indian and
Australian plates, consisted of two subevents that simultaneously ruptured two near-
conjugate planes (fig. 9). This mode of rupture accommodates shortening by a mecha-
nism different from that previously known elsewhere in the region. The larger subevent
occurred on a fossil fracture zone, with a relatively high-stress drop of about 20 megapas-
cals, showing that large stresses can accumulate in regions of distributed deformation.

3'4. The January 11 and 12, 2012 twin Sumatra earthquake (M,,8.6,8.2). — Singh et
al. ([15], their fig. 1) summarizes the main earthquakes in this region. Meng et al. [16]
interpreted the 2012 twin earthquakes as “earthquakes in a maze”, with simulataneous
rupture on multiple conjugate planes. Satriano et al. [17] studied the same earthquake
using essentially similar data but a different method of analysis and concluded that the
two main episodes of energy release in this earthquake occurred on two parallel NNE
striking planes. Marine exploration in the Wharton Basin [15] does show a system of
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Fig. 8. — Tectonic setting and known seismicity from 1904 till the occurrence of the 2000 Wharton
Basin earthquake, superimposed on the relief map of the region. The CMT of the main shock
of the earthquake, obtained by [14] is in red, with other CMTs in green. The locations of two
historical earthquakes in the region (in 1906 and 1928) are shown by red squares. Two foreshocks
of the 1928 are also plotted as smaller red squares.

conjugate faults in the region, supporting both the results of Robinson et al. [4] for the
2000 Wharton Basin earthquake and of Meng et al. [16] for the twin Sumatra earthquakes.

The above cases suggest that the subducting oceanic crust is breaking up along nearly
conjugate fault planes, which are pre-existing zones of weakness.

4. — A great earthquake on a fossil fracture zone: the 2004 Tasman Sea
earthquake

Reactivation of fossil fracture zones by nearby large earthquakes had generally been
found to produce earthquakes of smaller magnitudes (M,, < 6). So the M,,8.0 earthquake
in 2004 in the South Tasman Sea, well away from the Australia-Pacific plate boundary
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Fig. 9. — Schematic rupture history of the 2000 Wharton Basin earthquake. The red star is the
epicenter where rupture initiated. It then propagated for 9s. to the South and 18s to the North
before starting to rupture the E-W plane with a delay of 15s.

was very surprising. It is also the 5th largest strike-slip earthquake worldwide since 1900
(see table 1 of Robinson [4], to which 2012 M,,8.6 Sumatra earthquake [16], the largest
known strike-slip earthquake, now needs to be appended at the top of that table). The
plate tectonic history of this region is extremely complex [18,19]. Figure 10 gives the
current tectonic setting of the earthquake, superposed on a gravity map of the region and
shows how the originally straight “fossil fracture zones” have now been distorted into an
arcuate shape. This indicates that large intraplate deformation is now occurring in the
region. This earthquake was studied in detail by Robinson [4], including relocation of
prior seismicity and aftershocks, and inversion of P- and SH-body wave data to analyse
the rupture process.

The relocated aftershocks form an approximately linear feature striking ~ 170°
(fig. 11). The aftershocks on December 24, 2004 (04/12/24) with M,,4.9 and on January
3, 2005 (05/01/03) with M,,6.0 (the largest in the sequence) respectively lie near the
northernmost and southernmost extent of the aftershock zone (fig. 12). These two after-
shocks are ~ 150 km apart, the main shock epicenter being located equidistant between
them. Only 3 aftershocks large enough to have CMT solutions occurred in the 6-month
period after the main shock, this small number being a property consistent with other
recent large strike-slip earthquakes in the region.

Broad-band P- and SH-wave data were inverted [4] to obtain the full time history of
the earthquake rupture process. Due to the fact that the rupture occurred on a curved
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Fig. 10. — Tectonic setting of the 2004 Tasman Sea earthquake, superposed on a gravity map of
the region. Note how the originally straight “fossil fracture zones” have now been distorted due
to tectonic motions.

fault, more than 7500 inversions in total, using both S H-wave data by itself as well as P-
and S H-wave data simultaneously were performed, to best estimate the rupture planes,
the rupture length and the rupture width. The preferred solution, tested for robustness,
has two faults, with a strike of 160°, dip of 86°, and rake of 5° on the northern fault, and
a strike of 178°, dip of 54°, and rake of 65° on the southern fault. The southern fault
with its marked change in dip and rake relative to the northern one shows that there is
a change in the source mechanism to the North and to the South of the epicenter. The
rupture process (fig. 12) shows that the main slip was confined to ~ 70km North and
South of the epicenter, in agreement with the aftershock data, most of the total moment
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Fig. 11. — Relocated aftershocks of the 2004 Tasman Sea earthquake. Color key same as in
fig. 10.

occurring on the northern section. The rupture started slowly and propagated towards
the North at an average speed of about 1.7km/s (~ 40% of the local shear wave speed of
3.9km/s in the crust). Rupture propagation to the South was much faster, the average
rupture speed nearly reaching the local shear wave speed. A first-motion solution was
performed to investigate the very early portion of the rupture and showed that rupture
initiated on a fault with strike and dip very close to that of the northern fault. The source
time function for the northern and southern faults are essentially triangular in shape [4].
The average stress drop on the northern section, using a fault length (L) of 100 km and
permitting slip down to a depth of 15km is about 30 MPa. On the southern 50km
section, the stress drop is about 10 MPa. The overall average slip is 9.5 m and, using an
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Fig. 12. — Rupture process of the 2004 Tasman Sea earthquakes, superimposed on the bathymetry
taken from the British Oceanographic Data Centre (GEBCO). See [4] for details.

L of 150 km with slip allowed down to 15km depth, the stress drop is 22 MPa. If slip is
constrained to a depth of 12km, the values for these stress drops would approximately
double.

The width of the fault indicates that slip penetrated well below the Moho, located
around 7.5km depth here. In some of the many inversions that we carried out, we
restricted the fault slip to occur only up to the local Moho depth, but this required
unrealistically high slip and stress drop. In fact, simply using the seismic moment, a
fault length of 150 km and a fault width of 7.5 km would require an average slip on the
fault of about 30m. In this region, the 400° isotherm is located at about 18 km depth.
Thus, though slip occurs below the Moho, it is still confined to the brittle part of the
asthenosphere. Examination of the rise times in grid cells above and below the Moho
show that they are comparable.

The 2004 great South Tasman Sea earthquake shows that dead fracture zones can be
reactivated in regions of very complex tectonic history with large internal deformation
of the plate, to produce stresses required to generate great earthquakes. This might
imply that similar behavior might be expected on land where old zones of weakness may
be reactivated to produce great earthquakes. The older age of continental compared
with oceanic crust implies that they should contain more old zones of weakness and
consequently may be more liable to such behavior.
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4'1. Slip below the Moho during earthquakes. — Even though slip below the Moho
during earthquakes has been predicted in theoretical models [20,21], there is only one,
somewhat tenuous, example of this. Analysis of long-period surface waves had indicated
that the 1989 Macquarie Ridge earthquake may have ruptured into the mantle [22],
but the body wave data did not require such behavior [23] and hence this was not uni-
versally accepted. Consequently, the 2004 South Tasman Sea earthquake is the first
where sub-Moho fault displacement best fits the body wave data. The 1998 Antarc-
tic plate earthquake [24] (listed in table III, and discussed in the next section) in a
nearby region, but located on a different plate, did not require slip below the Moho to
fit the data. The 2000 Wharton Basin earthquake, the only other known earthquake
to occur on an old fracture zone, also did not require slip below the Moho to fit the
data [14].

Table 1 of Robinson [4] shows that with the exception of the two Mongolian earth-
quakes in the early 1900s, all the other strike-slip earthquakes with magnitude > 8
occurred underwater, and in the same part of the world. It is even more interesting that
the only other earthquake with possible slip below the Moho is located only 250 km away
from the one studied here.

The 2004 great South Tasman Sea earthquake shows that dead fracture zones can be
reactivated in regions of very complex tectonic history with large internal deformation
of the plate, not only to produce small earthquakes, but can generate great ones as well.
This might imply that similar behavior might be expected on land where old zones of
weakness may be reactivated to produce great earthquakes. The older age of continental
compared with oceanic crust implies that they should contain more old zones of weakness
and consequently may be more liable to such behavior.

5. — A great earthquake with the main fault plane normal to regional trans-
form faults: the 1998 M, 8.1 Antarctic plate earthquake

At the time of its occurrence, this was the largest crustal submarine intraplate earth-
quake ever recorded, and the largest strike-slip earthquake as well as the fifth largest of
any type worldwide since 1977. It has now been overtaken by the 2012 twin Sumatra
earthquakes discussed above. It occurred in a region where no seismicity has previously
been recorded, and was the largest known on the entire Antarctic plate (fig. 13). Its
occurrence is still puzzling as its rupture zone does not coincide with any known feature
on the ocean floor, all of which are nearly N-S trending in this region. Even more puz-
zling, the rupture is nearly E-W trending and actually cuts across these features at right
angles, that is, close to the ridge fabric. Henry et al. [24] showed that the earthquake
consisted of two subevents (fig. 14). The first subevent is a simple, primarily westward
propagating ~ 140 km rupture, of ~ 45s duration, with M,, = 8.0, and a stress drop of
~ 24 MPa, this stress drop being an order of magnitude larger than most earthquakes
of this size. The earthquake then jumped over a 70-100km unbroken region (perhaps
a barrier) and, after a time delay of ~ 40s, propagated for another 60 km, resulting in
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Fig. 13. — Tectonic setting of the 1998 Antarctic Plate earthquake, superimposed on the gravity
anomaly. The black star shows the epicenter, and the white diamonds the aftershocks. Trans-
form faults F1, Fla, F2, F3, F3a, F4-6 are shown in white, and the background seismicity as
white dots.

a second subevent with M, = 7.6-7.8, also having an unusually large stress drop. Each
subevent propagated at an average speed just below the shear wave speed of the medium.
This was an example of dynamic stress triggering over the largest separation distance
ever found [24].

There were relatively few aftershocks on the main fault plane, only two being in the
magnitude range 5 < M,, < 6, and large enough to have CMT solutions. No significant
aftershocks occurred within the region of greatest slip, nor within the unbroken region
separating the two subevents of the earthquake. Figure 14 shows that the aftershock
pattern, including all the significant clusters, was firmly established in the first 24-hour
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Fig. 14. — Schematic representation of the main features of the rupture history of the 1998
Antarctic Plate earthquake. The main shock epicenter is the star, and relocated aftershock
epicenters [24], having semi-major axis of the 90% confidence ellipse of < 20km, are shown as
diamonds. Available International Seismological Centre (ISC) epicenters for the period January
1, 1964 to July 31, 1997 are shown as circles. Arrows show the location and directivity of the
two subevents, labelled at each end with the start and end times of the two rupture segments.
Focal mechanisms of the two events are shown. The cross represents the centroid location of the
moment tensor, obtained in [24], the open triangle that obtained in the CMT solution. Linear
gravity features (Fla, Tla, T3a, F3a, F4-6) discussed in [24] are shown as solid lines.

period following the main shock. Henry et al. [24] showed that the first subevent was
terminated at both ends by pre-existing fossil fracture zones F3a and F4, and the second
one terminated on Fla. The slip has a rapid fall-off at both ends of the first, and larger,
subearthquake. By our criterion this means that we have sharp stress concentration
at both these ends. Aftershock clusters did occur at both these ends, confirming this
identification. We conclude that for this earthquake, aftershocks occurred where there is
a sharp gradient in the slip, that is, most aftershocks occurred at the edges of regions of

high slip, mainly at the ends.

6. — Conclusions

In conclusion, the occurrence of several large earthquakes in oceans shows that the
oceanic crust is crumbling by fracture of nearly normal conjugate fault planes —the old
planes of weakness related to the ridge fabric and transform faults, even in regions where
the transform fault is no longer active.
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Summary. — The earthquake nucleation process is inherently complex, due to
an involvement of several deformation mechanisms with multiple spatial and time
scales. Natural fault hosts a wide spectrum of slip rate from fast- to slow-slip. Before
large earthquakes, the number of smaller magnitude events often increases, retro-
spectively named foreshocks. Foreshock can be interpreted to be a physical process
implying unlocking of fault by fast-slip mode. Recent seismic and geodetic studies
of foreshock sequences suggest that partial unlocking of fault took place episodically
through interplay between fast- and slow-slip modes before some large earthquakes
such as the 2011 Tohoku-Oki, the 2014 Iquique and the 2016 Kumamoto earth-
quakes. The partial unlocking causes stress loading onto the nearby critically loaded
fault segments, resulting to triggering of subsequent dynamic and unstable slip. Al-
ternatively, the partial unlocking of fault enhances the strength weakening of the
earthquake nucleation area through slip invasion or fluid migration, that ultimately
initiates the subsequent dynamic rupture. However, the manner of the unlocking is
“episodic”, not “smooth acceleration” which has been typically observed as nucle-
ation phase in laboratory experiment and numerical simulation model having simple
fault zone structure. This episodic manner precludes a possibility of forecasting the
subsequent large earthquake with a high degree of accuracy. The triggering of a
subsequent large earthquake on nearby fault segments depends on the areal extent
of the critically loaded seismic patches and how close these areas are to failure, even
though the partial unlocking by both fast- and slow-slip processes is observed. An
important research area is the development of methods for assessing the degree of
criticality within fault segments adjacent to already ruptured portions. In addition,
earthquake triggering probability by slow-slip transient shall be incorporated into
operational earthquake forecasting scheme as future challenge, especially during the
latter phase of the inter-seismic periods.

(© Societa ltaliana di Fisica
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Fig. 1. — Map of slow earthquakes in southwest Japan (modified from Obara and Kato [5];
reprinted with permission from AAAS). Deep low-frequency earthquake is denoted by red dots,
where short-term SSEs are also taking place within a narrow belt-like zone along the downdip
edge of the megathrust seismogenic zone. Yellow and white shade denote locations where long-
term SSEs and shallow VLF earthquakes occur. The contour map shows the distribution of the
slip deficit rate obtained from onshore and seafloor geodetic measurements [7]. The megathrust
seismogenic zones along the Nankai subduction zone are outlined in thick black curves.

1. — Wide spectrum of slip rate from fast- to slow-slip

A primary cause of earthquake is recognized to fast fault movement, resulting to
sudden release of elastic energy which has been accumulated during inter-seismic period.
This idea is referred to an elastic rebound theory of earthquake occurrence, proposed
by H. F. Reid, following the 1906 San Francisco earthquake. Due to a friction exerting
on fault surfaces at brittle deformation regime (typically, temperature is less than about
400 degrees), fault has been locked (the fault slip velocity is close to zero) during inter-
earthquake time, leading to an accumulation of elastic energy around the fault. Regular
earthquakes typically invoke fast-slip velocity ~ 1m/s along the fault, producing high-
frequency seismic waves. The recent advent of improved geophysical instrumentations
such as modern seismometers and geodetic measurements have unveiled that there is a
wide spectrum of slip modes from fast- to slow-slip rate, to accommodate the elastic
energy stored in Earth’s crust [1,2].

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterns-of-use



EBSCChost

THE EVOLUTION OF FAULT SLIP RATE PRIOR TO EARTHQUAKE ETC. 55

IEl ﬁ_) 4 “), mm Stable sliding zone
) 1 Transition zone larikal
: ; ankai
|
Volcanic arc Seismogenic zone Trough

!

Upper
continental——
crust [
@ Subducting
t.l'owtel] . g Shallow oceanic
continental——
erust Megathrust :’;Ie‘;:rnd plate
earthquake =

—1 Long-term
Wedge mantle 1 SSEg

(asthenosphere) Deep ETS
(Episodic tremor and slip)

Short-term SSE

Oceanic crust——= Deep VLF Asthenosphere
Oceanic mantle—— Deep tremor
|E| Seismic Geodetic
Deep low-frequency earthquake (LFE) Short-term slow slip event
w
c
8 ; 2
S i 2 i
—
e 10 days
1s Y

Long-term slow slip event

i T

50s 1 year

Very low-frequency earthquake (VLFE)

4 cm

200 nm/s

Fig. 2. — (a) Cross section of a subduction zone (based on the Nankai subduction zone) showing
various types of slow earthquakes (modified from Obara and Kato [5]; reprinted with permission
from AAAS). (b) Examples of signals observed for seismic and geodetic slow earthquakes; Deep
low-frequency earthquake, Very low-frequency earthquake, Short-term slow-slip event, Long-
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1'1. Various types of slow earthquakes. — After about 20 years from the discovery of
non-volcanic tremors at downdip zone along Nankai Trough, SW-Japan [3], a family of
slow earthquakes has been detected in many plate boundaries along the Pacific Rim [4,5].
Slow earthquakes show an intermediate type of fault slip that is transitional between fast
rupture of regular earthquakes and stable sliding along a fault interface. In the Nankai
subduction zone, slow earthquakes tend to be distributed at partially coupled areas, like
downdip extensions of the strongly locked seismogenic zone (fully locked area) as well as
several shallow spots near trench-axis (figs. 1 and 2) [5-8]. Thus, the slow earthquake
provides us phenomenological evidence for the existence of a transition zone of slip modes

along the megathrust fault.
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Fig. 3. — A space time diagram of deep LFEs determined by JMA along the downdip edge of
the megathrust seismogenic zone in the Nankai subduction zone from 2017 to 2018. Blue arrows
denote major propagations of LFEs over multiple segments.

Various types of slow earthquakes in Japan have been discovered and well documented
using the dense geodetic and seismic observation networks such as GEONET [9] and Hi-
net [10]. In the Nankai subduction zone, the slow earthquakes have been categorized
according to their characteristic time scale [5]; from shorter to longer time scale, low-
frequency earthquake (LFE), very low-frequency earthquake (VLF), short-term slow-
slip event (SSE) and long-term SSE (fig. 2). Deep tectonic tremors can be explained
by a successive or swarm-like occurrence of small LFEs, each of which occurs as shear
faulting on the subduction-zone plate interface [11]. The duration of each slow earthquake
proportionally increases with moment magnitude and is longer than regular earthquake
with the same moment magnitude [1,12]. In the case of short-term SSE, the fault
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Fig. 4. — A space time diagram of deep LFEs determined by JMA along the downdip edge of
the megathrust seismogenic zone in the Nankai subduction zone from 2001 to 2018.

slip velocity ranges from 1078 to 107 m/s, which is tens or hundreds of times faster,
compared with the plate convergence rate.

As common prominent feature, these slow earthquakes show clear spatiotemporal
As the migration speed of slow earthquake
decreases, the duration of each event becomes longer, suggesting that migrations of slow
earthquakes are controlled by a diffusion process [13-15]. Often, both short-term SSEs
and tremors migrate along-strike as well as along-dip directions at average speeds of
approximately 10km/day. The synchronization of short-term SSEs with tremor was
first discovered in Cascadia and referred to as episodic tremors and slip (ETS) [16,17].
Afterward, ETS was also identified in the Nankai subduction zone [18], and sometimes
accompanied with VLFEs [19]. The migration pattern of ETS shows some diversity in
terms of initiation and termination areas, propagation direction, and speed [20].

evolution, namely, “migration” (fig. 3).

Figure 4 shows a space-time diagram of deep LFEs along the Nankai subduction
zone determined by Japan Meteorological Agency (JMA) from 2001 to May in 2018.
These LFEs are almost continuously distributed within a narrow belt-like zone along the
downdip edge of the Nankai megathrust seismogenic zone over a length of 600 km (fig. 1).
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Each streak along fault-strike corresponds to a migration of ETS episode with durations
from several days to weeks [21]. The recurrence interval of major ETS episodes are
approximately 6 months along the belt [20]. A streak of tremors/LFEs with minor SSE,
of which detectability is close to noise level of geodetic data, takes place more frequently
at the intervals from 70 to 150 days which are dependent on tectonic environment [22].
These observations indicate that ETS repeats with relatively periodic cycle compared
with ordinary earthquakes, while there is certainly some variability of the recurrence
time intervals.

As another prominent feature of slow earthquakes, the belt-like tremor zone is di-
vided into segments bounded by spatial gaps [20]. Most of ETS activity are confined
within each segment, however, some migrating ETSs extend over the gap, and continue
to propagate toward the nearby segment. Within the gap, it seems that only slow-slip
transient propagates without detectable tremors/LFEs [19]. Sequential ruptures of mul-
tiple segments lead to an event with larger moment release than isolated episode. One
remarkable example can be seen recently during an episode at Shikoku island from Feb.
to Mar. in 2018 (fig. 3), where LEEs initiated from the center of the Shikoku island and
migrated along the total distance of about 100 km.

1'2. Complexity of slow earthquakes. — Most slow earthquakes are characterized by
their relatively regular, periodic occurrence. However, the manner in recurrence shows
complex behavior in some cases. For example, repetitive long-term SSEs have been
monitored in the Bungo channel, SW Japan, since the deployment of geodetic network
(GEONET) (fig. 5). During the 1997 and 2010 episodes, three long-term SSEs recurred
with similar slip parameters, including moment magnitude (M, ~ 7), slip area, duration
and propagation direction of slip [23,24]. These SSEs resemble a characteristic earth-
quake, which is a unique earthquake rupturing at approximately the same source size
with a regular interval. However, the most recent long-term SSEs in 2014 and 2016 show
quite smaller magnitude with M, 6.0-6.2 than the previous ones, and the recurrence
intervals become shorter compared with the previous events [25]. A likely explanation
of the temporal changes in behavior of these SSEs is an interaction among SSEs occur-
ring at the Bungo-channel and off-Miyazaki in Kyushu region. From 2013 to 2016, two
sequences of long-term SSEs off-Miyazaki occurred, and propagated from south to north
(fig. 5). The northward propagation of these SSEs might bring about increase in loading
rate onto the Bungo-channel area, facilitating the slow-slip occurrence with minor and
shorter recurrence interval than the previous three characteristic sequences. This obser-
vation may be a fingerprint of the interaction between different types of SSEs [5]. But
since this is one of possible interpretations, a sustained effort of geodetic monitoring has
been required to understand the interaction between SSEs.

It has been well known that a few SSEs drive a swarm of moderate earthquakes, i.e.,
there is an interplay between small/moderate ordinary earthquakes (fast-slip) and slow
sliding by SSEs. These synchronizations of fast and slow earthquakes have been reported
at Japan, New Zealand and Ecuador [26-28]. Near the eastern coast of Boso Peninsula,
Central Japan, SSEs with M, ~ 6.6 has repetitively took place along the top of the
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Fig. 5. — Spatiotemporal distribution of long-term slow-slip events along the Suruga and Nankai
troughs together with the moment magnitudes [25]. The estimate of the moment magnitude for
the 1997 northern Miyazaki slow-slip is quite difficult, due to contamination of the afterslip of
the 1996 Hyuga-nada earthquakes and the 1997 Bungo channel SSE.

subducting Philippine Sea Plate, every 4 to 7 years (fig. 6) accompanying with a burst
of ordinary earthquakes at the downdip side of the major slow-slip patch (the recorded
largest earthquake is My, 5.3). The most recent SSE has just occurred from the early part
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Fig. 6. — Map of the epicenters of earthquakes associated with Boso SSEs, including (a) the 2007
SSE, (b) the November 2011 SSE, and (c) the 2014 SSE (modified from Kato et al. [32]; reprinted
with permission from John Wiley and Sons). The circles denote the earthquakes accompanied by
the recently known SSEs. The blue vectors are the estimates of interplate slip made by geodetic
measurements. (d) Epicentral distributions of all detected events in March 2011. (e) Revised
history of the Boso SSEs, showing the newly detected hidden SSE that occurred immediately
after the Tohoku-Oki earthquake.

of June in 2018. The triggering of downdip events during SSE resembles an increased rate
of tremors at the deep side of the long-term SSE in the Bungo channel [29]. Therefore, the
mechanism to drive earthquake swarms might be like that which drives tremor related
to the Bungo channel SSE. However, the source area of the Boso SSE source is quite
shallower than that of the Bungo channel SSE, and so the thermal regime in Boso is
colder than that in Bungo. Because the cooler thermal regime enhances brittleness or
slip-instability of fault movement, the slip rate in the triggered events may be dependent
on the thermal regime therein [5].

This enhancement of brittleness may allow strong temporal variations of moment
magnitude, slip area and spatiotemporal evolution during each Boso SSE, as determined

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

THE EVOLUTION OF FAULT SLIP RATE PRIOR TO EARTHQUAKE ETC. 61

from the longest observed repetition history of SSEs derived from GNSS and swarm-
like seismicity (almost 30 years) [30-32]. For example, Kato et al. [32] suggests that a
small SSE might be hidden by substantial afterslip following the 2011 Tohoku earthquake,
based on the seismicity analysis including repeating earthquakes off Boso Peninsula. The
static and dynamic stress transfer imposed by the 2011 Tohoku earthquake plays a role
to trigger the small SSE immediately after the Tohoku rupture. If we take this small
SSE triggered by an external perturbation into account, the recurrence interval shows a
more complex pattern than previously supposed (fig. 6e) [32,33].

Similarly, SSE can be triggered by external stress change on the source area as ob-
served in Nankai, New Zealand and Ecuador subduction zones [8,34,35]. The triggered
SSE enhances stress loading onto a nearby seismogenic zone, pushing the subsequent
event, like cascading trigger through interplay between fast- and slow-slip modes. Cas-
cading trigger by mixed modes of fast- and slow-slip has been observed by seismic and
geodetic data along a weakly coupled part of the Andean subduction zone in northern
Peru [36]. It is therefore of crucial importance to understand the interactions between
fast- and slow-slip modes through stresses transferred via elastic, quasi-static deforma-
tions or seismic waves.

1'3. The early acceleration phase of slow-slip event. — Despite the widespread detec-
tion of SSEs, there has been little constraint on the spatiotemporal evolution of each
SSE episode, especially during the early acceleration phase. For example, the relative
timing between the onsets of SSEs and of their associated tremor or regular earthquake
has been inferred in only a few cases [21,37,38]. However, it is quite difficult to demon-
strate whether slow-slip takes place before the onset of tremors or not. Elucidating the
detailed spatiotemporal evolution of SSEs may help constrain the physics of SSEs and
driving mechanism for their synchronous seismic activity. Fukuda et al. [39] examine the
spatiotemporal evolution of a slow-slip event (SSE) near Boso Peninsula, central Japan,
from December 2013 to January 2014 applying the modified Network Inversion Filter
to GNSS data. During the early phase with duration of 10 days, the slow-slip front
slowly propagated to west at speeds of ~ 1km/day or less, without any detectable seis-
micity (fig. 7). Then, this slow-slip front suddenly accelerated with higher slip rate and
propagated at higher speed (~ 10km/day), exciting an intensive migrating seismicity.
The seismicity was highly correlated in space and time with slip rate, suggesting that
the seismic swarm could be triggered by stress loading due to the slow-slip. This result
implies that the associated seismicity is controlled by the evolution of the slip rate or
migration speed of the SSE front.

Based on the above observations, the loading rate is an important factor to induce
unstable fast-slip during the SSE accompanied with seismic swarm. A laboratory ex-
perimental study [40] suggests that abrupt increases in the loading rate can shrink the
spatial and temporal extent of the earthquake nucleation zone, making seismic patch to
close to be a condition of brittle slip-failure. Therefore, the abrupt change of slow-slip
rate has a potential to generate earthquakes, as far as seismic asperities close to failure
exist in the nearby area.
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Fig. 7. — The 2013-2014 Boso slow-slip event (from Fukuda et al. [39]. Reprinted with permission
from John Wiley and Sons). (a) Observed (circles) and predicted (red lines) displacement time
series from a selected GNSS station. Circles represent the observed displacement time series,
corrected for steady deformation, seasonal variations, postseismic deformation following the
2011 Tohoku-oki earthquake, and common mode errors. (b) Temporal evolution of slip rate
along 35.26 °N latitude. The horizontal axis represents the east-west distance measured from
(140.0°E, 35.26 °N). Solid lines denote slopes corresponding to propagation speeds of 1 and
10km/day.

To characterize the early phase of the SSE evolution, a systematic research about a
suite of Boso SSEs has been conducted [41]. It has been elucidated that the SSEs in
1996 and 2013-2014 nucleated more slowly, with moment increase and slip rate lower
than those of the 2002, 2007, and 2011 SSEs. These results indicate that there is a
variability in the nucleation style, space-time slip histories and moment magnitude of
the SSEs from event to event. We suppose that SSE accompanied with seismic swarm
shows more complex slip behavior than ETS along the deeper extension of the strongly
locked seismogenic zone in Nankai, because areas hosting slow- and fast-slip modes are
in proximity to each other and are easily perturbated by the stress transferred between
them. In some cases, fault weakening can be enhanced by an invasion of a locked patch
by slow-slip transient. The interplay between slow- and fast-slip may produce more
heterogeneity of stress field and fault strength, compared with that among families of
slow earthquakes.

2. — Episodic unlocking of fault prior to large earthquake

The earthquake nucleation process in situ has remained enigmatic for a long time,
despite vigorous laboratory and theoretical studies to understand the nucleation process.
The nucleation process has been discussed actively in association with the occurrence of
foreshocks, those are close in time and space to subsequent larger earthquakes [42,43].
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Unlocking of fault

Seismogenic zone Seismogenic zone

Fig. 8. — Schematic figures showing unlocking of fault within locked seismogenic zone (left) and
distinct slow earthquake zone (right).

However, it has been unclear how these foreshocks relate to the nucleation process of the
mainshock.

Most large earthquakes are not signaled by easily recognized foreshock sequences. In
some cases, there are no foreshocks, while in others the foreshocks are small in magnitude
and not distinguishable from the many naturally occurring clusters of events that do not
lead to larger earthquakes [44]. Even in the retrospective investigation of seismicity,
the incidence rate of foreshocks prior to a large earthquake has been reported to range
from 20 to 40% [45-47], depending on tectonic setting, the period and completeness
magnitude of the analyzed earthquake catalog, as well as the method to define mainshock
(declustering scheme). For more than a half of major earthquakes, the dynamic rupture
initiates without any foreshocks.

As described in the previous section, natural fault hosts a wide spectrum of slip rate
from fast- to slow-slip modes [2]. We thus expect possible occurrence of slow-slip transient
during foreshock sequence that is a representative of fast-slip mode. In the case when
the fault slips at relatively faster speed than ordinary state (locked or sliding at very
slow-slip rate), this means that unlocking of fault proceeds albite on wide range of slip
rate. Prior to some major earthquakes, the unlocking of fault has been driven by mixed
modes of faster (seismic) and slower (aseismic) slip along fault, resulting to that fault
slip rate evolves in complex manner (fig. 8). Faster and slower slip modes may interact
with each other and promote gradual accommodation of elastic energy stored in crust
during a preparatory stage of large earthquake. Here, we briefly explain about a few
foreshock sequences of large earthquakes, those are explained by step-like unlocking of
fault enhanced by mixed modes of slow- and fast-slip.

2°1. Foreshock sequence of the 2011 My, 9.0 Tohoku-Oki, Japan earthquake. — Prior
to the 2011 Tohoku-Oki earthquake, a bunch of seismicity took place at the northern
side of the rupture initiation point of the mainshock. More precise earthquake catalog
of the foreshocks revealed that two distinct sequences of earthquake migration occurred
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Fig. 9. — Spatiotemporal evolution of earthquakes (blue circles) prior to the 2011 Tohoku-Oki
earthquake (modified from Kato et al. [48]; reprinted with permission from AAAS). Red dashed
lines show approximate locations of earthquake migration fronts. Red stars denote repeating
earthquakes, and green stars are identified to resemble those repeating earthquakes. Black
and yellow stars denote epicenters of the Tohoku-Oki mainshock and the largest foreshock,
respectively. The inset at the right shows temporary changes of seismicity rates inside and
outside the EMZ after the M, 7.3 largest foreshock. The blue dashed curve denotes least-
squares fitting of the modified Ohmori law. The inset at the left shows the location of the study
area off Miyagi Prefecture.

along the trench-parallel direction toward the epicenter of the mainshock [48], during
final ~ 30 days before the mainshock rupture (fig. 9). The two sequences of earthquake
migrations overlapped considerably in space. The migration speeds ranged from 2 to
10km/day and slows down over time. The second migration front is well approximated
by a parabolic curve without any final acceleration.

Most of the focal mechanisms during foreshock sequences with moderate-to-large mag-
nitude are characterized by low-angle thrust faulting, which resembles with the mainshock
type. This observation indicates that fast-slip caused by foreshocks took place along the
subducting plate interface. Interestingly, the foreshock sequences included small repeat-
ing earthquakes that had identical focal mechanisms and identical locations, resulting
in very similar waveforms. The repeating earthquakes can be interpreted to result from
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recurrent rupture of seismic patch surrounded by aseismic creep on the plate interface.
In addition to the foreshock migration, an episodic increase in the aseismic creep prop-
agated toward the M, 9.0 epicenter and coincided roughly with the area of earthquake
migrations [48]. These observations clearly show that the accumulated elastic strain
along the plate interface was accommodated by fast- and slow-slip processes, resulting
to the episodic unlocking of the fault during the foreshock sequence.

The unlocking of the fault during the final two days before the Tohoku-Oki earthquake
was confirmed by geodetic measurements on land (GNSS) and off-shore (ocean bottom
pressure gauges) [49,50]. From the middle of February to the onset of the largest My,
7.3 foreshock, it has been inferred by ocean bottom pressure gauges that a slow-slip
transient took place at depths shallower than the mainshock initiation point [51]. After
the largest foreshock, a slow-transient deformation was detected at the updip in the
coseismic slip of the largest M, 7.3 foreshock and extended toward the south, where
the two sequences of migrating foreshocks were observed. The maximum aseismic slip
is estimated to be approximately 0.4m and calculated moment magnitude released by
aseismic slip ranged from 6.8 to 7.0. From the time series of geodetic measurement,
the slow-slip transient appears to continue with gradual decay of the slip rate in the
foreshock migration area until the mainshock rupture. However, we must pay a caution
that there was no short-term acceleration of the slow-slip transient immediately before the
mainshock rupture, above the detection threshold of ocean bottom pressure recorders (the
minimum observable slow-slip magnitude: M,, 6.0-6.2) [52]. This observation indicates
that moment released by the short-term nucleation process (final acceleration phase)
is smaller than that expected from a scaling of the nucleation zone proposed from an
approach in the framework of fracture mechanics [53].

In addition to the above daily and monthly time scales, an evolution of aseismic creep
in decadal scales along the plate interface has been reported by several studies using on-
land GNSS network [54,55]. It has been proposed that a long-term aseismic creep had
started around 2005 and continued until the Tohoku-Oki mainshock, along the downdip
and south area of the large coseismic slip zone of the Tohoku mainshock. The total
moment released by this long-term aseismic creep has increased monotonically from 2005
until the mainshock time, finally reaching an equivalent seismic moment of ~ M, 7.7.
This long-term aseismic creep implies that the fault hosting megathrust rupture slowly
and partially slipped during around 7 years before the Tohoku-Oki earthquake. Adding
the repeating earthquake data to the geodetic measurements, it has been inferred that the
slow-slip rates on the plate interface slowly increased during the same time periods [56].
Furthermore, an analysis of very-low-frequency earthquakes off-Tohoku reveals that the
activity of the VLFs at the south of the Tohoku-Oki rupture area slightly increased
around 2008 [57]. These phenomena indicate that some aseismic creeps would result in
increasing the stressing rate on the locked parts of the megathrust in decadal scales. The
increasing stressing rate might contribute to promoting the generation of moderate-to-
large earthquakes off-Tohoku region after 2003 [58].

There seems to be a direct correlation between periodic slow-slip occurrences and
some moderate/larger earthquakes off-Tohoku region, Japan [59]. This observation indi-
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Fig. 10. — (a) Tectonic map of the 2014 Iquique, Chile M,, 8.2 earthquake (modified from
Kato et al. [64]). The yellow star denotes the epicenter of the mainshock with the moment
tensor solution by the USGS. The color scale and black contour lines show the coseismic slip
distribution estimated by teleseismic waveform inversion. Yellow and red circles are epicenters
before and after the mainshock, respectively. Crosses show USGS catalog epicenters from 1
January 1990 to 31 May 2014. The white outline denotes the approximate rupture area of
the 1877 M., 8.8 earthquake. The inset shows the location of the studied region. (b) Short-
term evolution of seismicity during the final 17 days before the 2014 mainshock. Space-time
diagram of all detected events (blue circles) and repeating earthquakes (red stars). Yellow star
denotes the hypocenters of the mainshock. Red dashed lines represent the approximate locations
of the fronts of earthquake migrations. (c) Observed cumulative number of earthquakes with
magnitude > 3.8 in decadal scale.

cates that the periodic unlocking of fault has caused stress loading onto seismic patches
on the plate boundary fault, leading to temporal increase in earthquake generation prob-
ability. Although the monitoring of the slow-slip rate on plate interface has potential
to help refine time-dependent earthquake forecasts, we must pay a caution to the fact
that the maximum slip rate during slow-slip transient does not determine the final size
of the subsequent earthquake. It is thus quite important to deepen our fundamental
understanding about an interplay between slow- and fast-slip modes [60].

2°2. Foreshock sequence of the 2014 My, 8.2 Iquique, Chile earthquake. — The megath-
rust rupture of the 2014 Iquique, Chile M,, 8.2 earthquake occurred within the North
Chile seismic gap, which stretches for ~ 500 km along the plate boundary, where the
Nazca Plate is subducting beneath the South American Plate. The mainshock was
preceded by intensive foreshock sequences and geodetic signals lasting at least two
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weeks [61-63], showing gradual unlocking of the plate boundary fault updip of the largest
coseismic slip patch (fig. 10).

The space-time diagram of the seismic events shows that the seismicity rate off Iquique
was almost constant before the summer of 2013. Similarly, the rate of aseismic slip
derived from repeating earthquakes was nearly constant [64]. But it is inferred that
the first crisis leading to the mainshock rupture started in summer 2013, accompanied
by migrating seismic bursts at the southern edge of the largest coseismic slip patch.
Following this seismic burst, repetitive sequences of seismic bursts migrated along dip as
well as along strike. The frequency of earthquake migrations increased, and the migration
speeds also tended to rise before the mainshock failure (fig. 11). These migrating seismic
bursts were accompanied by the transient increase in aseismic slip derived from repeating
earthquakes [61,64] and the background rate of seismicity. Furthermore, the lateral size of
each seismic swarm area was considerably larger than the earthquake source dimensions.
Based on these observations, a likely explanation for the earthquake migrations is a
propagation of episodic aseismic slip transients; i.e., slow-slip events.

During the final 17 days before the mainshock (15-31 March 2014), the continu-
ous GNSS stations located along the coast near the source region started to move
trench-ward. The trench-ward surface deformations indicate the gradual unlocking of
the plate interface. It has been debated whether the unlocking of the plate interface
was driven mainly by aseismic slip or cumulative seismic slip from M 5-6 class moder-
ate/large foreshocks [62,63]. This uncertainty arises because the detected surface defor-
mations were too weak to be clearly separated into coseismic and aseismic slip. However,
analyses of repeating earthquakes [64,65] and GNSS data [66] suggest that a slow-slip
transient took place during the final 17 days prior to the mainshock. The equivalent
moment magnitude released by the slow-slip transient has been estimated to be 6.6-6.8,
although the uncertainty is large.

The step-like increases in seismicity, the amount of aseismic slip inferred from re-
peating earthquakes, and the background seismicity rate, accompanied by an increasing
frequency of earthquake migrations, started around 270 days before the mainshock occur-
rence at the updip of the largest coseismic slip patch (fig. 11). Due to the spatial-temporal
evolution of fast- and slow-slip modes, repetitive sequences of migrating unlocking pro-
cesses took place along dip as well as along strike, outlining the shallow rim of the largest
coseismic slip patch (fig. 10) [64,67].

Similar episodic unlocking was observed during the foreshock sequence prior to the
2017 Valparaiso My, 6.9 Earthquake in Central Chile (at the northern extension of
the rupture area of the 2010 Maule M, 8.8 earthquake), accompanying the migrating
seismicity and the slow-slip transient (M, 6.5) within final 2 days [68]. Although geodetic
measurements of the surface displacements are very limited and scatter, the trenchward
displacements (meaning unlocking of fault) gradually increased with time until the main-
shock rupture time. However, even in the time series of the high-rate GNSS, the unlocking
of the plate boundary fault did not show any short-term acceleration. It is thus impos-
sible to precisely predict the onset time of the mainshock occurrence using the geodetic
measurement and seismicity at the current knowledge.
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Fig. 11. — Episodically accelerated fast- and slow-slip during the foreshock sequence before the
2014 Iquique, Chile My, 8.2 earthquake [64]. (a) Detrended cumulative number of earthquakes,
(b) detrended aseismic slip averaged over all groups of repeating earthquakes, (c) detrended
cumulative number of background seismicity, and (d) earthquake migration speeds, as a function
of time to failure during the final 1200 days before the 2014 Iquique, Chile My, 8.2 earthquake.

In laboratory experiments, fault displacements smoothly increased according to a
power-law time-to-failure equation during the nucleation stage [69, 70]. However, the
fault slip during each foreshock sequence shows not smooth change but step-like increase.
This discrepancy clearly shows that the evolution of slip is more episodic and irregular
in nature than in laboratory experiments. Even in the intensive foreshock sequence
observed before the 2014 Chile Iquique earthquake, the slip rate estimated from repeating
earthquakes has several discrete peaks with time [64]. This observation maybe attributed
to the fact that the natural fault has more heterogeneous fault zone structure compared
with well-prepared fault surfaces used in typical laboratory studies. Recent laboratory
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experiments have found a reduction in nucleation duration and nucleation zone size with
increasing the loading rate, which may be caused by the evolution of fault gouge layer as
self-organized process [71]. An amount of production in the fault gouge increases with
the loading rate. Thus, we suppose that local increase in loading rate imposed by fast-
slip on the adjacent segment can shrink the classical nucleation zone size, resulting to
difficulty in detection for nucleation phase of natural earthquake, based on seismic and
geodetic observation from surface.

2°3. Triggering of the 2014 My, 7.3 Papanoa, Mezico earthquake by a slow-slip event.
— As observed along Nankai Trough, Cascadia, Hikurangi and Mexico subduction zones,
we have a distinct zone of slow earthquakes at the deeper extension of each seismogenic
zone along a plate interface (fig. 8b). Soon after the discovery of slow earthquakes, it
has been suggested that SSE could lead to an increased time-dependent probability of
megathrust events [72]. However, there have been few observations to confirm or refute
this hypothesis statistically.

Along subduction zones in Mexico and Costa-Rica, slow earthquakes preceding
My, ~ 7 class earthquakes have been observed recently by construction of geodetic net-
work [73-75]. At the downdip extension of the Guerrero section in Mexico, the large-scale
SSEs (released moment equivalent to M, ~ 7.5) have occurred approximately every four
years. The M, 7.3 Papanoa (Mexico) earthquake took place on 18 April 2014 in the early
stage of a long-term SSE with a total aseismic moment equivalent to M, 7.6 (the largest
moment magnitude ever recorded) [75]. The SSE started in February 2014 at the neigh-
boring downdip side of the earthquake source fault and grew to the moment equivalent to
M, 7.1 before the onset of Papanoa earthquake. The spatiotemporal closeness between
the mainshock and SSE occurrences allows to interpret that the Papanoa earthquake
was triggered by the unlocking of the plate interface through the SSE. The ongoing SSE
could transfer the Coulomb stress of 40kPa on the source fault and prompt the main-
shock rupture. Alternatively, the strength of the nucleation area might be weakened by
an invasion of the slow-slip transient, leading to the subsequent dynamic rupture [76]. In
either case, the slow-slip transient temporally increases the probability to enhance the
generation of subsequent nearby large earthquake.

On the southern Mexico subduction plate boundary, the 2012 Ometepec M,, 7.4 earth-
quake occurred. At the downdip extension of the seismogenic zone, a slow-slip initiated
by about 5 months before this earthquake, and migrated westward at ~ 2.6 km/day par-
allel to the trench-axis, and reached the eventual earthquake source region about one
month before the mainshock rupture [74]. The mainshock rupture started during the
SSE, of which moment magnitude grew to be 6.9. This moment magnitude is like that of
each SSE observed in 2004 and 2006 along the same area of the subduction interface. The
calculated Coulomb stress changes caused by the SSE on the mainshock area is small but
positive values for the mainshock fault plane. Before the occurrence of the 2012 M, 7.6
earthquake in Costa Rica, a slow-slip event was observed to migrate toward the eventual
megathrust rupture [77]. The peak slip rate reached a maximum of 5mm/day, 43 days
before the earthquake, remaining high until the earthquake. However, the slip appears to
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extend within the seismogenic zone, resulting in the very small positive value of Coulomb
stress changes (0.01 MPa) imposed by the SSE on the mainshock hypocenter. In these
cases, the stress increment imposed by the SSE on the mainshock area is insufficient to
demonstrate causality. However, it is conceivable that the extended slow-slip in the focal
region had weakened the fault strength, or the slow-slip allows the fluid to migrate updip
toward the seismogenic zone along the plate interface, which facilitated the subsequent
rupture [48,77]. These results suggest that mainshock rupture can be enhanced by un-
locking of the plate boundary fault through the propagation of SSE over the seismogenic
zone.

2'4. Foreshock sequence of the 2016 My, 7.0 Kumamoto, Japan earthquake. — Albeit on
a small scale, similar unlocking of fault prior to a mainshock rupture has been detected at
shallow crustal fault. Beginning in April 2016, a series of powerful shallow earthquakes,
including intensive aftershocks, struck the Kumamoto area of central Kyushu, Southwest
Japan. After a first M, 6.2 earthquake on 14 April 2016, a mainshock with M, 7.0
occurred on 16 April 2016 (JST) close to the epicenter of the first event with a time
delay of ~ 28 hours. The source area is situated at a unique tectonic setting charac-
terized as stress field composed of both strike-slip and north-south extensional regime,
whereas the shallow crust of the Japanese islands is mainly affected by compressive re-
gional stress. Based on recent geodetic measurements, a shear deformation zone, showing
right-lateral strike-slip faulting with relatively high displacement rates of 7-8 mm/yr, has
locally developed in the source area [78].

We have an advantage on determining more precise earthquake locations compared
with the above earthquakes in subduction cases, because the source area has been well
covered by a nationwide dense seismic network along the Japanese islands. The entire
seismicity from the foreshock to the mainshock shows a clear spatiotemporal evolution
(fig. 12) [79]. One example is that the seismicity immediately following the M, 6.2
foreshock expanded toward northwest along the fault strike over time at the speed of
around 20km/day. The migration occurred both parallel to the fault-strike and along
the slope of the dip (the updip and downdip), with indication of movement toward the
rupture initiation point of the April 16 mainshock (fig. 12).

The foreshock area approaches its ultimate size (approximately double) within ~ 9
hours after the initial My, 6.2 foreshock. Similar migration of early aftershocks was
observed immediately after some large events (the 2004 M, 6.0 Parkfield earthquake on
the San Andreas Fault, the 2007 M,, 6.7 Noto Hanto earthquake in Japan) [80,81]. These
aftershock migrations are interpreted to result from propagation of afterslip (slow-slip
transient) around the large slip-patch of each mainshock rupture [82].

To reveal the surface displacements associated with the aseismic-slip (afterslip)
following the M, 6.2 foreshock, subdaily GNSS data recorded at 30s intervals was
analyzed [79]. Transient surface displacements, which can be fit by a logarithmic function
of time, were found out at two stations close to the foreshock fault (fig. 13), although the
data has some scatters. These two surface vectors are consistent with those predicted
by assuming a right-lateral slip motion along the foreshock fault plane with the aseismic
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Fig. 12. — Spatial-temporal evolution of seismicity during the period between the foreshock and
the 2016 Kumamoto mainshock rupture (from Kato et al. [79]; reprinted with permission from
John Wiley and Sons). Plots of the cumulative distribution of epicentral locations over time, in
map view and cross-section, are shown in the top and bottom panels, respectively. Events are
colored according to hypocentral depth.

moment equivalent to M, 5.8. Thus, the geodetic observations support that the slow-slip
transient took place before the mainshock rupture.

Combining the evolution of seismicity with the geodetic signal, we suggest that aseis-
mic slip propagated towards the nucleation point of the mainshock rupture. Because
aseismic slip redistributes shear stress into the surrounding rock volume, the migration
of aseismic slip effectively loaded the mainshock nucleation point, combined with static
stress changes induced by the foreshock rupture itself (fig. 13). In addition, a very tiny
earthquake cluster developed at the vicinity of the mainshock hypocenter just before
the rupture initiation. This hints that the earthquake nucleation area might be locally
weakened, that ultimately initiated the subsequent dynamic rupture. Similar interac-
tion between earthquake faults was observed during the 2012 Emilia seismic sequence in
northern Italy. An aseismic slip triggered by an initial M, 6.1 earthquake propagated to
a second fault nearby that then hosted an M, 6.0 earthquake a week later [83]. Thus,
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Fig. 13. — Fault interaction during the 2016 Kumamoto earthquake sequence (from Kato et
al. [79]; reprinted with permission from John Wiley and Sons). (a) Static coulomb stress change
caused by the M, 6.2 foreshock and subsequent M, 6.0 earthquake, resolved onto the three
faults (A1, A2, and B) that failed in the M, 7.0 mainshock. The coefficient of friction is assumed
to be 0.4. The source-fault geometry for these foreshocks (dashed rectangle) was estimated from
changes in surface displacement measured using both the GEONET GNSS network and InSAR
data. The mainshock epicenter is shown by the yellow star; hypocenters of events occurring in the
interval between the foreshock and mainshock ruptures are denoted by gray dots. The transient
surface displacements recorded between the M, 6.2 foreshock and the mainshock are shown
by the green arrows; the open arrows denote synthetic displacements computed with a model
assuming uniform slip on the foreshock fault plane. Gray lines represent the surface traces of
active faults. (b) Time-series of displacement recorded at GNSS stations 1071 and 0465 (north-
south component). The foreshock origin time is denoted by the dashed line. The logarithmic
curve that best fits the transient deformation following the foreshock rupture is shown by the
red line. (c) Perspective view of foreshock seismic slip and aseismic slip propagation on the
mainshock rupture planes.

propagation of aseismic slip plays an important role in the buildup of shear stress onto
nearby fault segments and in bringing them closer to failure.

3. — Discussion

The observation that the accumulated elastic strain was accommodated by both seis-
mic and aseismic processes indicates that the transition zone from full coupling to creep
was the site of fast- and slow-slip behaviors during the foreshock sequence [64,65]. This
means that the repeating sequences of fast- and slow-slip may have interacted with each
other and promoted episodically accelerated unlocking of fault. The unlocking effectively
caused stress loading on the largest slip patch of the mainshock rupture as the stress level
approached the rupture threshold, thereby promoting the mainshock rupture. Alterna-
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tively, if some displacement by slow-slip invades into the largest slip patch, the strength
of the patch will be partially weakened and susceptible to rupture, which ultimately leads
to unstable dynamic rupture, if the patch is close to failure [48, 75].

Even though the partial unlocking by fast- and slow-slip processes is observed, the
triggering or enhancement of the subsequent large earthquake on nearby fault segments
depends on the areal extent of the critically loaded seismic patches and how close these
areas are to failure. To obtain information of the criticality, we need to understand the
accumulated stress level (elastic energy) around the fault and the absolute strength level
of the fault. An important research area is the development of methods for assessing
the degree of criticality within fault segments adjacent to already slipped or ruptured
portions. Therefore, it is essentially important to know spatiotemporal variations of
stress and strength on fault through seismicity.

After the occurrence of M, 7.8 Kaikoura earthquake in New Zealand in 2016 [84],
a large-scale slow-slip event along the downdip side of the locked megathrust area were
triggered by dynamic-stress changes derived from the passing seismic waves [85]. The
large-scale slow-slip event with rupture length of about 300 km should cause rapid stress
loading onto the shallow locked area during an ongoing few weeks, due to a geographical
proximity. Furthermore, the Kaikoura earthquake induced an increase in static stress
transfer of 20-200 kPa on the locked portion of the southern Hikurangi interface, which
was further increased by ~ 100kPa over the year following the earthquake due to the
subsequent long-term SSEs surrounding the locked zone [85]. However, despite the rapid
stress loading onto the locked portion, the megathrust rupture has yet to occur at the
current moment, while a swarm of seismicity including the largest M, 6.0 earthquake
was induced near the plate interface during the occurrence of the triggered SSEs.

In the Nankai subduction zone, more complex evolution of slip rate has been recently
illuminated by development of a dense seismic and geodetic network at ocean floor. On
1 April 2016, an My, 6.0 earthquake with low-dipping thrust faulting struck offshore the
Kii Peninsula, SW Japan. The epicenter is located within the coseismic slip region of the
1944 Tonankai earthquake (M, 8.1), namely within the locked seismogenic zone. Based
on the seafloor network data, the rupture occurred on a landward dipping thrust fault
at 9-10km below the seafloor most likely on the plate interface [86,87]. Since the oc-
currence of the last megathrust earthquake, earthquakes with magnitudes greater than 6
has been quite rare along the plate interface except for the aftershocks following the 1944
megathrust. After the occurrence of this plate interface earthquake, the afterslip near
the coseismic slip area was observed by the ocean bottom geodetic measurement. Inter-
estingly, following the afterslip, SSE, tremors and VLFEs simultaneously occurred with
a slight time-delay at shallower depths close to the trench axis [8,87]. The shallow VLEs
showed clear migrations along the dip and strike directions, implying possible propaga-
tion of the shallow SSE toward trench. This observed sequence implies that unlocking
of fault slightly proceeded at the relatively shallow side of the locked seismogenic zone.
Furthermore, the interplay between the moderate earthquake and slow earthquakes high-
lights that the slip behavior hosting megathrust rupture has a wide range of time scales
and a complex spatial distribution, even at the strongly locked seismogenic zone [86].
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Based on these complexities of fault unlocking process, we are not able to predict the
occurrence of large/megathrust earthquake with high accuracy, namely in a deterministic
way at the current moment. Our current knowledge about the relationship between the
onset of megathrust earthquake rupture and the fault unlocking process remains very
limited. In addition, we do not have enough knowledge how the time scale of the fault
unlocking prior to large earthquake varies from place to place, and from time to time.
Therefore, it is quite important to focus on a scheme of operational earthquake forecasting
as the principle means for estimation of time-dependent seismic hazards [88].

Over short time scales with durations of days and weeks, earthquake sequences often
cluster in space and time, as illuminated by aftershocks triggered by large events as well
as foreshocks prior to major events. Statistical models describing earthquake clustering
like ETAS-model [89] well explains many features and diversities of observed seismic
activity, that is representative of fast-slip on fault. These models can be used to con-
struct forecasts that indicate how earthquake probabilities spatially change over the short
time scale. Recently, this short-term probability model (ETAS) has been merged into
long-term forecasting model of all fault-based supraseismogenic ruptures in the Southern
California (UCERF3); elastic rebound statistics is explicitly adopted in modeling earth-
quake sequences including aftershocks [90]. Slow-slip transient also spatiotemporally
increases triggering probability of the nearby earthquakes by releasing the accumulated
strain energy around the slip area. Therefore, it is more desirable to incorporate the
short-term probability derived from slow-slip transient into the operational earthquake
forecasting model in the near future. To achieve this object, we must develop a more
stable method to conduct real time monitoring of the wide spectrum of the slip rate
(from fast- and slow-slip modes) on fault. In addition, it has been required to have more
observational examples to figure out unlocking process prior to major earthquakes, and
to deepen our fundamental understanding of earthquake generation mechanism.

4. — Conclusions

Here, we discuss the evolution of fault slip rate prior to large earthquake, focusing on
the role of slow- and fast-slip modes. We review a wide spectrum of the slip rate from fast-
to slow-slip on a natural fault, based on seismic and geodetic observations of various types
of slow earthquakes. Complex variation of slow earthquakes can be recognized in time and
space. Recent seismic and geodetic studies of foreshock sequences suggest that partial
unlocking of fault took place episodically through the interplay between fast- and slow-
slip modes before some large earthquakes. The partial unlocking causes stress loading to
the nearby fault segments, resulting to triggering of subsequent dynamic and unstable
slip. Alternatively, the partial unlocking of fault enhances the strength weakening of
the earthquake nucleation area, that ultimately initiates a dynamic rupture. However,
the manner of the unlocking is episodic, not smooth acceleration, which precludes a
possibility of forecasting the subsequent large earthquake with a high degree of accuracy.
The triggering of a subsequent large earthquake on nearby fault segments depends on
the areal extent of the critically loaded seismic patches and how close these areas are to
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failure, even though the partial unlocking of fault is observed. An important research
area is the development of methods for assessing the degree of criticality within fault
segments adjacent to already ruptured portions. Furthermore, the earthquake-triggering
probability by slow-slip transient shall be incorporated into an operational earthquake
forecasting scheme as future challenge.
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The spectrum of fault slip modes from elastodynamic
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Summary. — Earthquake science is in the midst of a revolution. Our under-
standing of tectonic faulting has been shaken to the core by the discovery of seismic
tremor, low frequency earthquakes, slow slip events, and other modes of fault slip.
These phenomena represent modes of failure that were thought to be non-existent
and theoretically impossible only a few years ago. Despite the growing number of
observations of slow earthquakes and the fact that they can trigger catastrophic
large earthquakes their origin remains unresolved. Basic questions remain regard-
ing how slow ruptures can propagate quasi-dynamically, at speeds far below the
Rayleigh wave speed, and how tectonic faults can host both slow slip and dynamic
earthquake rupture. Here, I summarize results from laboratory experiments showing
repetitive slow slip, describe friction laws for slow earthquakes, and discuss impli-
cations of the work for earthquake scaling laws. The lab results suggest that slow
earthquakes occur for conditions near the stability boundary defined by the critical
fault rheologic weakening rate K. and that the spectrum of fault slip behaviors can
be described with a single frictional mechanism. Other processes may contribute to
the origin of slow earthquakes but the work summarized here shows that slow and
quasi-dynamic fault slip can occur entirely as a result of frictional processes and
fault zone heterogeneity.
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1. — Introduction

Slow earthquakes represent one mode of the spectrum of fault slip behaviors ranging
from steady aseismic slip to ordinary (fast) earthquakes [1-7]. Like ordinary earthquakes,
slow earthquakes can accommodate a significant fraction of a fault’s slip budget, with
equivalent magnitudes of 8 or larger; yet this slip occurs slowly, over days to months,
rather than the few 10’s of seconds for ordinary earthquakes [8-13]. Geodetic and seismic
data show that slow slip events propagate along tectonic faults as quasi-dynamic rup-
tures with fault slip speed and propagation velocity controlled by unknown processes [14].
How are these phenomena related to normal earthquakes? Why do slow earthquakes ap-
pear to exhibit a different scaling law between size and duration compared to ordinary
earthquakes? What processes limit the slip velocity and rupture propagation speed of
slow earthquakes? Here, I suggest an explanation for slow earthquakes that draws on
recent breakthroughs in our ability to produce repetitive, slow stick-slip in the labora-
tory [15-24]. The work follows the connection between frictional stick-slip and earth-
quakes [25] and provides insights on slow earthquakes and the spectrum of fault slip
behaviors.

Since the discovery of tectonic tremor [4] and slow slip events [5, 6] evidence for a
spectrum of fault slip behaviors has been observed along tectonic faults worldwide [26-31].
Slow slip and tremor have been observed in subduction zones and on transform faults
such as the San Andreas Fault in California [32-37]. Although tremor and slow slip are
often difficult to locate, it is now widely accepted that they represent frictional slip at
the plate interface [35, 36].

A growing number of numerical models can simulate quasi-dynamic fault slip with
characteristics that are similar to those observed in nature [38-48]. Many of these models
have focused on observations from the downdip limit of the seismogenic zone in subduc-
tion settings, where the in situ conditions are difficult to reproduce in the laboratory.
This is perhaps one reason for the paucity of laboratory data on repetitive, slow stick-
slip until very recently (but see refs. [49-52]) and related studies of slow rupture or the
onset of slip [53-59]. However, we have recently learned how to produce repetitive, slow
stick-slip events under controlled conditions [15-22]. Here, I describe the mechanics of
slow slip, drawing on lab observations, and applications to tectonic faulting.

2. — Mechanics of slow slip

Although there are now numerous instrumental observations of slow earthquakes, the
underlying processes that produce these self-sustaining ruptures remain poorly under-
stood. Several mechanisms have been proposed, including dilatant hardening, elevated
fluid pressure, (e.g., refs. [37,42-44,47,60-65]), a transition in frictional behavior with
increasing slip speed, and fault zone heterogeneity as imaged by geologic and geophysical
techniques [65-68]. In the context of some of these models, slow earthquakes represent
prematurely arrested ordinary earthquakes. However, laboratory observations of slow
slick-slip and associated measurement of candidate processes are scarce. Moreover, if
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slow earthquakes indeed initiate like ordinary earthquakes, they may be particularly
good targets for exploration of precursors to failure [15,19]. The duration of precursory
behaviors such as accelerating fault slip or elastic wave-speed reduction may scale with
slip duration and thus be easier to observe for slow events.

2'1. Friction laws for slow slip. — Frictional instability and earthquake nucleation
are often evaluated using rate- and state-dependent friction laws [69-72]. Within this
framework and using 1-D elastic coupling, the criterion for slip instability is derived
from a force balance, in which the elastic stiffness of the loading system K (units of
stress/length) must be smaller than a rheologic, critical stiffness K. defined by the fric-
tional properties [39]:

on(b—a) mV,?
1 Ke=—7-—|1 ,
L ’ { i anaDJ

where o, is the effective normal stress, D, is a critical slip distance over which fault
strength evolves, m is mass, and the parameters a and b are the friction direct effect and
evolution parameter, respectively, of the rate and state friction laws. For nucleation of
failure, when slip velocity is low, the inertial term of eq. (1) can be ignored. The change
in steady-state sliding friction Ay with a change in slip velocity from V, to V is given
by (a — b)

2) (a=b)= A?:V'

Positive values of a —b represent velocity-strengthening behavior, in which an increase
in sliding velocity results in an increase in steady-state sliding friction Au, and indicates
that stable frictional sliding should be expected. Negative values of a — b (velocity-
weakening) are a necessary condition for frictional slip instability, with K < K. (eq. (1))
representing the sufficient condition [39].

Equation (1) suggests that dynamic instability will occur if the elastic unloading
stiffness K is minimally below K.. However, this result is for an extremely simplified
case with 1-D elasticity and uniform frictional properties that are independent of slip
velocity. Other forms of the stability parameter have been developed for more complex
elastic interactions and to account for important aspects of earthquake nucleation [73].
Laboratory data and theoretical models indicate more complex slip behaviors for more
complex friction laws [38-44,54-56], however, there are relatively few detailed laboratory
studies that document these conditions.

2°2. Laboratory observations of the full spectrum of slip modes from fast to slow. —
Recent works document repetitive stick-slip motion for the complete spectrum of fault slip
behaviors observed in nature, with systematic measurements that range from transient
slow slip to fast stick-slip [15,17,22]. The laboratory experiments reproduce the full
spectrum of fault slip behaviors, from fast to slow (fig. 1). These data are from fault zones
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Fig. 1. — Data for simulated faults composed of quartz powder. A) Friction data are plotted at the
same scale (note scale bar) and offset for comparison. Annotations on the right give experiment
number and normal stress. Stick-slip friction drop is smaller and events have systematically
longer duration at lower normal stresses. B) Detail of friction and fault slip for a slow slip event;
maximum slip rate during failure is 80 um/s. C) Comparison of slip events at three normal
stresses. Time is set to zero at maximum friction for each curve. Slip accelerates more slowly at
lower normal stress and event durations are systematically longer than at higher normal stress,
where the main slip pulse occurs in < 1s. (Data from Leeman et al., ref. [18].)

composed of quartz powder and sheared in the double-direct shear configuration [18].
Shear is imposed at constant fault normal stress and load point velocity. Normal stress
is varied over a range of values to produce a range of effective shear loading stiffnesses
K/o, (fig. 1). These results show that stick-slip instability and fault zone failure occurs
when the fault weakening rate, given by K., exceeds the rate at which elastic unloading
can occur K. In the lab, K, typically increases with fault zone shear strain because
D, decreases with strain [74] and the friction rate parameter (b — a) increases with
strain 71,72, 74-76].

For many fault rocks and granular materials, the parameter (b—a) is initially negative
(indicating velocity strengthening behavior) and transitions to velocity weakening with
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Fig. 2. — Friction data from experiments at a series of normal stresses. Annotations on the right
give experiment number and normal stress. Data are plotted at the same scale and offset for
comparison. Note that the transition from stable sliding to unstable slip occurred at smaller
values of shear strain for experiments conducted at higher normal stress. Anomalous peak values
near shear strain of 5.5 are associated with short periods when sliding was stopped. Note that
these slide-hold-slide periods cause friction to increase transiently before returning to the initial
behavior. (Data from Leeman et al., ref. [18].)

increasing shear strain [72]. In experiments designed to explore the stability transition
near K/K, = 1.0, Leeman and co-workers [18] and Scuderi and co-workers [19] found
a continuous transition from stable sliding to unstable creep-slip and stick-slip motion
(fig. 2). They showed that the transition to unstable slip occurred at smaller values of
shear strain for experiments conducted at higher normal stress (fig. 2). This is consistent
with a higher value of the frictional weakening rate K. at higher normal stress (eq. (1)).
They also found that K increased with shear strain, but the increase in K. with strain
was larger and thus K. exceeded K causing instability (fig. 2). The stick-slip events
shown in fig. 2 exhibit a wide range of failure modes, spanning the spectrum from slow,
creep-slip events to dynamic failure (fig. 3).

Linear stability analysis indicates that frictional motion governed by simple rate state
friction should transition abruptly from stable to unstable motion at K = K, (e.g.,
refs. [39,77]). Furthermore, slip velocity in such failure events is predicted to increase
without bound. However, the lab data indicate a spectrum of failure modes including
slow slip (fig. 3). These data show that peak slip velocity during lab earthquakes varies
systematically with kK = K/K,, from slow slip for k > 1 to dynamic, fast events for
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Fig. 3. — Data for lab earthquakes showing fault slip velocity during failure events as a function
of the ratio K/K.. Only stable sliding is observed for K/K. > 1.1. Slow slip events occur for
values near 1.0 and dynamic failure events occur for values of K/K. below about 0.75. (Data
from Leeman et al., ref. [18].)

k < 1 (fig. 3). The experiments show only stable sliding when the stability parameter
exceeds 1.1, and that a broad region of slow slip occurs for values near 1.0. When the
critical frictional weakening rate K. becomes large and « drops below about 0.75, the
lab earthquakes become dynamic and are associated with loud acoustic coupling (fig. 3).
The observed range of failure modes is consistent with the spectrum of fault slip modes
observed in nature.

2°3. Mechanics of laboratory slow earthquakes. — While the origin of slow earthquakes
is still enigmatic, the lab work shows that slow slip occurs because the critical weakening
rate depends on slip velocity [15,19,22]. For a range of loading stiffnesses, the lab work
shows that K. decreases with increasing slip velocity (fig. 4). For granular fault zones, the
reduction in K, is a product of an increase in D, with slip velocity [78] and a reduction of
(b— a) with slip velocity [18,19]. The decrease in (b— a) with increasing slip velocity has
been proposed in previous work and similar ideas have been described in the context of
more complex, two-state variable friction laws [45,46]. It has also been observed in a few
other cases, including clays and serpentine [15,79-82]. The fact that K. decreases with
slip velocity means that an unstable slip event may be quenched as it accelerates above
a critical slip velocity (fig. 4). This effect has been documented previously for friction of
technological materials [52] and requires additional study for geophysical conditions.
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Fig. 4. — Stability of frictional sliding for a spring-slider system that obeys rate and state friction.
Lab data indicate quasi-dynamic motion for values of K/K. slightly below 1.0 and that K.
decreases with slip velocity. The decrease of K. with slip velocity means that an unstable slip
event may nucleate but then be quenched as it accelerates and slip velocity reaches a critical
value.

3. — Earthquake scaling laws for dynamic rupture and slow slip

For ordinary earthquakes, the scaling relations between earthquake size and duration
are consistent with elastodynamic rupture models and friction stability theory (fig. 5).
Box A of fig. 5 shows the relation between stress drop Ao and rupture size for a circular
fault patch in an elastic medium with shear modulus G and Poisson ratio of 0.25. Com-
bining this with the definition of seismic moment M, in terms of fault area A and average
slip u yields the relation between moment, stress drop, and rupture radius (fig. 5, box A).
Given that neither stress drop nor rupture velocity V;. are observed to scale with earth-
quake rupture size, this model predicts that seismic moment should scale with the cube
of duration T (fig. 5), consistent with observations [7,9]. Existing works have suggested
that slow earthquakes may obey a different scaling law, such that seismic moment scales
linearly with duration [7], although this interpretation has been questioned [83,84].
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Fig. 5. — Earthquake nucleation and rupture model. Sketch at upper left shows slip patch of
size r in a homogeneous elastic medium with shear modulus G and Poisson ratio of 0.25. Box A
gives the relation between stress drop Ao and the ratio of average slip u to slip patch radius r.
Combining this with seismic moment M, yields a relation between M,, stress drop and rupture
dimension. Replacing rupture size with rupture velocity V. and duration T yields a relation
between M, and the cube of duration. The equations in the lower left give the stiffness K
around a slip patch, which when combined with K. yields a critical slip patch size h* or r. for
nucleation of unstable slip. Regions of slip that are smaller than h* will creep stably, whereas
those that grow quasi-statically to a size that exceeds h* will accelerate into a dynamically
propagating instability.

The rupture model and earthquake scaling law can be connected to a model for
rupture nucleation (fig. 5). This model is based on the idea that earthquakes nucleate
when a slip patch exceeds a critical dimension commonly referred to as h* or r. (fig. 5).
In the context of the model for frictional stability (fig. 4), h* and the critical patch
size for nucleation can be estimated from the local stiffness K around the slip patch
and the critical frictional weakening rate K. (fig. 5). Note that the relation for h*
(fig. 5) is approximate because stiffness is derived from the average slip whereas nucleation
would be derived from the maximum slip, at the center of the dislocation, which would
require a small adjustment. The relation for h* defines a minimum earthquake size [85]
that depends on the friction parameters and the local elastic properties. An important
implication for slow earthquakes is that dynamic rupture should occur for slip patches
larger than h*. Slow slip could occur for slip patches smaller than A*, but the stiffness
around larger patches would be smaller than K. and thus slip should accelerate into a
dynamic rupture.

The earthquake nucleation model outlined in fig. 5 involves several simplifications
and approximations. For example, it assumes isotropic elastic properties, a homogeneous
distribution of initial stress and frictional properties, and a simplistic friction law that is
independent of slip velocity. If we incorporate the lab results summarized here showing
that K. varies with slip velocity, we would predict that h* increases with fault slip
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Fig. 6. — Earthquake nucleation model. Left: subduction zone with zoom to show fault zone
heterogeneity. Note patches with velocity weakening frictional properties surrounded by regions
of aseismic creep. For a heterogeneous fault zone, the critical size for earthquake rupture nu-
cleation may exceed the size of velocity weakening frictional patches, which could produce slow
slip and quasi-dynamic rupture. Right: depth variation of fault rheology showing the critical
frictional weakening rate K. in relation to fault zone stiffness K. Slow earthquakes would be
expected in regions where K/K. ~ 1.

velocity. Further, including heterogeneity of fault zone frictional properties [65] would
effectively increase the nucleation patch size if velocity weakening patches were smaller
than h* (fig. 6). Earthquake nucleation on a heterogeneous fault might begin when slip
reached a dimension equal to A*, but then arrest until slip grew to a larger size, dictated
by a combination of frictional properties and heterogeneity (fig. 6). It is interesting
to note that if rupture patch size were limited by heterogeneity, such that propagation
occurred at a fixed size, the resulting moment-duration relation would be linear, as
reported in various works [7,9]. For a range of heterogeneities, one could imagine a
broad range of rupture propagation rates and rupture dimensions, dictated by frictional
heterogeneity and the effective local stiffness around a patch that encompassed regions
of aseismic/viscous creep and velocity weakening friction.

4. — Conclusions

Laboratory results show the complete spectrum of slip modes from fast to slow and
provide an analogy for the spectrum of fault slip behaviors from ordinary (fast) elastody-
namic rupture to slow earthquakes. I summarize results showing that slow earthquakes
are expected near the threshold between stable and unstable failure, controlled by the
interplay of fault zone frictional properties, including rate dependence of the critical rhe-
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ologic friction parameter K., and elastic stiffness of the surrounding rock. In the context
of this view, slow earthquakes and transient fault slip arise from the same governing
frictional dynamics as ordinary earthquakes. This mechanism could act in concert with
other mechanisms that have been proposed for slow earthquakes, including fault zone
dilatancy, and is consistent with the broad range of geologic environments where slow
earthquakes are observed.
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Summary. — Earthquakes begin without any obvious sign of their coming. Two
hypotheses have been advanced to describe the underlying physical processes that
lead to their nucleation. These are the preslip and cascade models which take op-
posing views on the role of aseismic deformation in the nucleation process as well as
the prospects for prediction. In this paper, foreshocks, the small earthquakes that
sometimes precede larger ones, and the initial seismic wave radiation of the earth-
quake itself are used to examine how earthquakes nucleate and grow. Earthquake
are found to begin abruptly and grow irregularly, consistent with laboratory-derived
predictions for limited aseismic slip and in agreement with the predictions of the
cascade model.

1. — Introduction

Earthquakes initiate deep underground, cloaked within solid rock and many kilometers
below the nearest observation point. Our ability to “see” them is principally through the
seismic waves radiated during the earthquake, as seismic waves can be easily detected
at the Earth’s surface and are rich in information content. The theory of elasticity
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has been exceptionally successful for extracting information from seismic waves about
what happens in an earthquake, and there are many excellent books on the theory
(e.g. [1,2]). Earthquakes are produced by rapid shear slip on an approximately planar
surface (fault). They begin from a very limited region, the hypocenter or locus of initial
radiation of far field seismic waves. Once initiated the faulted area will grow in size as
long as the mechanical energy supplied to the rupture front by the medium exceeds the
energy consumed in advancing the rupture. Repeating the process over geologic time
can displace the original configuration of the rocks astride the fault by great distances
while accommodating the inelastic deformation in a very narrow zone. We observe fossil
earthquakes when uplift and erosion bring the rocks to the surface. But interpreting
the rock record is complex, due to the overprinting of multiple rupture episodes (see for
example [3]).

Because the process we observe is ephemeral, revealing only what happens for the
brief time when the fault is sliding rapidly, it raises a fundamental question of how
and under what conditions earthquakes began. Is anything happening on the fault just
before it radiates seismic waves? Fault slip that is too slow to radiate high-frequency
waves is often regarded as the most probable answer, and if verified by observation would
be of great importance. Such slow deformations, however, are exceptionally difficult to
observe because of the rapid decay of their amplitudes (1/distance?) compared to the
radiated field (1/distance). The high background level of noise in the Earth at low
frequency places strong limits on what can be observed from near the Earth’s surface.
As a consequence, much of what we know about how earthquakes begin comes from the
study of the radiated field.

The pioneering theoretical work on the rate-and-state theory of frictional instability
by Jim Dieterich [4], Jim Rice [5] and scores of collaborators introduced the concept of
a minimum earthquake size through the recognition that slow slip in a nucleation zone
with radius

h*=Gd./(b—a)o

or larger is required for an earthquake instability to occur. In the expression for h*,
G is the shear modulus, d. is the sliding distance over which friction evolves, b — a is
the velocity weakening parameter and o is the effective normal stress. The model is
supported by laboratory studies of frictional sliding scaled to conditions appropriate for
the Earth’s crust [6] in which slow slip occurs on the sample before a dynamic stick-slip
occurs. Laboratory derived values for d. and b — a suggest that the minimum earthquake
should have a magnitude well below M, = 0 in the crust. Indeed, tectonic earthquakes
with M, < —3 have been observed in the SAFOD borehole and events with M,, < —5
have been observed in deep mines in South Africa.

Very small earthquakes clearly happen. Thus A* must, in some places, be quite
small. But do all earthquakes nucleate in the same way? If all earthquakes nucleate in
a region governed by laboratory friction values the slow deformation process that precedes
dynamic rupture would be much too small to be observed at the surface and would have
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no predictive value. Alternatively, does the nucleation process change as the size of the
earthquake grows? Or, are there other processes that accompany the nucleation process?

From an observational viewpoint, the beginning of earthquakes as recorded in the
seismogram is commonly unsteady, not smooth as would be expected if rupture spreads
uniformly outward from the nucleation point [7]. Two schools of thought have evolved on
these questions, taking opposite views. One, the cascade model, asserts that earthquake
initiate in a common way, independent of the final size and that complexity that we
observe at the beginning of rupture arises from variability in fault geometry, state of stress
and other factors [8-10]. Once initiated, the rupture can trigger secondary nucleations
through stress transfer, leading to additional complexity. The alternate view, the preslip
model, asserts that the slow sliding in the nucleation zone occurs over an area that
scales with earthquake size [9,11]. The preslip model envisions both foreshocks and the
unsteady start of earthquakes are a consequence of aseismic slip in the region around
the eventual hypocenter, while the cascade model considers foreshocks and mainshock
initiation a stochastic process driven by stress interactions. The preslip model presents
a possible path to prediction while the cascade model generally does not.

In this paper, I examine the initiation process of earthquakes through a series of case
studies, first of earthquakes preceded by foreshocks, followed by an examination of the
initial radiation from mainshocks and finally through considerations of the minimum
earthquake magnitude implied by h*.

2. — Foreshocks and mainshocks

It is well known that earthquakes cluster in both space and time. Sequences of related
earthquakes are often divided into foreshocks and aftershocks, which are simply labels
for origin times before and after the largest event, the mainshock. These labels can
only be applied after the sequence has completed, as the occurrence of a new mainshock
would relabel all earthquakes to that time as foreshocks. Retrospectively, foreshocks
are common, occurring before approximately 1/3 of all mainshocks [12], while only one
earthquake in 20 is followed by a larger event [13]. If there are properties of foreshocks
that set them apart from ordinary earthquakes, they remain elusive, and from a global
statistical point of view earthquake sequences are consistent with a single triggering
mechanism of stress transfer (cascade model) [14].

Large earthquakes initiating along plate boundaries, however, show a tendency for
seismic activity to increase as the time of the mainshock approaches [11], suggesting the
presence of a precursory process driven by aseismic slip (preslip model). A precursory
process is also suggested by detailed analysis of foreshock sequences in California [15].

Here we will review several well-studied crustal earthquakes in continental crust that
were preceded by foreshocks. We will take advantage of the property of seismograms that
they encode the convolution of the source process with the path and instrument. The ge-
ologic complexity of the Earth ensures that at high enough frequency each source/station
pair produces a unique waveform that can be used to identify repeating earthquakes as
well as discriminate between those that are true repeats or just close to one another.
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2°1. 1984 and 1966 Parkfield, California, USA. — The Parkfield segment of the San
Andreas Fault in central California has ruptured seven times since 1857 in earthquakes
of about magnitude 6, most recently in 2004 [16]. It is located at the transition between
the locked and virtually aseismic Cholame segment of the fault to the south that last
ruptured in the great 1857 earthquake and the central San Andreas Fault that moves
principally through aseismic fault creep but also produces a high rate of microearthquake
activity, of which many are repeating earthquakes [17].

From the early 1930s on, Parkfield earthquakes with magnitudes of 3.5 and greater
have been recorded by regional seismic stations in California, permitting comparative
analysis of their waveforms. Bakun and McEvilly [18] discovered that the 1934 and 1966
earthquakes not only nucleated from the same hypocenter, but also shared a common
foreshock, a My, 5.1 event 17 minutes before each mainshock. The 1934 earthquake was
also preceded by 3 days of foreshock activity, suggesting an extended nucleation process.
The observation of repeating foreshocks led to the hypothesis that the next Parkfield
earthquake could be predicted if the foreshocks recurred and led to the intensive instru-
mentation of the Parkfield region to trap the anticipated earthquake. When the next
earthquake happened in 2004, it began at a different hypocenter and lacked any fore-
shocks, although it ruptured the predicted segment of the fault. This event is discussed
in detail in sect. 3°2.

Of interest here are recurrences of the foreshocks at times other than in 1934 and
1966. By comparing seismograms recorded at the U.C. Berkeley Mount Hamilton station
(MHC) by both Wood-Anderson analog and modern digital seismographs after conversion
to Wood-Anderson response, it was found that the My, 5.0 “three day” foreshock that
initiated the 1934 sequence occurred at other times. One triggered public warning of
an impending Parkfield earthquake in1993 that failed to materialize, demonstrating that
the occurrence of this earthquake does not guarantee a Parkfield mainshock will follow.
Another foreshock to the 1934 earthquake repeated multiple times between 1934 and
1966 and also as aftershock to the 2004 mainshock (fig. 1). The “17-minute” foreshock
to both the 1934 and 1966 events, however, has only occurred these two times during the
instrumental era.

2°2. 1992 Joshua Tree, California, USA. — The M, 6.1 Joshua Tree, California earth-
quake was preceded by a brief foreshock sequence that produced just 5 detected events
in 2.4 hours, including a M 4.3 event that initiated the sequence. Using a master event
technique and earthquake source dimensions for typical San Andreas system earthquakes,
Dodge et al. [15] computed the stress change at the mainshock hypocenter due to the
foreshocks. They used resampling of the probability distributions on location, fault
orientation, strike and stress drop for a circular crack slip model to determine the proba-
bility that the foreshocks increased or decreased the stress at the mainshock hypocenter.
They found that it was highly likely (P > 0.999) that the shear stress and Coulomb
stress decreased at the hypocenter, and concluded that preslip was likely a factor in the
initiation of the main earthquake.
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Fig. 1. — Seismograms of a repeating Mi, 4.2 Parkfield, California earthquake recorded at the Mt.
Hamilton (MHC) seismic station. This earthquake was a foreshock to the 1934 mainshock, a late
aftershock in 1935, occurred at times unrelated to larger earthquakes in 1939 and 1945, and was
an aftershock in 2004 (Wood Anderson seismogram synthesized from broad band seismometer).

The Joshua Tree earthquake was also studied using a different method by Mori [19].
He used a M 2.4 foreshock as an empirical Green’s function, or proxy for the impulse re-
sponse of the Earth, to correct the observed seismograms of the M 4.3 foreshock for wave
propagation, yielding a displacement pulse of the source. The deconvolved displacement

North South

N
Fig. 2. — Contours of slip in the M 4.3 foreshock to the M 6.1 Joshua Tree, California earthquake
from Mori [19]. Contour interval 10 cm. Dashed line indicates inferred limits of foreshock slip.

Hypocenters of the foreshock and mainshock indicated. Shaded area corresponds to initial
rupture direction of the mainshock. (Reproduced from fig. 7 of Mori [19].)
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Fig. 3. — Location map of the Izmit earthquake and generalized rupture of the North Anato-
lian Fault in the 1999 Izmit earthquake. Triangles identify seismic stations used by [21] (UCG)
and [20] (all). First motion mechanisms of the largest foreshock and mainshock shown with com-
pressional quadrants shaded. Inset magnitude-diagram with four largest foreshocks (red) and
other events studied by [21] (gray) and additional foreshocks found by template matching [20]
(black). (Reproduced from fig. 1 of Ellsworth and Bulut [20].)

seismograms were used to image the rupture of the foreshock and its source properties.
Mori found it had a very high stress drop, locally over 87 MPa. The mainshock hypocen-
ter located outside of the rupture, which according to this analysis makes the foreshock
sequence compatible with the cascade model (fig. 2).

2°3. 1999 Izmit, Turkey. — The M, 7.6 Izmit, Turkey earthquake and its foreshocks
is one of the largest strike-slip earthquakes recorded at near distances. The mainshock
hypocenter lies at a depth of 15km in the middle of this long (120 km) bilateral rup-
ture. A brief, 44 minute-long foreshock sequence initiated the event, which included 26
detected events with magnitudes between M 0.9 and 2.8 [20]. The foreshocks were ini-
tially studied by Bouchon et al. [21] using a single seismic station, UCG, located along
a perpendicular to the North Anatolian Fault. They found that the foreshocks had very
similar waveforms and on this basis concluded that they represented repeated movement
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Fig. 4. — Longitudinal cross section along the North Anatolian Fault showing shear stress change
on the fault from rupture in the four largest foreshocks. Each panel shows the cumulative stress
change with the hypocentroid (point of initial rupture) for each earthquake identified (red square
with 20 error) and the hypocentroid of the next to occur foreshock or mainshock (green diamond
with 20 error). (Reproduced from fig. 3 of Ellsworth and Bulut [20].)

at the same position on the fault. They argued that for repeats to occur over such a
short time span they must have been driven by fault preslip that rapidly accelerated in
the final 2 minutes before the mainshock.

Ellsworth and Bulut [20] collected seismograms for the foreshocks at additional re-
gional stations (fig. 3) and reanalyzed the sequence using a collection of precision meth-
ods. They searched for additional foreshocks in the year prior the earthquake, and found
8 additional events, all within the known 44 minutes of foreshock activity but no others.
The highly similar foreshock waveforms at station UCG were decomposed by removing
the principal component from each seismogram. The residual seismograms were then
cross-correlated prior to application of cluster analysis. The maximum cross correlation
coefficients between the residual seismograms barely exceeded 0.5 for the most similar
pairs, indicating that none of the events were repeating earthquakes. The resulting fam-
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ily tree naturally sorted the foreshocks in time into families for each of the four largest
foreshocks, indicating that these largest foreshocks also had their own foreshocks and
brief aftershock sequences (inset fig. 3).

Differential arrival times of P- and S-waves of the four larges foreshocks and main-
shock were measured by cross correlation on the suite of stations and precisely relocated
using hypoDD [22]. Spectral ratios were used to measure the source parameters of the
foreshocks [23]. Using the source model of Madariaga [24] to interpret the spectral mea-
surements through a constant stress drop crack model, the relationship between the
foreshocks and the mainshock hypocenter could be determined. It was found that the
four largest foreshocks and their clustered subordinate events ruptured progressively from
west to east along the North Anatolian Fault (fig. 4).

A stress-transfer—driven cascade can explain the Izmit foreshocks sequence without
the need to invoke an unobservable slow-slip mechanism. If aseismic slip accompanied
any of the foreshocks within their rupture zones, it likely amounted to more than a few
centimeters of slip since none of the foreshocks repeat. Accelerating preslip exterior to
the ruptures is unlikely as well as the aftershocks of each of the four large foreshocks
rapidly decayed in frequency (fig. 3). Omne external agent that we cannot rule out is
the hypothesized entry of overpressured fluid into the fault once fault zone seals were
broken by the foreshocks. This would reduce the effective normal stress and encourage
the cascade to continue.

It is noteworthy that the largest foreshocks of both the Joshua Tree and Izmit earth-
quakes had stress drops in excess of 80 MPa. This is an order-of-magnitude higher stress
drops considered typical of crustal earthquakes within strike-slip fault systems. Note
also that not every foreshock of the Izmit earthquake had a high stress drop, indicating
significant spatial variability in the state of stress.

2'4. 1999 Hector Mine, California, USA. — Recently, Clara Yoon [25, 26] analyzed
the foreshock sequence of the 1999 M,, 7.1 Hector Mine, California earthquake using the
same general approach of computing high-accuracy hypocentroids using cross correlation
timing and spectral ratio measurements to determine source dimensions. The foreshock
sequence lasted 20 hours and included 50 events with magnitudes between M — 0.4 and
3.7. The foreshocks form a tight cluster on the fault plane with minimal overlap. Growth
of the cumulative foreshock rupture is more-or-less radial from the initiator, compared
to the linear progression found for the Izmit earthquake. The mainshock hypocenter
locates at an unruptured spot interior to the foreshocks and immediately next to the last
foreshock. Yoon concluded that the “observations are consistent with a triggered cascade
of stress transfer, where previous foreshocks load adjacent fault patches to rupture as
additional foreshocks, and eventually the mainshock”.

3. — Mainshock initial rupture process

Not every earthquake has foreshocks. For some, this could be simply a detection
issue. For others, we can say with certainty that no foreshocks occurred within 6 mag-
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Fig. 5. — Initial P-waves of the My, 7.2 Loma Prieta earthquake recorded by the vertical ac-
celerometer at station Santa Teresa Hills, 25 km from the epicenter. Left panel shows details of
arrival in which the velocity exceeded 0.005cm/s in less than 0.01s. Right panel shows on-scale
record.

nitude units of the mainshock, a difference in seismic moment of 10°. For some of these
earthquakes with no foreshocks we can also show that there were no earthquakes closer
than several kilometers to their hypocenters for several decades before their occurrence.

Despite the absence of seismicity near their initiation points, the beginnings of these
foreshock-less earthquakes are not simple, and commonly display the unsteady rupture
growth identified as the seismic nucleation phase [7,9]. Here we examine two such earth-
quakes in detail.

3'1. 1989 Loma Prieta, California, USA. — The My, 7.2 (M; 6.9) Loma Prieta earth-
quake initiated at a depth of 15.9 km depth on a blind thrust fault within the San Andreas
Fault zone along the southern end of the 1906 earthquake rupture. In the 22 years pre-
ceding the earthquake, no microearthquakes (magnitude of completeness My 1.5) were
detected within 2km of the hypocenter. The nearest earthquake in the USGS Northern
California catalog, My 1.3 occurred in 1973 at a distance of 2.3km; no other events
located within 3 km.

If the earthquake had any foreshock activity, it is represented by the waves arriving
in the first 1.6s (fig. 5). The abrupt beginning at the initiation of the earthquake is
evident. While some suggested the initial 1.6s represent a foreshock (see discussion
in [27]), Beroza and Ellsworth [9] interpreted the initial event as the beginning of a
continuous and unsteady rupture process.

A simple model of the rupture initiation process was developed by [27] using digital
strong-motion records from the near field. To model the displacement seismograms,
they used the complete synthetic seismogram for a point dislocation in a half-space and
assume the fault orientation determined from the first-motion data. The seismograms
were modeled by determining the seismic moment rate as a function of time for a point
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Fig. 6. — Cumulative seismic moment release versus time determined by inversion of near-field
displacement seismograms. Both the total seismic moment (A) and the equivalent M, (B) are
shown. (Reproduced from fig. 15 of Dietz and Ellsworth [27].)

source. The best fit to the observed displacement seismograms shows a continuous growth
in seismic moment beginning at the initial P-wave arrival. The total moment release by
1.6s into the event is equivalent to M, 5.5 earthquake (fig. 6) Thus the initial event
appears to mark the beginning of a continuous and rapid slip in the earthquake.

Short-period seismometers close to the Loma Prieta earthquake had sufficient sensi-
tivity to detect slow deformations that might have occurred as part of the nucleation
process at periods of up to 10s. None were observed [28]. This earthquake was also
one of very few captured by borehole strainmeters located within a few focal depths
distance. High sensitivity strain meters (1071°) located 37 and 42 km from the epicenter
detected no strain corresponding to slip in the hypocentral zone [29]. Assuming a maxi-
mum unobserved strain of 1 nanostrain in the weeks to minutes before the earthquake,
steady preslip equivalent to a M, 5.3 earthquake could have gone unobserved, but not
accelerating slip.

The Loma Prieta earthquake is far from unique in initiating abruptly with rapid
and unsteady slip. The My, 6.7 1994 Northridge, California earthquake provides another
clear example with neither foreshocks nor any detected activity in the decades leading up
to the earthquake. Additional examples of earthquakes with sharp onsets and complex

beginnings and possible interpretations of the seismic nucleation phase are discussed
in [7] and [9].
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3°2. 2004 Parkfield, California, USA. — The seventh known rupture of the Parkfield
segment of the San Andreas Fault took place on September 28, 2004 and was captured
by the dense arrays of geophysical sensors deployed in the 1980s to capture it [16]. The
earthquake imitated along the southern portion of the segment, in contrast to the 1934
and 1966 events which shared a common hypocenter at the northern end of the segment.
In contrast to the 1934 and 1966 events the 2004 event had no foreshocks. Seismicity
regularly occurs on the San Andreas Fault at Parkfield. A search of the double difference
catalog at the Northern California Data Center revealed 4 earthquakes within 500 m of
the hypocenter, M4 1.5 to 3.0 in the 20 years before the earthquake, the last 9 years
before the event.

The initial rupture process shares many of the same growth characteristics with the
Loma Prieta earthquake. The initiation process was studied in detail by Uchide et al. [30]
who used the dense accelerometer network to image the rupture process. They found that
the rupture started abruptly, growing to an equivalent of My, 3.9 with a fault slip rate
of 3m/s in the first 0.2s. There was no evidence of a transition from quasistatic rupture
growth to dynamic rupture. They concluded that the initiation of the earthquake was
consistent with the cascade model, and noted the difficulty of assessing the ultimate size
of an earthquake from its initial stages.

The earthquake was captured by a wide variety of geophysical instruments in addition
to accelerometers and seismometers. High-fidelity recordings at borehole strainmeters
place very strong constraints on preslip [31]. Figure 7 compares the observed strains
and displacements with the expectation of one nucleation model. Quoting Johnston et
al. “Final prerupture nucleation slip in the hypocentral region is constrained to have a
moment less than 2 x 1012 N'm (M 2.2) and a source size less than 30 m” [31].

Some have criticized the Parkfield experiment for neither predicting the earthquake
nor finding reliable precursors. What was found, however, strongly suggests that pre-
cursory behavior associated with hypothesized preslip, if it did indeed occur in 1934 and
1966, does not accompany every segment rupturing earthquake.

Magnetic- and electric-field monitoring sites in the Parkfield experiment also pro-
vided strong constraints on the precursory processes. Preseismic magnetic field varia-
tions measured by an array of seven proton magnetometers were unremarkable in the
months, weeks and days leading to the earthquake and showed no short-term changes in
the minutes leading to the earthquake [32]. Electric and magnetic fields were also moni-
tored at a site close to the epicenter using a three-component very broad band magnetic
coil induction system and two horizontal orthogonal electric dipole pairs. These sensors
showed neither anomalous behavior in the ULF band nor changes in EM noise [32].

4. — Near source observations at SAFOD

The deployment of instrumentation deep within the San Andreas Fault as part of
the NSF EarthScope San Andreas Fault Observatory at Depth (SAFOD) opened a new
window for the study of the earthquake source by reducing the distance between source
and receiver to a few hundred meters or less [33]. SAFOD is located at the northern end
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Fig. 7. — (a) Expected strain time history before rupture (top) and observed dilational strain
during the final seconds before the My, 6.0 Parkfield earthquake (bottom). Standard deviations
of strain o up to the time of the first P arrival are included on each plot. Strain changes
immediately before the earthquake are less than 10 picostrain. Arrows show the occurrence
times of earthquake. (b) Ground displacement derived from acceleration data during the last 20
seconds and 1 second before the M, 6.0 Parkfield earthquake. Each trace has the peak change
in displacement during these periods listed. (Reproduced from fig. 7 of Johnston et al. [31].)
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Fig. 8. — Three components velocity seismograms of the initial P-wave arrival for the My 1.8
August 11, 2006 “Hawaii” repeating earthquake recorded in the SAFOD borehole at 150 m
hypocentral distance. A dynamic stress drop of 5 MPa was determined from the slope of the
unclipped portion of the P-wave arrival in the first half millisecond of rupture, assuming the
dynamic rupture model of Kostrov [2]. The linear dimension of the ruptured area is no larger
than 2-3m in diameter at this time.

of the Parkfield segment, and intersects the San Andreas Fault at a depth of 2.7km. Key
questions that can be addressed in the near-source region include scaling of apparent
stress, static stress drop, dynamic stress drop, the minimum size of earthquakes, and
potentially the evolution of friction during nucleation.

The rate of fault weakening can be studied using the earliest part of the P-wave arrival
by applying Kostrov’s model for self-similar crack growth to determine the dynamic stress
drop [2]. Earthquakes very close to the SAFOD seismometers begin abruptly with the
dynamic stress drop typically reaching 5 MPa within the first few milliseconds of rupture,
pointing to a very small slip weakening length scale (fig. 8). The absence of a slow initial
phase of the type described by Tio [34], the rapid release of stress when the rupture is
1-3m in dimension, and the agreement between the early dynamic stress drop and static
stress drop [23] all point to a d. value (the slip weakening distance over which friction
evolves from static to fully dynamic) in the range of 10s to 100s of microns, comparable
to values measured in the laboratory.

How else might we constrain it or the underlying rate-and-state parameters d. and
b—a? If h* has a finite minimum size, there should be a minimum size for earthquakes.

Seismometers in the SAFOD main hole detect earthquakes down to M, — 3.5 at
distances of 150 m. Earthquake source parameters determined using a variety of methods
indicate that there is no breakdown in apparent stress scaling or stress drop scaling
for My, > —1 [23]. The highest stress drop values are comparable to the laboratory-
derived frictional strength of faults at stress conditions measured at SAFOD. The smallest
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Fig. 9. — Left: Minimum rupture dimension for earthquakes as a function of rate-and-state pa-
rameters b — a and d. for conditions at SAFOD. Elliptical region indicates parameter ranges
compatible with observed earthquake magnitude-frequency statistics. Right: Comparison be-
tween observed magnitude-frequency statistics (circles), Gutenberg-Richter distribution fit for
completeness threshold of My, — 0.5 (dashed line) and prediction of the dynamic rupture model
of Chen and Lapusta [35] (solid line) with full dynamic rupture reached at My, 0.

resolved events have source dimensions of about 3 m, indicating that if there is a minimum
earthquake size, it must be at least this small.

To explore the question of the minimum rupture dimension, the frequency-magnitude
distribution of earthquakes occurring within a 1km radius of the SAFOD borehole was
studied. Between May 2009 and August 2010 a total of 120 earthquakes with M, > —2.0
were detected by a high-gain 15 Hz seismometer installed in the SAFOD main hole at a
depth of 2550 m below the land surface. These earthquakes exhibit a linear Gutenberg-
Richter frequency-magnitude relation for My, > —0.5. Below M, —0.5, however, the G-R
relation breaks down, as too few events were detected. The breakdown is not believed to
be an artifact of incomplete detection of events, but rather reflects a change in earthquake
population statistics (fig. 9).

At SAFOD, both the effective normal stress, o, and shear modulus, G, are known from
in situ measurement, leaving only the rate-and-state parameters d. and b—a as unknowns
in the expression for h*. Under the assumption that d. has a distribution peaked between
20 pm and 100 pym, and that b — a lies in the range between 0.001 and 0.005, a simple
statistical model is developed for the distribution of minimum earthquakes growing out
of the nucleation zone. Using this model, the observed frequency-magnitude distribution
for events within 1km of SAFOD can be modeled using laboratory-derived values for
the rate-and-state friction parameters d. and b — a.
and-state model [35] for an isolated repeating earthquake and the SAFOD magnitude-

A comparison between a rate-
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frequency distribution provides a reasonable fit for My, — 1.5, below which the magnitude-
frequency statistics fall off faster than the model. Needless to say, the resulting match is
neither unique nor required by the model. Instead, it points out the value of future work
connecting the initiation of rupture to the physical processes that control the transition
from only quasistatic slip to full dynamic rupture.

5. — Discussion

Earthquakes begin abruptly and grow irregularly from their earliest times [9]. The
examples discussed above emphasize the value of observational data collected at high
sample rate and at close distances to the rupture. There is, of course, ample room to im-
prove on the available data, particularly for strain measurements made in close proximity
to the hypocenter, a goal that could be achieved by selecting a place to make an earth-
quake by stimulating a fault to slip [36]. For now, we must chiefly rely on improvements
to our data analysis methods and increased realism of numerical simulations. Repeating
earthquakes provide a particularly important target for research, as they are one of the
few opportunities to study the failure process through multiple cycles. Without them,
we are in a sense just collecting postage stamps of this earthquake and that one.

The foreshock sequences discussed here all favor the cascade model and the view that
a simple triggering mechanism controls the initiations of earthquakes, be they foreshocks,
mainshocks or aftershock [10,14]. The preslip hypothesis [9,11], however, remains viable
in other cases along with other triggering mechanisms such as fluid flow [40] as we cannot
exclude what cannot be detected [29,31]. In situ experiments, such as those envisioned
by Savage et al. [36], may be needed if we are to resolve the preslip/cascade question.

Comparisons between the beginnings of earthquakes of different sizes from small re-
gions also show promise. For example, Uchide and Ide [37] analyzed the initial rupture
of My, 1.7 to 4.6 earthquakes at Parkfield. Their derived moment rate functions follow
a common curve during the growth phase of the rupture. This common moment rate
increases with the cube of time, implying a self-similar process. How might we reconcile
a common growth curve with the complexities evident in the beginnings of earthquakes
(e.g. fig. 5 and many examples from [7])?

In a pair of insightful papers, Joe Andrews [38,39] recognized a deep connection
between the nature of high-frequency radiation in earthquakes, the magnitude-frequency
distribution of earthquake sizes and state of stress. He argued that the stress acting on
the fault is not uniform in space, as had been frequently assumed, but fractal. Further,
he argued that while an earthquake smooths the stress field at the length scales of the
rupture, it roughens the stress at smaller scales [38]. Andrews also related the b-value
of the magnitude-frequency distribution the roughness of the stress state. For a fault
to maintain a statistically stationary stress distribution and produce earthquakes with a
constant b-value, the stress spectrum needed to scale as 1/wavenumber raised to a power
close to 1.

On human time scales, the stress heterogeneity spectrum from past slip events is
frozen in place except at the longest wavelength where tectonic loading raises the overall
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level. Thus, when an earthquake nucleates, it encounters a fractally rough stress field.
It should be no surprise that the radiated seismic waves exhibit complexity.

6. — Conclusions

Our current understanding of how earthquakes nucleate leaves open the questions of
value of foreshocks or preslip as precursors. If there is a property of foreshocks that
makes them identifiable as such before the mainshock occurs, we have not yet found
it. Can foreshock sequences be discriminated from more commonly occurring sequences
and swarms that do no result in large earthquakes? The collection of methods discussed
here, including the imaging of foreshock rupture can be usefully applied to many se-
quences, from which we may learn if there are indeed differences that set them apart
from background earthquakes.

The examples presented here of the initial stages of rupture of earthquakes in trans-
form environments in continental crust generally agree with the predictions of laboratory
measurements of rock friction. Preslip will likely remain undetectable for these earth-
quakes so long as strain observations are restricted to hypocentral distances greater than
1km. Oceanic subduction zones, however, are only now being instrumented offshore,
such as in the NantroSEIZE project in Japan and in the Hikurangi subduction margin
drilling project in New Zealand. Both are locations where slow-slip and low-frequency
earthquakes occur. The challenges of working in these environments are great and the
risks are high, but so can be the rewards.

* ok X

Waveform data and earthquake for the Parkfield and Loma Prieta earthquakes
were accessed through the Northern California Earthquake Data Center (NCEDC),
doi:10.7932/NCEDC.
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Summary. — These lectures illustrate laboratory experiments investigating a
spring-slider system shearing a granular bed. When the shear rate is low enough, the
dynamics is intermittent, displaying a chaotic stick-slip motion which can only be de-
scribed statistically. This is an instance, among many others, of systems exhibiting
intermittent and erratic activity, in the form of avalanches characterized by self-
similar fluctuations of physical quantities in a wide range of values. In analogy with
equilibrium systems, it is thought that such properties originate from the vicinity
of some critical transition, and therefore that systems microscopically very different
could display similar and universal statistical properties. Investigation of such sys-
tems is thence not only interesting in itself, but can be of help in understanding the
dynamics of a wider class of phenomena and in devising effective models.

1. — Motivations

Laboratory experiments on the response of a granular bed subjected to a shear stress
can be performed in different ways and with different aims. One possibility is to aim at
replicating what happens within real seismic faults, trying to reproduce analogous condi-
tions, with inherent difficulties especially for what concerns fault pressure and extension.
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Fig. 1. — An example of intermittent signal supplied by the velocity time series of a spring-slider
shearing a granular bed.

Another possibility, which is the one we explore, aims at finding whether the relevant
mechanisms of the dynamics are general enough to be applied also to different systems
whose phenomenology displays very similar features. This would allow to understand
several situations of interest, including those not easily accessible. These lectures illus-
trate and discuss the results of laboratory experiments performed within this perspective,
which is the one of statistical physics. For those who are not familiar with this area of
physics, and perhaps with its language and basic concepts, we shall recall in the first
part some notions and some methods that will also serve to introduce concepts useful to
the second part, where we shall describe the experimental results. In the third part we
shall try to better understand what is seen in experiments with the aid of some simple
stochastic models.

1°'1. Crackling noise. — Many systems in the natural world react to solicitations in
a discontinuous and impulsive manner, displaying random intermittence of the activ-
ity and strong fluctuations of physical quantities. Instances of this phenomenology are
earthquakes, which share this feature with many natural phenomena such as fractures [1],
crack propagation [2], plastic deformation [3], structural phase transitions [4], rain pre-
cipitation [5], and others. Besides intermittency, these diverse phenomena share several
other statistical properties. In particular, physical quantities often display long-range
correlations and self-similar distributions, i.e. power laws, in a wide range of values.
Such common properties raise the question of whether some similar mechanism could
trigger the occurrence of events. This is one main reason for investigating such systems,
which have also been associated with their “crackling noise” [6]. Figure 1 shows the
velocity of a spring-slider shearing a granular medium as a function of time. This is an
example of crackling noise and will be the object of these lectures.

Another hint that similar dynamics could be at the basis of the phenomenology shared
by different systems, comes from the study of the critical phase transitions. It is in this
context that the concept of universality has been developed and observed: systems that
are microscopically very different, can display similar and universal statistical features
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in their critical properties. In this section the main properties characterizing critical
phenomena will be shortly recalled, keeping in mind their possible connection with the
“crackling noise” systems.

1°2. The point of view of the statistical physics. — The study of critical phase transitions
makes use of the tools of the statistical mechanics. This branch of physics is usually
concerned with systems made by many components (e.g. molecules) whose trajectories
are practically impossible to follow singularly, and that therefore are treated statistically.

To make these ideas clearer let us consider a concrete example. Many phenomena
present Gaussian statistics. An instance is the diffusion, like that of a colloidal particle
in a liquid, known as Brownian motion. For each spatial component the dynamics of the
particle can in principle be described by a Newton equation like

d%z dx N
(1) m@:—pa—kf(x)—%—]?(x,v),

where m and p are the mass and the viscous damping of the particle. f(Z) are the exter-
nal forces and F(x,v) describes the interaction of the particle with the liquid molecules,
depending on their coordinates and velocities x and v. Being impossible to determine
the motion of all the molecules, one can treat F' like a random force with suitable prop-
erties [7]. One expects that such interaction force, describing the collision of the particle
with the liquid molecules, has no preferred direction

(2) Ft)=0
and very short memory:
(3) Fx =0,

where — indicates time, or ensemble, averages. Using these assumptions, and the
equipartition principle

me? = 2L
- &

where T' is the absolute temperature, R the gas constant and N the Avogadro number,
Langevin [7] determined the strength of the random force:

(4) F2 = 2kTyu
(where k = R/N is the Boltzmann constant).

From eq. (1) Fick’s law for diffusion also follows. An easy way to see this is to consider
eq. (1) in the simpler case when external forces and inertia can be neglected:

(5) po = F(t).
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In modern language the Langevin assumptions amount to taking a force that only de-
pends on time, with zero average

(6) F(t)=0
and no correlations
(7) E(t)Fi(t) =To(t' —t),

i.e. a white spectrum, with I' = 2kT'u. By integrating eq. (5) it s straightforward to
obtain (assuming the intial position in the origin)

— I

(8) W = ot =Dt
with
T 2T
9) D:—sz—.
proop

In fact, the most important result is this formula relating the diffusion coefficient to
the absolute temperature and the viscous damping of the particle through Avogadro’s
number and the gas constant (it must be reminded that this relation was first derived
by Einstein in a less straightforward way [8]). It can also be shown from eq. (1) that
the coordinate of the particle obeys a Gaussian probability distribution whose variance
is indeed Dt [9]. This example shows how a general results can be derived by exploiting
the statistical features of a system.

1'3. Critical phenomena. — Actually the crackling noise statistics of intermittent sys-
tems is very far from that of a Gaussian process. It is generally characterized by strongly
asymmetric distributions of many physical quantities, usually close to power laws. We
will see below that also the Gutenberg-Richter statistics for earthquakes magnitude and
the Omori’s law for the aftershocks number can be considered examples of this phe-
nomenology. So the questions are where do power laws come from, and whether should
they be universal.

In equilibrium critical phase transitions, some power laws are observed which originate
from long-range correlations in the system. Power laws are self-similar, that is they
have no characteristic scales, as opposite to, e.g., exponential or Gaussian distributions,
whose scales are characterized by some parameter. They generally describe self-similar
(fractal) objects, Such an absence of characteristic scales was first observed in critical
phase transitions and revealed the existence of universal behaviors in nature, i.e. not
depending on many details of the system. This suggests the presence of some equivalent
critical transition also in non-equilibrium systems.

To see how a critical behavior emerges in equilibrium systems let us consider a very
familiar substance like water. In certain conditions of pressure and temperature, liquid

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

EXPERIMENTAL STATISTICS AND STOCHASTIC MODELING ETC. 117

(a)

10
o

10'

10°
T ice water vapor
o 1
s 107 * 4
=

107*

107

.
107 R T S— i . L . L .
-100 0 100 200 300 400
7(°C)

Fig. 2. — (a) Phase diagram of water. (b) Phase diagram drawn from van der Waals equation.
Lines indicates isotherms. Within the shadowed region, B, the two pases A and C coexist. The
region terminates above T¢.

and gaseous (vapor) phases, so as liquid and solid (ice) phases, can coexist. This situ-
ation is summerized in the phase diagram in fig. 2a), where the coexistence is marked
by lines. There is also a point (black dot) where all the lines cross (the triple point)
and another where the liquid-vapor line ends (open circle). This is the critical point,
where the two phases merge into an opalescent fog. This special fog is made of vapor
bubbles of any size containing liquid drops of any size, which in turn contain vapor
and so on [10]. The system is a fractal, displaying the same landscape at every length
scale.

The existence of a critical point is predicted by the van der Waals equation [11], relat-
ing temperature, pressure and volume at thermodynamic equilibrium. The coexistence
curves derived by this equation (supplemented with the Maxwell construction) are shown
in fig. 2b). Each line corresponds to a different temperature. The system is liquid in
region A, gaseous in region C' and the two phases coexist in region B. This region shrinks
as temperature increases, until it reduces to a point at the critical temperature T...

1'4. Universality. — The bell-shaped region of coexistence is common to many systems,
which in fact display a critical point. Close to this point many thermodynamics quantities
show power law dependences on its distance. For instance the temperature distance AT
from the critical temperature, T, that is AT = T — T,, or from the specific critical
volume v.: Av = v — v.. The dependences of some standard thermodynamic quantities
are reported in table I. The astonishing fact is that many different systems display
very similar values of the exponents characterizing these dependences, which therefore
appear to be universal, as can be seen in fig. 3 where the values for some substances
are reported. Universality can also be seen in a famous plot by Guggenheim [12], fig. 4,
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a I¢] vy
3He 0,11 | 0,36 | 1,19 | 4,1
4He 0,13 | 0,36 | 1,18

Ne 0,33 | 1,25
Ar 0,13 | 0,34 | 1,21
Kr 0,36 | 1,18
Xe 0,11 | 0,33 | 1,23
Hs 0,33 | 1,19
02 0,12 | 0,35 | 1,25
N2 0,33 | 1,23

COq 0,11 | 0,32 | 1,24
SFe 0,11 | 0,32 | 1,28
CoH4 033 | 1,18 | 4,4
CaoHg | 0,12 | 0,34

Fig. 3. — Critical exponents of table I for different phase transitions.

where experimental points for different substances on the coexistence line are reported.
All points fall on the same bell-shaped curve. It is also seen that in nature many different
kinds of transitions display a critical behavior [11]. After many contributions from several
scholars, the concept of universality was definitely made clear by K. Wilson, who gained
the Nobel prize in 1982 for identifying, by means of the renormalization group theory,
which ingredients (like space dimensionality and symmetries in the interactions) make
different systems fall into the same universality class.

The liaison between power laws and critical behavior strongly suggests that similar
mechanisms can rule some different out of equilibrium, e.g. dissipative, systems and that
universality classes could exist as well in this context. Simplifying a bit it could be
said that when algebraic relations are observed, they could correspond to some fractal
features due to the criticality of the system. However the identification of universality
classes in out of equilibrium systems is still an open problem [13,14] which is far from
being solved even for simple model systems.

TABLE 1. — Critical behaviour of some thermodynamic quantities.

Specific heat Specific volume Isothermal compressibility Pressure

co & |AT|™® ve — v o |AT|? Kkt o< |Av| ™Y [p — pe| o |Av]®
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Fig. 4. — Region of coexistence. Reproduced from Guggenheim J., Chem. Phys., 13 (1945) with
the permission of AIP Publishing.

2. — Sheared granular matter in laboratory experiments

2°1. The laboratory set up. — We have realized a laboratory version of the spring-
slider system [15]. A circular geometry has been chosen because it allows for long-lasting
experiments, and consequently large statistics. The system, in its present version, consists
of a PPMI annular channel (see fig. 5) of inner radius 7 = 12.5c¢m and outer radius
R =19.2cm. The channel is 12 cm high and filled almost completely with glass beads of
diameter ranging between 1 and 2.5 mm, depending on the experiment. The beads can be
sheared by a horizontal plate laying on their top and inserted in the channel. The plate
has a few layer of grains glued to its lower face, in order to better drag the underlying
granular medium, and is free to move vertically. This implies that in our experiments
the medium can change volume under a nominal pressure of p = Mg/[r(R? — r?)], if
M is the mass of the plate. The plate is put into rotation by a motor to which it is
connected via a torsion spring, and two optical encoders supply the angular positions
of motor, 0y(t), and plate, 6(t), with a spatial resolution of 3 - 107°rad. From 6, and
6 one derives the respective instantaneous velocities, wo(t) and w(t). The instantaneous
frictional torque 7(t) is obtained through the motion equation of the plate

(10) T=—k(0p—0) — Iw,
where k is the spring constant and I the plate inertia. All quantities are acquired at

a sampling rate between 10 and 1000 Hz, depending on the experiment, recorded by a
computer and then processed and analyzed.
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Fig. 5. — An image of the laboratory granular system and its schematic.

2°2. Distribution of dynamical quantities. — When the motor speed and the spring
constant are small enough, one observes high intermittent motion (fig. 1) where the
plate alternates slipping, in which it explores a broad range of velocities, with sticking,
in which it stays at rest for unpredictable times, as shown in fig. 1 More details of this
stick-slip regime can be seen in the sample of plate velocity time series shown in fig. 6.
The lower curve (red online) shows the instantaneous plate velocity for some slips. In
the same figure the higher curve (black online) displays the velocity during continuous
slide, occurring for larger values of driving speed and/or spring constant.

From these time series quantities such as slip extension, s, duration 7" and instanta-
neous velocity w(t) can be extracted (see inset of fig. 7), and their statistical distribution
estimated. An example of the resulting distribution for the slip size is reported in the
main panel of fig. 7. It is seen that, as expected, it is not simply peaked around a typical
value but, on the contrary, it is essentially monotonic. It is close to a power law and well

described by
p(s) = s“f (50> .

Similar equations describe the distributions of T and w. The function f represent a
physical cut-off and for a purely critical dynamics is an exponential function. The present
system sometimes also displays a bump in the distribution at high values of s and of
other quantities. This is mainly related to the characteristic system time, proportional
to \/ﬁ k, but possibly also to other issues that can drive the system away from criticality.
This possibility will be discussed below, talking about theoretical models.
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Fig. 7. — Experimental probability distribution of slip size s. In the inset an exemplification of
the quantities s, T and w.

It can be useful to remark that power laws underly also the celebrated Gutemberg-
Richter law [16], relating the occurrence of seismic events to their magnitude:

P(m) oc 107"™,

where P(m) is the probability of occurrence of an event with magnitude larger than m.
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Fig. 8. — Static torque probability distribution in the stick regime.

In fact magnitude is related to the seismic moment M:
2
m=g log M + ¢,

with M ~ pAs, where A is the slipping area and p the shear modulus. For given A and
1 one gets from the above equations the cumulatative distribution of slips larger than s:
P(s) < 578 with 8 = %b, and thus the density

p(s) = _dp(s) ~ g~ (148)

ds

For the typical value(') b ~ 1 this implies 3 ~ 1.7, not far from what observed in
laboratory (see, e.g., fig. 2 in [17]). This power law behavior is a manifestation of
criticality in earthquakes, as it is Omori’s law, and several other statistical regularities
observed in seismic activity [16]. A recent review on this subject can be found in [18].
Another interesting quantity is the frictional torque. The first important thing to
observe is that it is a fluctuating quantity. This aspect of friction is essential and is at
the base of the observed critical behavior, as will be discussed below. Friction exhibits
two phases: The loading one, in which the plate stills and the spring is stretched by the

(1) Measured values have been criticized, e.g. Tinti and Mulargia Bull. Seismol. Soc. Amer.,
75 (1985) 1681 and revised, e.g. Y.Y. Kagan, Tectonophysics, 490 (2010) 103.
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motor causing a linear increase of the torque, and the slipping one, where friction strongly
fluctuates (examples of these fluctuations are shown in [19]). As a stochastic quantity the
friction torque can only be characterized statistically. Figure 8 shows the experimental
probability distribution for the static torque in the stick-slip regime. It is seen that, at
variance with the previous quantities, it is not right winged. Nevertheless it is far from
Gaussian and still asymmetric, with an exponential tail at large values. This signals
the presence of strong correlations, as discussed in [20], which are not present in the
continuous sliding phase, where the torque distribution shrinks and attains a Gaussian
profile [15]. A similar behavior is observed for the dynamic friction [15].

3. — A stochastic model for the slider motion

Different models have been devised and investigated in the effort of understanding
and reproducing the erratic and intermittent activity displayed by earthquakes and many
other phenomena. The first of such models to our knowledge is that of Burridge and
Knopoff [21]. The model is an idealization of a frictional elastic interface. It reproduces
several features of earthquakes and has been extensively investigated [22]. A different
approach to this kind of phenomena was devised at the end of the eighties by Bak,
Tang and Wiesenfeld [23] who, using a sand-pile as a metaphor, proposed the concept
of Self-Organized Criticality (SOC). The concept gained wide popularity and has been
the subject of a huge quantity of work [24]. Nevertheless the concept of critical self-
organization itself has been criticized [25] and still presents many open problems [13,14],
like the existence of well-defined universality classes and the way it can be connected with
real systems in terms of specific dynamics, parameter values, etc. The sand-pile, and the
models inspired to it, belong to the category of stochastic cellular automata, to which
belong even other kinds of models more directly related to real systems. For instance
the Fiber Bundle Model and its derivations [26] which together with other statistical
models [27] aim at the description of fractures or cracks [28]. There is no room here
for reviewing these models in the due manner and in the following we shall focus on a
different approach [29], which appears more suitable to describe the dynamics observed
in the experiments.

3'1. The friction force. — To model the experimental spring-slider system one can start
from eq. (10). The friction torque, 7, however is known only through its experimental
realization. It looks random and in principle can be a function of many variables such as
position, velocity, acceleration, F'(,w,w,...), and others, like state or memory variables.
In analogy with other friction laws, one can first attempt to put into evidence a definite
dependence on the instantaneous velocity. As seen above, friction is a fluctuating quantity
and presents complicated trajectories as function of the instantaneous plate speed, (as
shown for instance in fig. 2 of [17]). One possible way out is to average over many slips.
That is to consider the mean value of friction for given instantaneous velocity. Despite
the apparent chaoticity of the friction trajectories a regular pattern emerges, showing
a well-defined dependence, also characterized by a velocity weakening, visible in fig. 9.
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Fig. 9. — Average friction as function of the instantaneous velocity.

In order to account for the stochastic fluctuations one can be inspired by the Langevin
dynamics discussed in sect. 1, and assume that the friction is the sum of a deterministic
velocity-dependent term, 74(w) and a random term, 7,.:

(11) T = Ta(w) + 7.

As for the Brownian motion the aim of the random term is to describe in an effective way
the interaction of the probe, in this case the plate, with the medium, ¢.e. the granular
bed, without resort to the motion of each individual particle. The friction exerted by the
granular medium on the plate is mainly due to the action in the medium of force chains
which transmit the stress. The strength of these chains evolves in a continuous manner
along with the configuration during the motion, while in the stick phases it does not
change sensibly. Thus in this case the time dependence of the random force is replaced
by an angular dependence. The simplest assumption that can be made is that, along the
plate trajectory, the strength variations result from the sum of independent increments.
This can be formalized as

(12) o),

where 7 is a white noise satisfying the usual properties (6) of zero average

(13) n(®) =0,
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Fig. 10. — Spectrum of the dynamic random torque 7, with a Lorentzian fit.

and ¢ correlation (7)

(14) n(0")n(0) = ro(6" — 0),

while r is the strength of the fluctuations. This amounts to saying that the friction force
performs a Brownian motion [29], like the one described in sect. 1.

The above form is coherent with the fact that friction cannot be a white noise itself,
since this would imply that its value at 84+ d6f would be totally independent of its value at
6, which looks highly unphysical. On the other hand, a simple random walk can also lead
to unphysical consequences since, as we also know from sect. 1, the average fluctuations
for this process diverge linearly with the parameter (which in this case is the angular
coordinate 6). Forces must be limited, and this can be obtained by subjecting them to
some bounding potential. At the lowest order it can be assumed to be harmonic so that
the friction torque obeys the equation

dr,
(15) 5 =10 —ar..

This process is named after Uhlembeck and Ornstein [9] and the parameter a represents
the inverse of its correlation length (a correlation angle in the present case).

In order to test this hypothesis and determine the relevant parameters r and a one
resorts to the experimental data. By subtracting 74(w) from the experimental time series
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of 7(w), one obtains the series for 7,.(f). Performing a Fourier transform (in angle) one
gets the power spectrum of the signal, as a function of the wave number, an instance of
which is shown in fig. 10. It is seen that its shape is well described by a Lorentzian, and
the values of r and a can be determined by a best fit.

3°2. Results from the model. — Different forms can be equivalently assumed for describ-
ing the behavior of 7; reproduced in fig. 9. We have resorted to one already employed in
the literature for the solid-on-solid friction [30]:

(16) ra(w) :T(]+7{w—2w0 In (1+ “’)}

wo

where 7; is the constant dynamical friction and wy a characteristic speed. With this
expression and (15) in egs. (10) and (11) one can simulate numerically the stick-slip
motion of the plate employing the values of the parameters used in the experiment (plate
inertia I, spring constant x, motor driving angular speed wy) and those characterizing
friction in egs. (15) and (16).

By repeating on the resulting time series the same analysis performed on the experi-
mental series one can compute distributions for slip extension, duration, etc. Some results
are shown in fig. 11 together with experimental data. The different curves correspond to
different driving speed of the plate and a good agreement is obtained in all cases.

4. — Criticality and its possible breakdown

4'1. Where does criticality come from? — This question has not yet received defini-
tive answers. It involves areas of non-equilibrium statistical physics which, at variance
with thermodynamics, deals with systems where detailed balance is not observed and
that usually include dissipative forces. As already recalled, a common feature of these
systems is the existence of a non-equilibrium critical transition underlying the observed
dynamics [6], that for granular matter could be the jamming transition [31,32].

The model introduced above does not consider the motion of individual grains but
only their global influence on the slider dynamics and is closely related to models for
propagating fracture in disordered media [33,27]. In this frame, a large class of models
presenting common, and in some cases universal, critical features are the depinning
models. These models describe the motion of an elastic line or surface, representing
the crack front, driven by a uniform force: The motion takes place in the presence of a
viscous force and of a disordered potential, which accounts for inhomogeneities and can
exert a pinning force. When this force is larger than the driving force, the system stills,
until the drive is made large enough. The depinnig transition presents all the features of
criticality described above (power law distributions, correlations, etc.). These features
are shared by other models describing different systems, and in certain cases give raise to
identical critical exponents, distributions etc. (or at least compatible, when models can
be studied only numerically). One instance of these cases is the so-called ABBM model.
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Fig. 11. — Distributions for slip size, velocity and duration from experiments (symbols) and
simulation of the model (lines) from egs. (10), (11), (15) and (16). Three different driving
speeds are considered.

4'2. The ABBM model. — A ferromagnet in an external magnetic field H is character-
ized by a certain amount of magnetization M. If the field changes, magnetization follows.
However, on closer observation it can be seen that M as a function of H is not smooth
but rather irregular, displaying jumps, avalanches, of magnetization. These jumps were
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at first revealed by their induced electromagnetic flux and are known under the name
of Barkhausen effect, or noise, see e.g. [34]. In order to describe the Barkhausen noise,
in [35] a model was derived from microscopic considerations, known as ABBM model.
Besides the application to material science, a very interesting point of the model is that
it has been shown to be directly related with the depinning models mentioned above [34]
and, in certain cases, it is described by the same equation [36]. One of this case is the
mean field case, in which the average position of the interface is considered.
The ABBM model in the mean-field formulation can be described by the equation

dz
17 — =—(z—ct)+ F
(17) = —(z—ct)
with x a quantity directly proportional to the magnetization and c the rate of variation
of the external field H. F' is a random perturbation given by

% =n(x),
where 1 has the usual properties of the white noise, egs. (13) and (14). One can recognize
the same evolution described by (12).

As anticipated, although not evident at first sight, the dynamics described by eq. (17)
is critical. Motion occurs intermittently and many physical quantities characterizing
the avalanches (duration, size, velocity) are distributed as power laws. The importance
of the model comes also from the fact that it is analytically soluble and all quantities
are known exactly. Moreover it is possible to identify the origin of criticality in the
self-similar symmetry owned by the equation [34]. For all these reasons the model is
considered paradigmatic and investigated in different contexts [37]. It also describes a
kind of population dynamics (previously introduced by Feller [38]) and the price evolution
of several financial products [39]. More recently, the same equations have been adopted
for describing other items, such as concentration of pollutants [40].

Concerning the stochastic dynamics of the slider, ABBM is also a simplified model of
this dynamics. In fact, by neglecting inertia in eq. (10), in analogy with what done to
obtain eq. (5), using eq. (11) and then moving 7,4 to the right-hand side, one has

Td = —k(Q — wdt) + 7.

It is easy to recognize that this equation assumes the aspect of eq. (17) if in eq. (16) one
retains only the linear term in the velocity. The correspondence is exact by setting a = 0
in eq. (15).

4°3. Breakdown of criticality. — Models for granular and earthquake dynamics directly
mappable into the original ABBM have been proposed and investigated [41]. Neverthe-
less, how and to which extent the presence of different friction laws and inertia can affect
the critical behavior and the universality properties of dynamics is still not clear and it
is subject of investigation. The statistical distributions derived from our experiments, so
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Fig. 12. — Friction torque measured in an experiment with imposed plate speed. Diamond (green
on line) correspond to decreasing speed and square (red on line) to increasing speed. Bullets
(black) are the average friction.

as those reproduced by the related model, are not clean power laws as those from the
ABBM model [34]. Other deviations from criticality have been observed in [42] and [43].

In [37], some aspects of the effect of inertia on the original ABBM have been studied,
while other aspects are under investigation [44]. In addition there are many features of the
granular-slider dynamics that should be considered and that also the models discussed
here do not take into consideration. One of these features is friction hysteresis. It is
well known that in many instances dynamical friction is not a single-valued function of
velocity. Different friction laws addressing these problem have been proposed, among the
most widely adopted being those by Dieterich [45] and Ruina [46], also known as rate-and-
state laws. These laws were at first deduced and validated for solid-on-solid friction, and
then employed, together with some simplified versions, also for describing the friction of
faults and granular gauges [47-49]. It is thus clear that a description of the systems must
take into account suitable friction laws. Attempts to supply eq. (11) with a rate-and-
state law have been done in [19], where the behavior of friction as function of controlled
plate speed has been measured while imposing a velocity ramp. An example of the
resulting dynamical friction si shown in fig. 12. It can be seen that, although exhibiting
weakening, friction behaves very differently in the accelerating and decelerating phases,
with a peculiar crossing value. Another important point concerns the correlation length
a in eq. (15). Since the granular medium is quasi-solid near the jamming point, and
quasi-liquid at high shear rate, it is clear that a is also a dynamical quantity that should
be described by a suitable, shear rate dependent, constitutive equation. All these features
can cause a breakdown of the critical behavior, at least for large avalanches, as emerging
in recent experiments [42,43].
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5. — Summary and perspectives

These lectures have summarized some of the results produced in experiments on the
stick-slip dynamics of a sheared laboratory fault, and some models aimed at describing
and understanding the observed phenomenology. This has been done within a statistical
physics approach and adopting simple stochastic models, because the very irregular and
chaotic dynamics prevents detailed descriptions. At the same time, such approach is
also an effort to understand whether alike elementary mechanisms might underly several
different natural phenomena that display apparently similar phenomenologies.

It is clear that all the features listed in the last section, like friction hysteresis, vari-
able correlation length in the random friction, scaling breakdown, etc., are important in
determining the slider motion even in a simplified approach as the one reported here.
Their influence deserves to be more systematically investigated in both experiments and
theoretical models. Especially these latter seem to be still rather scarce and have very
little evolved. At the same time the results discussed here show that also approaches
based on general assumptions can be quite effective in the description of systems with
irregular dynamics.

k ok %k
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the 2015 M, 7.8 Gorkha, Nepal, earthquake, among the others.

Summary. — We present the theory and methods of earthquake rupture process
inversion by using seismic and geodetic data, and their applications to scientific
researches and earthquake emergency responses. It is shown that the knowledge
obtained from these studies has much improved our understanding of the complex-
ities of the earthquake source and causative mechanism of the earthquake disas-
ter, and is of important reference value in earthquake disaster mitigation such as
rapid earthquake emergency response. Especially since the 2008 M,,7.9 (Ms8.0)
Wenchuan, Sichuan, earthquake, fast and routine determination of the earthquake
rupture process has been performed for significant earthquakes (Mg > 6.5 in China
and Mg > 7.5 worldwide), and the results obtained are timely reported to the au-
thorities and released to the public on the web site. The time consumed by the
inversion has been reduced from more than 5 hours in 2009 to approximately 1-3
hours at present. The timely released rupture model was routinely used by the China
Earthquake Administration and other authorities during the earthquake emergency
responses period for destructive earthquakes, such as the 2010 M,6.9 Yushu earth-
quake, the 2013 M,,6.6 Lushan earthquake, the 2014 M,,6.1 Ludian earthquake, and
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1. — Introduction

As the continuous developments in digital seismic network and earthquake source
theory [1-3], it has been feasible to investigate the rupture process on a finite fault
since the 1980s. Many significant earthquakes were studied and their rupture models
have been determined. A detailed rupture model of an earthquake provides important
source information, i.e., the fault dimension, the source duration, the rupture directivity,
the slip distribution, and the source time function, etc. The source information renews
and improves our understanding of the earthquake source physics, and is necessary to
constrain the source dynamic process. In addition, the rupture model is valuable in the
simulation of strong ground motion and thus is useful in the estimation of intensities
which are critical in earthquake emergency response (EER) [4] and even in earthquake
early warning (EEW) [5].

The pioneering works of rupture process inversion can be referred to Kikuchi and
Kanamori [6], Hartzell and Heaton [7], and Das and Kostrov [8], who estimated the
rupture models by inverting local strong motion and/or teleseismic seismograms. The
techniques were further developed by the subsequent researchers (e.g., [9]). An alterna-
tive method is to invert the apparent source time functions (ASTFs), which should have
been obtained by deconvolving the Green’s function (sometimes a small shock served as
the empirical Green’s function) from the mainshock seismograms [10-13]. In principle,
the seismogram inversion and the ASTF inversion are equally effective to estimate the
rupture model [14-17].

The fault slip model can be also determined by inverting geodetic deformation data.
Compared with the seismic data inversion, geodetic inversion of the co-seismic deforma-
tion data has fewer unknown parameters and thus has a higher stability. Meanwhile,
the disadvantage is that it cannot constrain the temporal evolution of slip accumulation.
Combination of the seismic and geodetic data can synthesize their advantages and results
in a better resolution power at different depths. In the past two and more decades, joint
inversion of seismic and geodetic data has been a powerful tool to study the earthquake
source process. All seismic and geodetic datasets, e.g., strong-motion data, broad-band
data at local, regional and teleseismic distances, high-rate/campaign GNSS (Global Nav-
igation Satellite System) data, InSAR (Interferometric Synthetic Aperture Radar) data,
and leveling data, have been used and inverted for that purpose (e.g., [18,19]). The
joint inversion much expands the frequency band of source inversions, and provides bet-
ter estimates of source parameters, such as magnitude, source dimension and duration,
rupture velocity and rupture directivity, etc.

On the other hand, as large and disastrous earthquakes frequently occurred in the
21st century, more and more needs have been raised for the source inversion by disaster
mitigations. Fast estimation of earthquake sources can effectively provide valuable infor-
mation for intensity estimation especially at near-fault distances. An example is the 12
May 2008 Wenchman earthquake. The two meizoseismal areas of intensity XI, which are
located around the epicenter and the Beichuan County, are closely associated with the
two slip-concentrated patches [20,21]. However, it is regrettable that should the meizo-
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seismal area in the Beichuan County as identified by the inverted fault slip distribution
be noticed and corresponding measurements adopted at that time, the casualties in that
area would be able to be greatly reduced. Another example is the 2011 M,9.1 Tohoku
earthquake. Although the earthquake early warning (EEW) system of Japan was well
operated, the fast measured magnitude stabilized at Mg8.1 rather than M9.1 two min-
utes after the earthquake initiation (http://www.eqh.dpri.kyoto-u.ac.jp/ masumi/
ecastweb/110311/index.htm), from which the height of the tsunami wave approach-
ing the coast was empirically estimated to be 3m to 6m [22]. Actually, the M9.1
shock caused a height of the tsunami wave as large as 37.9m in Miyako. The unex-
pected big wave caused the majority of loss of life during the earthquake. The problem,
as has been widely discussed by the international seismological community, is that the
EEW system of JMA treated the earthquake as a point source, rather than a finite-
sized fault plane (https://www.nature.com/news/2011/110329/full/471556a.html).
Therefore, to well estimate the intensity at near-source distance and the height of the
tsunami wave, the finite-fault rupture model should be considered.

In this paper, we first summarize the theory and methods of finite-fault source in-
versions. We will derive the equations of seismogram inversion and ASTF inversion. In
application to the 2009 M6.3 L’Aquila, Italy, earthquake, we will compare and discuss
the advantages and disadvantages of the two kinds of the inversion methods. The method
of joint inversion with seismic and geodetic data is also presented. By also taking the
2009 M6.3 L’Aquila earthquake as an example, we will show the improved resolution
power of the joint inversion. Then in the following, we present the source studies of
three significant earthquakes occurred around the Tibet Plateau, i.e., the 2011 M, 7.8
Kunlun earthquake, the 2008 M, 7.9 Wenchuan earthquake, and the 2010 M6.9 Yushu
earthquake. In addition, we will introduce the progress we have made in fast-source
inversion for earthquake emergency responses. The success in prediction of the rupture
direction and even the meizoseismal area has provided valuable information for intensity
estimation. This suggests that at the present time the earthquake source inversion has
been able to play an important role in earthquake disaster mitigations.

2. — Theory and methods

2°1. Seismic inversion. — The seismic waves radiated from a finite-fault can be repre-
sented as (fig. 1)

(1) Un(P,t) = //Z Grp.qa(Pt;Q,0) * mp,(Q, t)dX’,

where U, (P, t) is the seismogram on the n-th component observed at P, G 4(P, t; Q,0)
is the Green’s function at P caused by a force couple (p, ¢) at @, m,e(Q,t) is the time
history of the force couple (moment tensor element). Equation (1) is the basis of the
source inversion.
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Fig. 1. — The finite fault model. The origin of coordinates is taken on the finite fault plane. O
is a reference point (e.g., the hypocenter) on the fault 3. R and R’ are the position vectors
OP and QP, of the observation point P, respectively. 7’ is the position vector OQ.

2°1.1. Inversion with fixed rake. If a purely shear dislocation is assumed and the double-
couple mechanism is known, we have

(2) Mpg(Q, 1) = Mo(Q,t)(epvg + equp),

where My is the scalar seismic moment, e and v are the slip vector and the normal
direction on the fault plane, respectively. By putting eq. (2) into eq. (1), we can get

(3) U, (P,t) = //2 Grp.q(Pt;Q,0) * [My(Q,t)(epvg + equp)|dX’.
If assuming

(4) gn(Pu t; Q7 0) = an,q(Pﬂ t; Qa 0) : (epvq + eqvp)’

where g,(P,t;Q,0) is the Green’s functions caused by a point source with a given focal
mechanism. Then eq. (3) becomes

(5) U, (P.t) = / / 0n(P.1:Q.0) * Mo(Q. 1)

In eq. (5), the unknown is My(Q,t), i.e., spatial and temporal variations of the scalar
seismic moment.

For a case of spatial point source (R > L, L is the source dimension), a path approx-
imation can be assumed
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Fig. 2. — Discretization of a fault plane. Here k, is the number of sub-fault along the down-dip
direction of the fault.

where O is a reference point on the fault (e.g., the hypocenter), 7 is the difference
of travel time between Q-P and O-P, and equals (R — R’)/c, where ¢ is the phase
velocity. Sometimes for convenience, R— R’ is approximated as r’-er when the minimum
wavelength A, the hypocentral distance R, and the source dimension L satisfy AR/2 > L?
(notice R > L is also demanded here).

By putting eq. (6) into eq. (5), we get

(7) Un(Pot) = / /2 (9 (Pt —7:0,0)  Mo(Q. £)]dS".
It can be rewritten as
(8) U (P,t) = gu(P.1:0,0) + / / 16t — 7) * Mo(Q, 1)),

the integration on the right-hand side actually the apparent source time function (ASTF)

(9) Sa(Pt) = [ [ 16— )+ Mr(@.0)a.

From eq. (7), we can estimate the rupture process by calculating only one Green’s
function for each station, which much reduce the calculation cost. Equations (8) and (9)
suggest another way to determine the rupture model: First determine the ASTF at each
station by deconvolving the Green’s function from the observation, and then invert the
ASTFs for rupture process based on eq. (9). Two important issues should be noted for
the path approximation described in eq. (6) and used in eq. (7) to eq. (9). First, it works
at only far-field distances (R > L). And second, single phase should be considered since
the lengths of ray path (R and R’) and the phase velocity ¢ are needed in calculation of
the travel time difference 7 = (R — R’)/c.
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Fig. 3. — An example of the matrix [4]. Blue dots denote the non-zero elements.

To determine spatio-temporal rupture process of an earthquake, it is common to
discretize a finite fault into sub-faults (fig. 2). The unknowns to be solved are sub-
fault source time functions or moment rate functions. Because the Green’s function is
calculated based on a point source, the sub-faults should be reasonably small enough.
This point source approximation is only tenable when both the hypocentral distance (R)
and the minimum wavelength (A) are very much larger than the sub-fault size (Lg),
where R > Lg means Green’s functions from different places on the sub-fault to the
station are similar in waveform (i.e., the spatial point source), and A > Lg means the
phase differences of the Green’s functions are negligible (i.e., the temporal point source).
With the point source approximation, the integrations in eqs. (7) to (9) can be replaced
as summations

(10) UM () =) gt (¢ —7™) = Mg (1)),
k

(11) UL (t) = gn' (1) * ST (D),

(12) SE(t) =D [8(t —7m*) « Mg (t)],
k

where the superscripts m and k are indexes of the station and sub-fault, respectively.
They suggest that the spatio-temporal rupture process can be imaged by inverting either
the station waveforms U (t) or the ASTFs S’{'(t). In the following, these two kinds of
inversions will be introduced, respectively.

1) Apparent Source Time Function Inversion
Equation (12) can be also rewritten as the matrix equation

(13) [Sal = [6][Mo],

where [S 4] is the vector of all ASTFs, and [d] is a sparse matrix, which consists of block
diagonally dominant matrices. An example of the sparse matrix [d] is shown in fig. 3.
The matrix [d] consists of equal-sized block matrices [0g]. For each block matrix [d5],
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there would be an identity matrix if 7™* = 0, that is

e.g.

and

[6p(t+1)] =

2) Waveform Inversion
Equation (10) can be rewritten as the matrix equation

(14) (U] = [g][Mo],

where [U] is the vector of all waveform seismograms, [Mp] is the sub-fault source time
functions, and [g] consists of block matrices as

gt glz2 . gk
21 22 2K
g g . g
(15) 8] = O - AT ’
gMl M2 oMK

where [g™*] is the convolution matrix for g7 (t — 7%), i.e., a lower triangular matrix,

mk 1
mk (2) gmk(1>

g
(16) g =] 7
g™ (Lg) .. g7 (2) g™ (D)
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Equation (16) is for the case that the maximum source duration is equal to the length of
Green’s functions (Ly). For more general cases, a shorter source duration (T's) is assumed
for the inversion, then only the first Tl columns of [g™* ()] are preserved. Because over
half of the elements are occupied, [g] is generally a dense matrix.

2°1.2. Inversion with rake variation. In some case, the rake variation is considered in the
inversion. The rake variation case represents the case that the slip vector on the fault
plane e is allowed to change with space and time:

(17) Mpq(Q, 1) = Mo(Q, t)[ep(t)vg + eq(t)vp).

By putting eq. (17) into eq. (1), we get

(18)  Un(P) = / / G (P4 Q,0) % {Mo(Q.1) - [e(£)ug + eg (t)0,] }A.

The projections of the slip vector and normal direction of the fault can be made in any
coordinate system. Without loss of generality, we define a coordinate system on the fault
plane (fig. 4) as: zp-axis is the strike-slip direction, xzs-axis is the reverse-slip direction,
xg-axis is the normal direction of the fault plane. For a purely shear dislocation, e = 0,
vy = vy = 0. This makes eq. (18) become

(19) Un(Pa t) = /L[gnl(P7tv Q:O) * MOI(Q7t) + gn2(P7t7 Qa O) * MOQ(Qat)]dZ,a

where

gnl(Pat7 Q7O) = G7L1,3(P7t; Q7 0) + U3, MOI(Qa t) = MO(Qat) : €1(t),

20
20) gn2(P,t;Q,0) = Gpa,3(P,1;Q,0) - vs, Moo (Q,t) = Mo(Q,1) - ex(t),

Mo1(Q,t) and My2(Q,t) are moment histories along the strike-slip and reverse-slip di-
rections, respectively. Similar to eq. (14), eq. (18) can be also written as

@1 Ul =ler el | 3y |-

If Mp1(Q,t) and My2(Q,t) are solved, the rake angle and its variations will be obtained.
Compared with the inversion with fixed rake, the rake variation inversion has double
unknown parameters.

Equations (13), (14) and (21), correspond to the ASTF inversion, seismogram inver-
sion with fixed rake, and seismogram inversion with rake variation, respectively. It is
worth noticing that the unknown parameters in the three equations are the history of
scalar seismic moment. When the Green’s functions are calculated by considering the
step response, the unknowns become the moment rate function or the far-field source
time function. The unknowns of moment rate can be transferred into fault slip-rate by
multiplying the Green’s functions with the shear modulus and the sub-fault area.
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Fig. 4. — The coordinate system on the fault plane used in the inversion of earthquake rupture
process.

2°1.3. Limitations and constraints. Since the ill-conditioning of matrix of Green’s func-
tions, and the usually poorly distributed seismic stations, directly solving egs. (13), (14)
or (21) is likely to result in a misleading rupture model. Hence it is necessary to intro-
duce some effective limitations or constraints during the inversion. Commonly, several

constraints are considered.

1) Limitation of maximum rupture velocity

In the inversions with far-field data, especially teleseismic data, it is difficult to well
constrain the rupture velocity. A limitation would be helpful to make the rupture velocity
more reasonable. In principle, the rupture velocity does not exceed P-wave velocity, and
usually less than 0.85 times of shear wave velocity. For a sub-fault d km away from the
hypocenter, the maximum rupture velocity v, means it does not rupture until 7 = d/v;,
(see fig. 5).
2) Limitation of maximum rupture duration of sub-fault

The number of unknowns is largely decided by the sub-fault rupture duration, that is,
the time differences between the rupture initiation and stop of a sub-fault. In principle,

Fault plane Sub-fault STF
< D >

2 [v¢] &

0 7 7,+D

r

Fig. 5. — A sketch showing the rupture initiation time (7;) and rupture duration (D) of a sub-fault
STF.
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a larger duration leads to better data fit, but also causes more instabilities. A reasonable
limitation of maximum rupture duration (D, see fig. 5) is usually needed for an inversion.
It needs to be reasonably large when there exist multiple ruptures.

3) Non-negative constraint

Earthquake fault slips occur at depth under a high level of confining pressure. The
friction is likely to prevent the stress from being fully released. It makes the fault hard
to slip reversely. Therefore, non-negative constraint is commonly imposed to the fault
slips.

4) Spatial smoothing

Based on the assumption that the residual stress after an earthquake is homogeneous
to some extent, the fault slips should be reasonably smooth. A Laplace equation is often
preferred for this purpose (e.g., [23]). For the k-th sub-fault, the equation is

(22) st (1) = [s" 71 (1) + ST + ST (1) + ST ()] =0,

where s(t) is the slip velocity.

5) Temporal smoothing

In the inversion, the point source approximation demands that the minimum wave-
length is much more than the sub-fault size, and the high-frequency waves are hard
to be well modeled in the Green’s functions due to our relatively poor knowledge on
the 3D Earth structure. Only low-frequency waveform data are inverted, and thus the
resulted source time functions of sub-faults (moment rate history or slip-rate function)
should be smooth enough. A Laplace equation is also applied to the k-th sub-fault source
time functions

(23) 25k (t) — [sF(t — 1) + s"(t + 1)) = 0.

6) Scalar moment minimization

The ideal case for the source inversion is that the seismic stations evenly distribute on
both the azimuthal and take-off angles. Sometimes in real data inversions, however, the
station distribution is usually uneven. It causes the inversion problem ill-conditioned.
A feasible way to solve this problem is to suppress the solution norm by using a scalar
moment minimization [24].

2'1.4. Equations for the three kinds of inversions. The constrain conditions of the spa-
tial and temporal smoothing, and the scalar moment minimization can be formulated.
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Together with eqgs. (13), (14), and (21), the equations of the three kinds of inversions are

0
= | xD | [s],
HQT

(24)

g
k1D
ko T
H3Z

cocod OC’;ED

and

o)

o o o

where the unknowns [s] are sub-fault slip-rate functions, [D], [T] and [Z] are matrices of
spatial smoothing, temporal smoothing, and scalar moment minimization, respectively,
K1, ko and k3 are the corresponding weights, which can be optimized by the Bayesian
criterion or with experience. No scalar moment minimization appears in the ASTF
inversion since [d] is a sparse matrix which has a small condition number.

2°1.5. An Example: The 2009 M,,6.3 L'Aquila, Italy, earthquake. We take the 6 April
2009 M6.3 L’Aquila, Italy, earthquake as an example to compare the three kinds of
inversions of egs. (24) to (26). We used P-waves on vertical components of 24 teleseismic
stations (fig. 6a) for these analysis. The ASTFs were retrieved by using the Projected
Landweber Deconvolution (PLD) [13,25] method and based on the fault parameters
strike ¢ = 132°/dip 6 = 53°/rake A = —103° [26]. The azimuth-dependent ASTFs are
shown in fig. 6b. Two sub-events can be clearly identified. The first one appears at
almost the same time (~ 2s) at all stations, suggesting that it is around the hypocenter.
The peak value of the second sub-event appears earliest at azimuth of approximately
150°, indicating that it is located to the southeast of the epicenter. The rupture direc-
tions of the two sub-event imply that the earthquake was a unilateral rupture event.

With the ASTFs and the P-wave seismograms, three rupture models were estimated
by solving eqs. (24) to (26), respectively, (figs. 7 to 10). They are basically consistent
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Fig. 6. — Teleseismic stations (triangles) and epicenter (star) of the 2009 L’Aquila, Italy, earth-
quake (a). Azimuth-dependent ASTFs retrieved (b).

with each other, suggesting that both the ASTF inversion and seismogram inversion are
effective to estimate the source rupture processes. However, because of the difference
in inversion workflow, the two inversion ways are somewhat different in the following
aspects (see table I).
1) Stability

For ASTF inversion, the instability mainly exists in the deconvolution for ASTFs.
When inverting ASTFs for rupture process, since the condition number of the matrix
[4] is not very large, the inversion is basically stable. However, in the inversion of the
seismograms, the matrix [G] is usually ill-conditioned, leading to the instabilities in the
inversion.

2) Efficiency

In case of the ASTF inversion, the coefficient matrix is a sparse matrix. We can
use the multiplication of sparse matrix to solve the equation very efficiently. In the
application to the L’Aquila earthquake, the computation time for the three kinds of the
inversion are 0.8s (including 0.05s for retrieving ASTFs), 3.6s and 7.3s, respectively
(performed on a laptop with Intel CPU T9300). The computation time of the ASTF
inversion is almost one order less than the seismogram inversions.

3) Scope of application

In the ASTF inversion, an approximation of spatial point source (the hypocentral
distance is much larger than the source dimension) is needed, and waveform data of
single phase are demanded. These limit the scope of its application. In the seismogram
inversion these limitations are not needed, thus the seismogram inversion technique is
suitable for more general cases.
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Fig. 7. — Static-slip distributions and STFs obtained by solving eqs. (23) to (25), respectively,
i.e., the results by the ASTF inversion (a, b) and by the seismogram inversion with fixed rake
(c, d), and with variable rake (e, f).

4) Since the ASTF deconvolution is performed separately for each station, any mis-
estimate on the ASTF duration may cause the rupture behaviors loss or some errors
introduced. In contrast, the rupture behaviors were determined by inverting all waves
simultaneously in the seismogram inversion. It would help to minimize the problems
existing in the ASTF inversion (table I).

TABLE I. — Comparison of the ASTF and seismogram inversions.

ASTF inversion

Seismogram inversion

Stability
Efficiency

Scope of application
Misleading of rupture behaviors

v
v

<
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Fig. 8. — Snapshots showing spatio-temporal variations of fault slip-rate obtained by solving
egs. (23) to (25), respectively, i.e., the results by the ASTF inversion (a) and by the seismogram
inversion with fixed rake (b), and with variable rake (c).

By synthesizing the advantages of ASTF and seismogram inversions, we suggest a
technical flow to effectively and robustly determine the rupture model. The first is to
retrieve the ASTF's through deconvolution, which helps to get the overall estimates on
the source duration and rupture direction. Then based on the overall estimates, we can
invert the seismograms directly for the detailed rupture model.

2°2. Joint inversion of seismic and geodetic data. — Source inversion with seismic
data solely often shows instabilities. A major reason is the trade-off between the rupture
velocity and fault slips. The geodetic co-seismic deformation data have no resolution
on the temporal rupture process, but can strongly constrain the fault slip distribution.
Therefore, the combination of seismic and geodetic data can help to better estimate the
spatio-temporal rupture process.
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Fig. 9. — Comparison of the observed (green) and synthetic (red) ASTFs. In each sub-graph,
the station codes (top) and correlation coefficients (bottom) between the observed and synthetic
ASTF's are labeled, respectively.

By considering the variable-rake case, the equation of co-seismic deformation data
inversion can be represented as

(27) F= B | .

where [E] is the co-seismic deformation data, [B] is the Green’s function, i.e., surface
deformation cause by an unit slip on the rectangular sub-fault, [f] is the fault slips. The
fault slip [f] is equal to the integration of the slip-rate [s], which can be approximately
written as summations:

(2%) HEEIM

where [J] consists of row vectors with elements equal to 1, i.e., [1,1,...,1].

Putting eq. (28) into eq. (27), we can get

(29 CREE SRt
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Fig. 10. — Comparison between the observed and synthetic seismograms of the three kinds of
inversions. (a) The results by the ASTF inversion; (b) the results by the seismogram inversion
with fixed rake; (c) the results by the seismogram inversion with variable rake.

The equation of joint inversion can be obtained by putting eqs. (26) and (29) together

o]
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where k is the relative weight of the co-seismic deformation data compared with the
seismic data. Since the difference in values of the seismic data [U] and the deformation
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Fig. 11. — Numerical test for the case of two slip patches with identical area but different slips
and depths. The shallower patch has smaller slip than the deeper one. Fault slip distributions
(a) obtained by teleseismic data inversion (b); InSAR data inversion (c); and joint inversion (d).

data may reach several orders of magnitude, a normalization is necessary to ensure that
they are comparable in the joint inversion. Usually we normalize them by their square
root of energy, i.e.

(31) v-—Y . p-_F

Jyuzae JI B

This makes the two datasets be equally weighted in the least-square optimizations if
k=1

There may be not an objective criterion to choose the best relative weight «. For
our experiences, equally weighting the datasets is usually enough to recover the major
rupture behaviors for most cases.

In addition to the constraint on the static fault slip distribution, the co-seismic de-
formation data can better constrain the shallow slip. In contrast, seismic data may have
better resolution in depth since some seismic waves are radiated downward away from
the source. Here we demonstrate two numerical tests for the 2009 I’Aquila earthquake
by use of teleseismic data and Interferometric Synthetic Aperture Radar (InSAR) de-
formation data. In the first test, two slip patches with the identical area but different
slips and depths are assumed: the shallow patch slips less than the deep one (fig. 11a).
Seismic data inversion mainly recovers the deep slip patch which has larger seismic mo-
ment (fig. 11b). In contrast, the InSAR slip model has better resolution at shallow

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

150 YUN-TAI CHEN, YONG ZHANG and LI-SHENG XU
e 0 1 1 1 1 1 | 1 1
£ (@) o (b)
o 5 L ! L
© . ‘B v/
= g/ L TN
g 10+ L i/ ' f ) ] L
o] v e v
i Yy
= /
20 T T T T T T
— 0 1 L 1 i L 1
g © e @ | Q@om
£ 54 m - Mos
S
o 10 S L 0.6
o
3 0.4
& 157 - -
w
a 0.2
20 T T T T T T T T
=10 0 10 20 -10 0 10 20 0

Distance along strike (km)

Distance along strike (km)

Fig. 12. — Two adjacent slip patches which have different extensions along the down dip direction.
Fault slip distributions (a) obtained by teleseismic data inversion (b); InSAR data inversion (c);

and joint inversion (d).

0 1 L 1 L I I I L L 0.9m
E = (a) b) - ()
€ W g ! 1" W 06
§ 10 i & o 4 = ] F +
3 W i 4 I
g & r ey }
g 15+ S8 A gl v F F F 0.3
o T i : v ¥

20 T T T T T T T

-10 0 10 20 -10 0 10 20 -10 0 10 20 0

Distance along strike (km)

Distance along strike (km) Distance along strike (km)

Fig. 13. — Fault slip distributions of the 2009 L’Aquila earthquake obtained by teleseismic data
inversion (a), by InSAR data inversion (b), and by joint inversion (c), respectively.

depth (fig. 11¢). The joint inversion synthesizes the advantages of both the two datasets

(fig. 11d).

In the second test (fig. 12), we assumed two adjacent slip patches which have different
extensions along the down dip direction (fig. 12a). Seismic data inversion well distin-
guishes the two slip patches, but losses some details of shapes of the patches (fig. 12b).
InSAR data inversion well recovers the shallow slips but cannot distinguish the slip gap
(fig. 12¢). The joint inversion provides the best estimates compared with the single data

inversion (fig. 12d).
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The fault slips of the 2009 L’Aquila earthquake may be similar to the slip model
shown in fig. 12a. Seismic data inversion, as well as the ASTF analysis, clearly finds 2
sub-events and 2 slip patches (fig. 13a). However, InSAR data inversion only results in
1 slip patch (fig. 13b). The reason may be that the smaller patch causes little surface
deformation and thus can hardly be distinguished. Through joint inversion, the two slip
patches are well imaged (fig. 13c).

3. — Applications

During the last three decades, several significant earthquakes occurred around the
boundaries of the Bayan Har Block (table II; fig. 14). By significant earthquake we mean
the earthquake of magnitude 7.5 or greater or the one that caused fatalities, injuries
or substantial damage. These include the M, 7.8 Kunlun Mountain Pass earthquake
(KMPE) of 14 November 2001, the M,7.9 Wenchuan, Sichuan, earthquake of 12 May
2008, and the M,,6.9 Yushu, Qinghai, earthquake of 14 April 2010 [27-30]. In the follow-
ing these earthquakes will be taken as examples to illustrate briefly how the knowledge
on the earthquake source rupture process retrieved from seismic recordings be used in
the studies of earthquake rupture complexities and the earthquake disaster emergency
response [31].

3'1. The My, 7.8 Kunlun Mountain Pass earthquake of 14 November 2001.

3'1.1. Tectonic settings. The first example is the M, 7.8 Kunlun Mountain Pass earth-
quake (KMPE) of 14 November 2001. This earthquake occurred on the northern margin
of the Bayan Har Block of the eastern Tibetan Plateau. The epicenter of this earthquake
was located at the west-to-east striking, left-lateral strike-slip Kunlun Mountain Fault
(KMF) (fig. 15).

3'1.2. Aftershocks. Despite its large magnitude of M 7.8, the 2001 KMPE caused no
casualty or major damage, because it occurred in a nearly uninhabited mountainous area
with elevation ranging from 4500 m to 6860 m. This earthquake was followed by a large
number of aftershocks. Till 27 November 2001 there had been more than 2000 after-
shocks with magnitude M}, > 1.0 recorded and located by the local seismograph network
of Qinghai Province Earthquake Administration. These aftershocks mainly distributed
about 100 km away to the east of the mainshock epicenter along the KMF (fig. 16).

3'1.3. Focal mechanism. The focal mechanism of the KMPE was determined by mo-
ment tensor inversion and with first motions of P-waves. The inversion results show that
this earthquake has a focal mechanism with a strike of 290°, a dip of 85° and a rake of
—10° (fig. 16), and a moment released of 3.5 x 102° Nm (M,,7.6). These results indicate
that the KMPE ruptured a left-lateral strike-slip and nearly vertical fault. The mecha-
nism is consistent with the southeastward movement of the Bayan Har Block relative to
the East Kunlun-Qaidam Block (fig. 14).
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&) No. Date Time Lat. Long. h My Mg Moy NP1 NP2 Place Source
Z
é a:m:d h:min:s ©) ©) (km) (Nm) ¢ (°) 5 (%) A () ¢ (%) 5 (°) X (°)
N Gonghe,
o 1 1990-04-26 17:37:15 35.986 100.245 8.1 6.5 6.9 9.4 x 1018 113 68 89 294 22 91 [28]
% Qinghai
>~
z Mani,
E.ﬁ 2 1997-11-08 18:02:55 35.260 87.33 40 7.5 7.4 3.4 X 1020 250 88 19 159 71 178 [29]
O Tibet
=
= Kunlun
% 3 2001-11-14 17:26:12 35.880 90.580 15 7.8 8.1 3.2 x 1020 113 68 89 294 22 —175 [32]
Mt. Pass
>~
Yutian,
4 2008-03-21 06:32:58 35.490 81.467 10 7.2 7.3 8.3 x 1019 353 29 —131 219 69 —68 USGS
Xinjiang
Wenchuan,
5 2008-05-12 14:28:01 31.002 103.322 19 7.9 8.0 2.0 x 1021 220 32 118 8 63 T4 [33]
Sichuan
Yushu,
6 2010-04-14 07:49:37 33.271 96.625 14 6.9 7.1 3.2 X 1019 119 83 -2 209 88 —173 [30]
Qinghai
Lushan,
7 2013-04-20 08:02:48 30.314 102.934 13 6.7 7.0 1.6 x 1019 34 55 87 220 35 95 [34]
Shichuan
Yutian,
8 2014-02-12 17:19:48 35.922 82.558 12.5 6.9 7.3 1.5 X 1019 160 80 167 252 7 11 [35]
Xinjiang
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Fig. 14. — Significant earthquakes around the boundaries of the Bayan Har block in the past
three decades.
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Fig. 15. — Tectonics of the Tibetan plateau and its surrounding regions.
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Fig. 16. — Focal mechanism of the M, 7.8 Kunlun Mountain Pass earthquake of 14 November
2001, and the distribution of more than 2000 aftershocks till 27 November 2001 recorded and

located by the local seismograph network of Qinghai Province Earthquake Administration. The
black line denotes the Kunlun Mountain Fault.
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Fig. 17. — Distribution of static (final) slip on the fault plane obtained by the inversion. The
white star represents the hypocenter.

3'1.4. Distribution of static slip. The method of ASTF inversion in time domain as
described in [12,36] was used for imaging the rupture process of the KMPE. The distri-
bution of static slip on the fault plane obtained by the inversion is shown in fig. 17. In
this figure, the white star denotes the hypocenter or rupture initiation point. As shown
in fig. 17, the rupture area with slip amplitude greater than 1.0 m was 420 km in length,
which extended from 120km to the west of the epicenter to 300 km to the east of the
epicenter. There are two slip-concentrated patches, i.e., areas with slip amplitude greater
than 1.5 m. One slip-concentrated patch extended from 30 km to the east of the epicenter
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Fig. 18. — The snapshots of the slip-rate (left panel) and slip (right panel) evolution on the fault
plane of the 2001 KMPE, which shows the propagation of rupture on the fault plane of 40 km
in width and 800 km in length at 4 s intervals. The white star represents the hypocenter.

to 80 km to the west of the epicenter, with a length of 110 km, and another, from 150 km
to 280km to the east of the epicenter, with a length of 130 km. The slip distribution on
the fault plane was spatially heterogeneous. The peak slip amplitude was about 2.2 m,
and the average slip amplitude over the whole rupture area was about 1.2m. The peak
stress drop was estimated to be 7.9 MPa, and the average stress drop was 4.0 MPa.

3°1.5. Source rupture process. Figure 18 demonstrates the spatio-temporal rupture
process of the 2001 KMPE mainshock. In fig. 18, left and right panels show the spatio-
temporal variations of slip-rate and slip, respectively. The white star represents the
hypocenter or rupture initiation point.

The source process of the KMPE had spatio-temporal complexity but overall was
characterized by unilateral rupture from west to east. The whole event can be divided into
three sub-events in terms of the characteristics of spatio-temporal distribution of slip-rate
and slip. The three sub-events started at different locations in the strike direction and
at different time, and afterwards fused into a single event. During the rupture duration
time of 140s and on 600km long fault, a complicated process of rupture initiation,
propagation, fusion, healing and stopping occurred (fig. 18).
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Fig. 19. — Distribution of surface ruptures of the M, 7.8 Kunlun Mountain Pass earthquake of
14 November 2001. (a) Map view of surface ruptures; (b) horizontal offset distribution along
strike; (c) vertical offset distribution along strike.
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3°1.6. Surface ruptures. The surface ruptures of the KMPE were mostly distributed to
the east of the epicenter of mainshock (35.97°N, 90.59°E) (fig. 19). The surface rupture
length (SRL) to the east of the epicenter was estimated to be about 350 km, the fault
motion was mainly left-lateral strike-slip, the offsets on the most segments of the fault
were from 2m to 4m, and the maximum offset was about 6 m [35]. To the west of the
epicenter there was an additional segment (Taiyang Lake segment) of surface rupture
of about 90km in length with the largest horizontal offset of about 5m right near the
epicenter. In total, the SRL of the M, 7.8 KMPE is about 440 km [37].

This SRL of 440 km well corresponds to the calculated length of 420 km of the rupture
area with slip amplitude greater than 1.0m. The later just corresponds to the segment
to the east of the Kusai Lake Peak (Kusai Lake segment in fig. 19) where severe ground
surface ruptures were found.

Based on the focal mechanism solution, the distribution of the aftershocks as well
as the inverted results of the source rupture process, the KMF has been inferred to
be the seismogenic fault and to have left-lateral strike-slip faulting on a nearly vertical
fault. The large left-lateral strike-slip produced by the KMPE implies that the differential
motion of 12-14 mm/a between the north Tibetan Plateau and the south-central Tibetan
Plateau is accommodated by the KLF as seismic slip in one event. Our studies confirm
that large-scale strike-slip motion along the east-west-trending KLF can accommodate
the continuing penetration of the Indian Plate into the Eurasian Plate by the eastward
extrusion of the Tibetan Plateau.

The source process had spatio-temporal complexity but was characterized by unilat-
eral rupture from west to east. The slip-concentrated patches which breach through the
ground surface are well correspondent to the surface rupture segment or meizoseismal
area found in the field investigations after the earthquake.

It is recognized that the M, 7.8 KMPE which occurred on the northern margin of the
Bayan Har Block of the eastern Tibetan Plateau was caused by a left-lateral strike-slip
faulting on a nearly vertical fault, being consistent with the southeastward movement of
the Bayan Har Block relative to the South China Block, and that the rupture process of
the KMPE is much more complicated than we had assumed, during the rupture process
of the KMPE, three fault segments or three sub-events started at different locations in
the strike direction and at different time, and afterwards fused into a single event of
magnitude M, 7.8. The lesson we learned from the KMPE is that in the assessment of
the earthquake disaster, not only the possibility of one segment of the fault, but also more
than two segments rupturing at one big event should be taken into account, and that the
concentrated-slip patches which breach the ground surface are well correspondent to the
surface rupture segments or meizoseismal areas.

32. The My, 7.9 Wenchuan, Sichuan, earthquake of 12 May 2008.
3'2.1. Tectonic setting. The My 7.9 Wenchuan earthquake occurred on the eastern

margin of the Bayan Har Block of the eastern Tibetan Plateau. The SW-striking Long-
menshan Fault (LF) lies to the northeast of the SSE-moving Sichuan-Yunnan Block of
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Fig. 20. — Epicenter (white star) location of the 2008 M,, 7.9 Wenchuan earthquake, main faults
(purple lines) in the epicentral area, historical earthquakes (yellow circles), and main cities (white
circles) along Longmenshan Fault. “Beach-ball” represents the lower hemisphere projection of
focal mechanism (strike 225°/dip 39° /rake 120°) of the Wenchuan earthquake.

southwest China (fig. 15). As a result of the continental collision between the Indian
and Eurasian Plates at about 40-42 mm/a at N20°E, and an eastward extrusion transfer
of crustal material from underneath the Tibetan Plateau to the South China Block; a
predominantly thrust motion with a minor component of right-lateral motion at a rate of
about 18-20 mm/a has been associated with NW-SE-thrusting of southwest China with
respect to South China Block along the NE-SW striking LF. The southeastward motion
of south China at a rate of 12-14 mm/a incompletely accommodates the accumulation
of stress due to the NW-SE thrusting of Bayan Har Block with respect to South China
Block along the LF. Thus the LF is an active tectonic structure with the highest degree
of vulnerability for earthquake ruptures.
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Despite its active tectonic setting, historically the LF experienced only moderate seis-
mic activity [38-40]. Frequent earthquakes of small to moderate size occur on the fault
zone, but no earthquakes larger than magnitude 7 have been documented along this
fault. Some earthquakes with magnitudes around 6 have been recorded (fig. 20), which
include the 21 April 1657 Wenchuan earthquake (M6.5) (epicentral location: 31.3°N,
103.5° E), the 8 February 1958 Maowen-Beichuan earthquake (Mg6.2) (epicentral loca-
tion: 31.7° N, 104.3° E) occurred to the northeast of the epicenter of the 2008 Wenchuan
earthquake, and the 24 February 1970 Dayi earthquake (Mg6.2) (epicentral location:
30.65° N, 103.28° E, focal depth: 15km) occurred to the SSW of the epicenter of the
2008 Wenchuan earthquake. Based on the relocation of 10057 earthquakes that oc-
curred in central-western China from 1992 to 1999, Yang et al. [41] noted that the LF
is 470km in length and about 2400 earthquakes with magnitudes between 1.0 and 5.0
occurred on or near the fault zone during this period. Several magnitude-7 earthquakes
have occurred nearby but outside the fault zone (fig. 20), including the 25 August 1933
Mg7.5 Maowen-Diexi and the two Mg7.2 Sonpan earthquakes of 16 and 23 July 1976.

Unlike the KMPE, about 89000 people were confirmed killed or missing in the
Wenchuan earthquake. Soon after the occurrence of the earthquake, we started to ana-
lyze available seismic recordings to retrieve information describing the earthquake source
mechanism, and released the preliminary results of the focal mechanism and the source
rupture process to the authorities and public within 12 hours for earthquake disaster
emergency response.

3'2.2. Focal mechanism and aftershocks. Time-domain moment-tensor inversion was
used to obtain the focal mechanism of the Wenchuan earthquake. The results are that
one of the nodal planes has a strike of 225° with dip 39° and rake 120°, and the other has
a strike of 8° with dip 57° and rake 68° (fig. 20). The epicenters of aftershocks relocated
by the double-difference earthquake location algorithm are located in a NE-SW-trending
zone about 320 km in length and 50 km in width which clearly coincides with the strike
of the first nodal plane (fig. 21, main panel).

Vertical cross-sections along the strike direction NE-SW (fig. 21, leftmost panel) and
the direction perpendicular to the strike NW-SE (fig. 21, lower panel), of the projections
of the relocated hypocenters also show that the aftershocks are clustered around this
nodal plane. We identify the plane striking 225° as the causative fault due to its agree-
ment with the NE-SW-trending aftershock distribution and the NE-SW strike of the LF.
Overall, the 2008 Wenchuan mainshock rupture was a predominantly thrust event with a
minor right-lateral strike-slip component on a plane dipping 39° with a strike of 225° and
rake 117°. Our solution (strike 225°/dip 39°/rake 120°) for the Wenchuan earthquake
is very close to the moment tensor solution (strike 238°/dip 59°/rake 128°) obtained by
USGS/NEIC and the Global Centroid Moment Tensor (GCMT) solution (strike 229° /dip
33° /rake 141°) obtained by the GCMT Project. The scalar seismic moment My we ob-
tained is 9.4 x 102° Nm, corresponding to a moment magnitude of M, 7.9, and is in good
agreement with that obtained by the USGS/NEIC (Mg = 7.5 x 102° Nm, M,, = 7.8) and
GCMT Project (Mg = 9.4 x 10%° Nm, M, = 7.9).
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Fig. 21. — Main panel: Map showing topography and major faults (solid purple lines) in northeast
Sichuan, the 2008 Wenchuan M,, 7.9 earthquake epicenter (white octagonal star), the locations
of relocated aftershocks (red dots), and locations of historical earthquakes (yellow dots) in
and near the Longmenshan Fault (LF) which consists of three nearly parallel NE-SW-striking
faults: from NW to SE, Maoxian-Wenchuan Fault (MWF), Yingxiu-Beichuan Fault (YBF) and
Pengxian-Guanxian Fault (PGF). Leftmost panel: Vertical cross-section A-B along the strike
direction NE-SW. Lower panel: Vertical cross-section C-D along the direction perpendicular
to the strike direction NW-SE shows that the aftershocks are clustered around the fault plane
striking 225°, dipping 39° with a rake 117°.

3°2.3. Distribution of static slip. Figure 22 shows the static-slip distribution on the
fault plane [17,42]. The slip vector represents the direction and amount of displacement
of the hanging wall with respect to the foot wall at each sub-fault. The Wenchuan
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Fig. 22. — The static-slip distribution on the fault plane.

earthquake has a slip distribution with predominantly thrust faulting and a small right-
lateral strike-slip component. There are four major concentrated-slip patches on the
fault plane (fig. 22). From the southwest to the northeast (fig. 23), the focal mechanisms
that varied from oblique thrust and right-lateral strike-slip faulting just underneath the
southwestern most segment near Kangding, to predominant thrust with small right-
lateral strike-slip faulting just underneath the elongated Yingxiu-Dujiangyan-Wenchuan
area, to oblique thrust and right-lateral strike-slip faulting underneath the Beichuan
area, and to a predominantly right-lateral strike-slip faulting with minor normal faulting
just underneath the Qingchuan area. The overall focal mechanism of the Wenchuan
earthquake is similar to that of the second or largest concentrated-slip patch which is
one of the predominant thrust faulting with a minor right-lateral strike-slip component
and in good agreement with the general NE-SW strike of the LF. The overall focal
mechanism of the Wenchuan earthquake is well consistent with the tectonic setting of
the generally NE-SW-striking LF and is due to the NW-SE thrusting of Bayan Har Block
with respect to South China Block.

The inversion shows that the Wenchuan earthquake ruptured an area 350 km in length
by 50km in width, of the 470 km-long NE-SW-striking LF. A seismic moment of about
9.4 x 102° Nm was released in the Wenchuan earthquake, corresponding to a moment
magnitude of M7.9. The average stress drop and the maximum stress drop in this
earthquake are about 18 MPa and 65 MPa, respectively, and are comparable with an
intraplate earthquake with magnitude 8.0.

As the static-slip distribution on the fault plane of fig. 22 and the beach-balls of
fig. 23 show, the M,7.9 Wenchuan earthquake is a complex event consisting of four
concentrated-slip patches in which there are two substantial slip-concentrated patches
on the fault plane with slips of up to 8.9 m and 6.7 m, just underneath the elongated area
extending from Yingxiu-Dujiangyan-Wenchuan and the area near Beichuan, respectively.
These patches breached the ground surface and account for the tremendous destructive
damage in these two meizoseismal areas (fig. 24). In addition to the two substantial slip-
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Fig. 23. — Focal mechanism of the Wenchuan earthquake (white octagonal star) and horizontal
projection of the static-slip distribution on the fault plane. The background shows the topog-
raphy of northeast Sichuan and the major faults (purple thick lines). The inset map shows the
location of the epicenter of the Wenchuan earthquake (white octagonal star) and the IRIS seismic
stations (blue triangles). Differing focal mechanisms of the four concentrated-slip patches are
shown by the four beach-balls to the right of the figure with corresponding moment magnitudes.

concentrated patches, another two major concentrated-slip patches on the fault plane are
of moderate slips of up to 2.3m and 1.6 m, respectively. They are just underneath the
Qingchuan and the Kangding areas, respectively, and corresponding to the areas with
intensities lower than the two meizoseismal areas.

During the process of rupture growth, irregular high rupture velocities (3.6 km/s,
4.0km/s, 4.4km/s, 3.5km/s in the four stages) and high rupture acceleration in the
northeast direction also play an important role in enhancing the devastating damage in
the northeastern part of the fracture.
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Fig. 24. — Isoseismals of the 2008 M, 7.9 Wenchuan earthquake. Two substantial concentrated-
slip patches of M, 7.8 and M, 7.5 on the fault plane in fig. 23 are correspondent to the two
meizoseismal areas of the intensity XI.

3'2.4. Source rupture process. The inverted spatio-temporal rupture process of the
Wenchuan earthquake shows that the earthquake is a complex asymmetric bilateral rup-
ture with overall strong northeast directivity, with high irregular rupture velocities and
long rupture duration of about 90s (fig. 25). These characteristics account for the north-
easternward elongated meizoseismal areas and the asymmetric distribution of aftershocks
that are significantly more numerous to the northeast of the epicenter of the Wenchuan
earthquake, and much less so to its southeast. As theoretical studies have indicated,
and the field observations have confirmed, in thrust earthquakes the hanging wall moves
more than the foot wall with strongly peaked velocity at the fault trace. The significant
difference in damage between the meizoseismal areas (Yingxiu-Dujiangyan-Wenchuan
and Beichuan-Qingchuan areas) which are located in the hanging wall of the causative
thrust fault, and minor damage areas such as Chengdu-Deyang-Guang’an areas which
are located in the foot wall of the causative thrust fault can be attributed to the effect
of the asymmetric dipping fault geometry, i.e., the hanging wall/foot wall effect.

The inverted STF suggests that the fault rupture development of the Wenchuan earth-
quake was divided into 4 stages (fig. 26). The first stage extends from the time of the
earthquake initiation to 16 s afterward; the second stage, from 16s to 40's; the third stage,
from 40s to 58s, and the last stage, from 58s to 90s. The rupture propagates bilater-
ally in the first stage. In the second stage the rupture appears to be more complicated,
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Fig. 25. — Snapshot of the inverted spatio-temporal rupture process of the Wenchuan earthquake.

starting 50km to the northeast of the epicenter, and then propagates northeastward at
first and subsequently bilaterally to the southwest; the rupture is temporally discrete
and spatially fragmentary. In the third stage, the rupture took place at two patches,
one, 120 km to the northeast of the hypocenter, and the other 160 km to the southwest of
the hypocenter. The rupture in the last stage appears to be unilateral to the northeast
only and is temporally discrete and spatially fragmentary. The solid brown line and the
dotted brown line represent leading edge and trailing edge of fracture, respectively.

It is recognized that the predominantly thrust motion with a minor component
of right-lateral motion of the M, 7.9 Wenchuan earthquake was consistent with the tec-
tonic setting of the generally NE-SW-striking LF and was due to the NW-SE thrusting of
Bayan Har Block with respect to South China Block along the NE-SW striking LF [43].
It is also recognized that the rupture process of the Wenchuan earthquake was extremely
complicated [44]. During the rupture process of the Wenchuan earthquake, two substan-
tial concentrated-slip patches on the fault plane breached the surface and were responsible

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

INVERSION OF EARTHQUAKE RUPTURE PROCESS: THEORY AND APPLICATIONS 165

Moment rate (10"Nm/s) Distance along strike (km) Distance along strike (km)
0 2 4 6 8 10 -200 0 200 -200 0 200
| | - - L 1 i
1 ; 10~16s [
1 :E: Muc:ﬂuﬂ:i
10 1% - e ARB ais - 10
20 =
30 2 1
56%
40

Time (s)
Time ()

28% ; _
60 - -4 -
70 : 1

4 ; :
80 $ - 80
90 5%: v " | l 90
g o0 1 1.5
Slip rate (m's)

Fig. 26. — (a) Source time function (STF). (b)The spatio-temporal variation of slip-rate on the
fault plane. (¢c)Summary of the rupture process of the 2008 Wenchuan earthquake.

for the tremendous destruction in the two meizoseismal areas. In addition, during the
process of rupture growth, irregular high rupture velocities and high rupture acceleration
also played an important role in enhancing the devastating damage in the meizoseismal
areas. It is worth noticing that the Wenchuan earthquake is a complicated rupture event
which involved rupturing of several fault segments and that in the assessment of the
earthquake disaster risk, not only the possibility of one segment of the fault, but also
more than two segments rupturing at one big event should be taken into account.

3'3. The M, 6.9 Yushu, Qinghai, earthquake of 14 April 2010.

3'3.1. Tectonic setting. The My, 6.9 (Mgs7.1) Yushu earthquake occurred on 14 April,
2010, at 07:49 am (Beijing Time) (13 April 2010, 23:49 UTC). The epicenter of the Yushu
earthquake was at (33.2°N, 96.6° E), 44 km northwestern of Yushu city, and the focal
depth was 14km (table IT; figs. 14 and 27). By May 30th, 2010, the Yushu earthquake
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Fig. 27. — Tectonic setting of the Yushu earthquake. White and cyan stars are epicenters of the
My6.9 (Mg7.1) mainshock and the largest aftershock of Mg6.3, respectively. Red lines denote
the major faults. Beach-balls represent the focal mechanisms of the mainshock and the largest
aftershock of Ms6.3 (equal-area projection of the lower hemisphere of the focal sphere). Cyan
circles are locations of the aftershocks in the first 5 days after the occurrence of the mainshock
(from Qinghai Province Earthquake Administration). The black frame in the left-bottom inset
outlines the area of the main plot.

caused about 3000 people to be killed or missing, over 10000 people injured, and a
large number of houses and buildings collapsed. The Yushu earthquake occurred on the
Ganzi-Yushu Fault, a southeast-striking, left-lateral strike-slipping fault, which lies on
the southern boundary of the Bayan Har Block [45-47]. Historically there has been high
seismicity on the fault. The Yushu earthquake was the largest event on the northwestern
segment of the Ganzi-Yushu fault during the last 100 years.

For fast emergency response to the earthquake disaster, we obtained the source rup-
ture process by inverting the seismic recordings and had it released about 2.5 hours after
its occurrence. About 5 hours and 2 days after the earthquake occurrence, as more data
become available, we updated twice the results, respectively (http://www.csi.ac.cn).
In order to better understand the source rupture process of the Yushu earthquake, af-
ter the fast emergency response activity, once again we inverted the carefully selected
waveform data to improve the results of the source rupture process (fig. 27).
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Fig. 28. — Inverted spatio-temporal rupture process of the 2010 Yushu earthquake. (a) Locations
of the epicenter and seismic stations; (b)source time function; (c) projection of the static (final)
slip distribution on ground surface; (d) spatio-temporal distribution of slip on the fault plane;
(e) static slip distribution on the fault plane. White octagonal star represents the epicenter in
(a) and (c), but the rupture initiation point in (d) and (e). Gray arrows in (e) denote the slip
vectors.

3°3.2. Focal mechanism. The inverted result (fig. 27) shows that the focal mechanism
of Yushu earthquake was strike 119° /dip 83° /rake 2°, and that the scalar seismic moment
was about 2.7 x 10'9Nm, yielding a moment magnitude of M,6.9 [30].

3'3.3. Distribution of static slip. Figure 28 summarizes the inverted spatio-temporal
rupture process of the 2010 Yushu earthquake [48]. As fig. 28 shows, there are two
concentrated-slip patches located near the hypocenter and to the southeast of the epi-
center, respectively. The first concentrated-slip patch was between 10 km northwestern
and 10km southeastern from the epicenter, with a maximum slip of 0.8 m. The second
one was in the range 17-54 km southeastern from the epicenter in the strike direction
(red-orange-yellow area in fig. 28c and e), with a maximum slip of 1.8 m and breached
the ground surface. The average slip on the whole fault plane was about 0.6 m, and
the average stress drop was 15 MPa, which was in a good agreement with the typical
stress-drop (~ 10 MPa) for intraplate earthquakes.

3'3.4. Source rupture process. The inverted results clearly show that the Yushu M,6.9
(Mg7.1) earthquake consists of two distinct sub-events (fig. 28b, ¢, €). The first one
occurred in the first 5s releasing less seismic moment, and the second occurred in the
later 11 s releasing more seismic moment. The rupturing of the concentrated-slip patch to
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the southeast of the epicenter breached the ground surface. The peak-slip and peak slip-
rate are about 2.1 m and 1.1m/s, respectively. They indicate that the Yushu earthquake
is an event with large slip velocity on the fault plane. Overall the Yushu earthquake is
a unilateral rupture event with the rupture mainly propagating southeastward. It was
inferred that the Yushu city, located 44km to the southeast of the epicenter, would be
heavily destroyed due to the facts that the concentrated-slip patch to the southeast of
the epicenter breached the ground surface, and that the strong focusing of the seismic
energy to the southeast of the epicenter caused by the seismic Doppler effect. These
results have been reported to the authorities and released to public about 2.5 hours after
the occurrence, and confirmed later by the tremendous damage in the Yushu city and
proved to be very informative in the Yushu earthquake relief work.

3'4. Applications to the earthquake emergency response. — On the basis of the compari-
son and discussion between the ASTF inversion and seismogram inversion for rupture pro-
cess (table I), we design two inversion steps to perform the fast rupture process inversion.
Firstly, we retrieve the ASTF's, and get a rough estimation on the overall rupture direction
by analyzing ASTFs with seismic Doppler effects. Secondly, based on the rough estima-
tion on the source characteristics, we directly invert the seismograms for rupture model.
The final determined results of seismogram inversion should satisfy two conditions:
1) They suggest similar rupture directivity. 2) The obtained source time function (STF)
should be similar with the average ASTF (approximately the superposition of all ASTF's).

We construct a semiautomatic operation process to fast and stably carry out the
rupture process inversion, which contains several useful program modules, such as the
teleseismic data processing, fast calculation of Green’s function, ASTF's analysis, inver-
sion parameters’ setting, and quick display of the inverted results. In the data processing
module, the P-waves were picked automatically. The teleseismic stations were re-selected
by an azimuthal filter with an interval of about 5 degrees to ensure a uniform coverage of
the stations over the epicenter. The teleseismic P-waves with the epicentral distance of
30° to 90° on their vertical components are downloaded from the Incorporated Research
Institutions for Seismology (IRIS) website.

The fast and robust inversion method of the earthquake source rupture process we
developed in the past two and more decades proved to be effective in providing informa-
tion on the source characteristics. It is found that in addition to the usual earthquake
source parameters, such as the epicentral location, focal depth, focal mechanism, the
fast inverted results of the spatio-temporal rupture process of the earthquake sources
provided additional important information such as the possible disastrous areas and the
timely release of these results were very useful to earthquake emergency response and
seismic disaster relief efforts. We applied this method to some of the recent significant
earthquakes worldwide. Since May 2008, the source rupture processes of more than 71
significant earthquakes worldwide were inverted by using this newly developed method
and the inverted results were timely released on the website within 3 to 5 and more
hours in 2009 to 1-3 hours at present after the occurrence of the earthquakes (table III;
figs. 29 and 30). These earthquakes include the My 7.9 Wenchuan, Sichuan, earthquake
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TABLE III. — Source parameters of the significant earthquakes for which the earthquake rupture
processes were inverted and released immediately after the earthquake occurrence in the time
period 2009-2018 (Part of these models can be found at http://www.cenc.ac.cn/cenc/_ 300651/
index.html).

L. . Epicentral Focal Time
. . Origin Time .
No. Epicentral Region (UTC) Location Depth M,, Consumed
(Lat., Long.) (km) (hr)
1 North of Papua 2009-01-04 04:43 (—0.5°,132.8%) 33 7.7 6.4
2 North of Papua 2009-01-04 06:33  (—0.7°,133.2°) 33 7.5 5.7
3 Tonga 2009-03-19 18:17 (—23.0°,—174.7°) 10 7.8 8.3
4 Offshore Honduras ~ 2009-05-28 08:24  (16.8°, —86.2°) 15 7.2 8.6
5 Hualian, Taiwan 2009-07-13 18:05 (24.1°,122.2°) 6 6.4 3.0
6 South Island, N.Z. 2009-07-15 09:22  (—45.7°,166.6°) 33 7.8 3.7
7 Andaman Islands 2009-08-10 19:55 (14.1°,92.9°) 33 7.8 4.2
8 Samoa Islands 2009-09-29 17:48 (—15.5°,—172.2°) 33 8.0 3.3
9 Southern Sumatra 2009-09-30 10:16 (—0.8°,99.8°) 60 7.6 4.5
10 Vanuatu 2009-10-07 22:03  (—13.0°,166.3°) 33 7.8 2.7
11 Hualian, Taiwan 2009-12-19 13:02 (23.8°,121.7°) 30 6.6 3.5
12 Haiti 2010-01-12 21:53 (18.5°,—72.4°) 10 7.1 5.2
13 Central Chile 2010-02-27 06:34  (—35.8°,—72.7°) 33 8.6 3.2
14 Central Taiwan 2010-03-04 00:18 (23.0°,120.7°) 5 6.5 3.5
15 Northern Mexico 2010-04-04 22:40  (32.1°,—115.5°) 10 7.2 4.8
16 Southern Sumatra 2010-04-06 22:15 (2.4°,97.1°) 31 7.8 3.1
17 Yushu, Qinghai 2010-04-13 23:49 (33.1°,96.7°) 10 6.9 2.5
18 Nicobar Islands 2010-06-12 19:26 (7.7°,91.9°) 30 7.6 4.6
18 Vanuatu 2010-12-25 13:16  (—19.7°,168.9°) 20 7.4 24
20 Southwestern Pakistan 2011-01-18 20:23 (28.8°,63.9°) 10 7.1 4.1
21 Tohoku, Japan 2011-03-11 05:46 (38.3°,142.4°) 24 9.0 2.5
22 Kermadec Islands 2011-07-06 19:03 (—29.3°,—176.2°) 10 7.7 2.9
23 Kermadec Islands 2011-10-21 17:57 (—29.0°, —176.2°) 33 7.5 2.9
24 Eastern Turkey 2011-10-23 10:41 (38.6°,43.5°) 20 7.3 3.0
25 Mexico 2012-03-20 18:02 (16.7°,—98.2°) 20 7.5 2.7
26 Northern Sumatra 2012-04-11 08:38 (2.3°,93.1°) 23 8.6 3.6
97 Xinyuan, Xinjlang ~ 2012-06-29 21:07  (43.4°,84.8°) 7 6.3 3.3
28 Costa Rica 2012-09-05 14:42 (10.1°,85.3°) 41 7.6 2.6
29 Haida Gwaii 2012-10-28 03:04  (52.8°,—131.9°) 18 7.8 3.2
30  Southeastern Alaska  2013-01-05 08:58  (55.2°,—134.8°) 10 7.5 2.2
31 Solomon Islands 2013-02-06 01:12  (—10.8°,165.1°) 6 7.8 2.7
32 Nantou, Taiwan 2013-03-27 02:03  (23.8°,121.1°) 21 6.0 2.8
33 Khash, Iran 2013-04-16 10:44 (28.1°,62.1°) 82 7.7 4.3
34 Lushan, Sichuan 2013-04-20 00:02 (30.3°,103.0°) 12 6.8 3.0
35 Sea of Okhotsk 2013-05-24 05:44 (54.9°,153.3°) 610 8.3 2.8
36 Nantou, Taiwan 2013-06-02 05:43 (23.8°,121,1°) 20 6.2 2.6
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. . Origin Time Epicegtral Focal Time
No. Epicentral Region (UTC) Location Depth My, Consumed
(Lat., Long.) (km) (hr)
37 Mingxian-Zhangxian, Gansu 2013-07-21 23:45 (34.5°,104.2°) 10 6.0 2.4
38 Hualian, Taiwan 2013-10-31 12:02 (23.6°,121.4°) 12 6.3 1.7
39 Scotia Sea 2013-11-17 09:04 (—60.3°,—46.4°) 10 7.8 1.6
40 Yutian, Xinjiang 2014-02-12 09:19  (35.9°,82.6°) 13 6.9 3.2
41 Northern Chile 2014-04-01 23:46 (—19.6°,—70.8°) 20 8.2 2.8
42 Northern Chile 2014-04-03 02:43 (—20.4°,—-70.1°) 20 7.7 1.3
43 Solomon Islands 2014-04-12 20:14 (—11.3°,162.2°) 29 7.6 5.0
44 Solomon Islands 2014-04-13 12:36 (—11.5°,162.1°) 35 7.5 2.4
45 Papua New Guinea 2014-04-19 13:27 (—6.7°,154.9°) 31 75 1.3
46 Alaska 2014-06-23 20:53 (51.8°,178.8°) 114 79 2.7
47 Ludian, Yunnan 2014-08-03 08:30  (27.1°,103.3°) 12 6.1 2.4
48 Jinggu, Yunnan 2014-10-07 13:49  (23.4°,100.5°) 5 6.0 1.6
49 Papua New Guinea 2015-03-29 23:48 (—4.8°,152.6°) 18 75 2.6
50 Nepal 2015-04-25 06:11  (28.1°,84.6°) 40 7.9 2.2
51 Nepal 2015-05-12 07:05  (27.8°,86.1°) 15 7.2 2.9
52 Pishan, Xinjiang 2015-07-03 01:07  (37.5°,78.1°) 15 63 1.7
53 Central Chile 2015-09-16 22:54 (—31.6°,—71.7°) 13 8.2 2.3
54 Farkhar, Afghanistan 2015-10-26 09:09  (36.4°,70.7°) 213 7.5 2.0
55 Tarauaca, Brazil 2015-11-24 22:45 (—10.5°,-70.9°) 600 7.4 2.6
56 Sumatra 2016-03-02 12:49  (—4.9°,94.2°) 10 7.7 1.0
57 South Georgia Island 2016-08-19 07:32 (—55.3°,-31.9°) 10 74 2.0
58 Zaduo, Qinghai 2016-10-17 07:14  (32.8°,94.9°) 9 5.8 1.9
59 Norcia, Italy 2016-10-30 06:40  (42.9°,13.1°) 10 6.3 1.7
60 South Island, N.Z. 2016-11-13 11:02 (—42.8°,173.1°) 10 7.9 1.7
61 Aketao, Xinjiang 2016-11-25 14:24  (39.3°,74.0°) 12 6.5 1.8
62 Hututi, Xinjiang 2016-12-08 05:15  (43.8°,86.4°) 6 6.2 3.5
63 Chile 2016-12-25 14:22 (—43.4°,—-73.8°) 40 7.5 1.6
64 Solomon Islands 2017-01-22 04:30 (—6.1°,155.2°) 168 7.9 1.4
65 Jiuzhaigou, Sichuan 2017-08-08 13:19  (33.2°,103.8°) 10 6.5 1.7
66 Jinghe, Xinjiang 2017-08-08 23:27  (44.3°,82.9°) 11 6.3 1.1
67 Mexico 2017-09-08 12:49  (14.9°,-94.0°) 30 81 1.3
68 Milin, Tibet 2017-11-17 22:34  (29.8°,94.9°) 10 6.4 1.2
69 Northern Honduras 2018-01-10 02:51 (17.5°,—83.5°) 10 7.7 1.9
70 Alaska 2018-01-23 09:31 (56.0°, —149.1°) 10 7.9 14
71 Papua New Guinea 2018-02-25 17:44 (—6.10°,142.8°) 20 7.4 2.1

of 12 May 2008 (no fast inversion for this earthquake), the M6.3 L’Aquila, Italy, earth-
quake of 6 April 2009 (no fast inversion for this earthquake), the M,, 7.0 Haiti earthquake
of 12 January 2010 [47], the M,8.8 Chile earthquake of 27 February, 2010, the M6.5

EBSCChost - printed on 2/13/2023 8:59 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

INVERSION OF EARTHQUAKE RUPTURE PROCESS: THEORY AND APPLICATIONS 171

80°N

40°

o

80”8

—

180° 120° 60° 0° 60° 120° 180°W

Fig. 29. — Map showing the epicentral distribution of the recent significant earthquakes whose
source rupture processes were timely inverted and released after the earthquake occurrence in
the time period 2009-2018.

Jiaxian, Taiwan, earthquake of 4 March 2010, the M, 7.2 Mexico earthquake of 4 April
2010 (poorly constrained model) [48], the M, 7.8 Sumatra earthquake of 6 April 2010,
the M,6.9 Yushu, Qinghai, earthquake of 13 April 2010 (14 April 2010, Beijing time),
the 20 April 2013 My6.6 Lushan, Sichuan, earthquake [49], the 21 July 2013 M6.0
Mingxian-Zhangxian, Gansu, earthquake, the 3 August 2014 M6.1 Ludian, Yunnan,

Consumed time (hr)

10 20 30 40 50 60 70
Earthquake No.

Fig. 30. — The time consumed on each of the significant earthquakes in table III for which the
source rupture processes were inverted and released immediately after the earthquake occurrence
in the time period 2009-2018. The abscissa represents serial number (No.) of the significant
earthquake. The ordinate represents the time consumed for data processing in hour.
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earthquake [50], the 25 April 2015 M, 7.8 Gorkha, Nepal, earthquake, and the 8 August
2017 M6.5 Jiuzhaigou, Sichuan, earthquake.

4. — Summary

The earthquake rupture process inversion is not only an important part of scientific
research at present, but also a necessary work in the emergency response of earthquake
disasters. We have presented the theory and the methods of earthquake rupture process
inversion and have shown in this paper that the earthquake rupture model can be well
determined about 1-3 hours after the earthquake occurrence, which is valuable to esti-
mate the meizoseismic areas of disastrous earthquakes. However, for early warning of
near-shore earthquake-generated tsunamis, this is far from enough because the tsunami
usually reaches the coast in 10-30 minutes. To further reduce the time consumed, a
feasible way is to use the local or regional data, rather than the teleseismic data. As
the continuous improvement of earthquake monitoring particularly in earthquake-prone
area, inversion with the near-source data would be the future direction to speed up the
fast and routine source inversion.
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Summary. — Many earthquakes are preceded by foreshocks. However, the mech-
anisms that generate foreshocks and the reason why they occur before some earth-
quakes and not others are still poorly understood. We investigate here the evolution
of seismic activity before 65 large earthquakes which have occurred in well instru-
mented areas. We show that most of the earthquakes occurring along the plate
interfaces are preceded by foreshocks. Intraplate earthquakes which result from the
internal deformation of the plates are less prone to foreshocks. This difference sup-
ports that slow slip of the plate interface precedes many large interplate earthquakes.
Within this group a large difference exists in the spatial distribution of foreshocks:
While foreshocks to transform fault earthquakes tend to localize close to the future
hypocenter, those preceding subduction earthquakes are often spread over a broad
area of the plate interface, suggesting that these earthquakes are preceded by the
slow slip of a large patch of the subduction interface.
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1. — Introduction

The reason why foreshocks occur before some earthquakes and not others is still poorly
understood. Two mechanisms are proposed to explain their presence [1-8]:

— A cascade model where a first shock randomly triggers other shocks and one of
them triggers the earthquake. The fact that this leads to a large earthquake is the
result of a random throw.

— An aseismic slip model where a patch of the fault begins to slip slowly and the
foreshocks are the breaking of the fault asperities resisting the slow slip.

If the first model is correct, there is no hope to ever predict earthquakes. If slow slip is
what generates foreshocks, one may hope that in the future this slow slip will be directly
measurable and that the preparation phase of some earthquakes will be recognizable
before rupture occurs.

To further explore this problem and try to shed light on the mechanism involved, we
investigate the characteristics of seismic activity before 65 large earthquakes which have
occurred in some of the best instrumented regions of the world. Most of this activity will
be studied statistically but particular attention will be devoted to three major events: the
1999 Izmit (Turkey), 2010 Tohoku-Oki (Japan) and 2014 Iquique (Chile) earthquakes.

2. — Izmit earthquake

The Izmit earthquake is the best recorded large strike-slip earthquake to date. It
ruptured the North Anatolian Fault, a plate boundary between two horizontally moving
plates, the Eurasian plate to the north and the Anatolian plate to the south. Its rupture
length extended for about 150 km with an average slip of ~ 2.5m.

On the day of the earthquake, the closest station to the epicenter, UCG located only
13km away (fig. 1), was triggered into recording 45 minutes before the earthquake [9].
During this period it recorded 18 seismic events (fig. 2). The similarity of their waveforms
shows that they were originating from the same zone while the similarity of their spectra
(fig. 3) support that they were produced by the repeating stick-slip of the same asperity.
A comparison of their S minus P times with the S minus P time of the mainshock shows
that, within the time resolution of the data (0.01s), all the signals were coming from the
location of the future hypocenter.

Cross-correlating the recorded signals provides a precise measurement of the relative
locations of their source. Figure 4 presents the cross-correlation of the first 2 foreshocks.
The figure shows a difference in S minus P times between the two events of about
6 x 10~%s, which implies a difference in location (seen from station UCG) of ~ 5m.
This value is considerably smaller than the radius of the source inferred from the spectra
which is of the order of 100 m. This shows that, seen from this station, the sources of
the two foreshocks overlap.

The next closest station to the epicenter, KOS, is located ~ 38km away from the
epicenter. This station recorded only the largest foreshocks. While UCG is in a direction
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Fig. 1. — The 150 km long Izmit rupture and the closest stations to the epicenter.

almost perpendicular to the fault, KOS lies almost along fault strike (fig. 1). It is thus
interesting to compare cross-correlations of the same events at the two stations. This
is presented in fig. 5 for two M > 2 foreshocks. Because of the noise level at KOS, the
records are low pass filtered at 12 Hz, which is approximatively the corner frequency of
their spectra. At the two stations the difference in S minus P times between the two
foreshocks is no more than ~ 0.002s. This time difference, translated into distance,
implies that the 2 stations see the center of radiation of the 2 foreshocks within ~ 17m

23h
17mndls

41mn46s
42mn50s
43mndBs _
43mn]8s

4. 2. ‘
PN

time (s)

Fig. 2. — Records of the 18 shocks which preceded the Izmit earthquake. The location of the
recording station (UCG) is shown in fig. 1. The P and S wave arrivals are indicated. Amplitude
is normalized. Fluctuations before P arrivals show the relative noise level.
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Fig. 3. — Normalized spectra of the 9 largest foreshocks of the Izmit earthquake.
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Fig. 4. — Superposition of the records of the first two foreshocks (normalized independently) and
their cross-correlation.

from each other. This is considerably smaller than the source size of M > 2 events
(> 100m), and shows that for the two stations their sources overlap, indicating that
the same asperity is involved. The repeating slip of the same asperity at a few minutes
interval supports that the fault is locally slipping and reloading the asperity.
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Fig. 5. — Cross-correlation between the records of two M > 2 foreshocks at the two closest
stations from the epicenter UCG (top) and KOS (bottom). a), ¢) Evolution of the time shift
which maximizes the correlation between the waveforms of the two foreshocks. The correlation
is done over a moving window 128 points long (1.28s). The first window begins at the P-wave
arrival and corresponds to the origin of the time axis. Subsequent time shifts are measured
relatively to this first window. The time shift is obtained by interpolating the correlation peak
at each time step. b), d) Superposition of the records of the two foreshocks at each station. One
of the records has been shifted in time (in the Fourier domain) by the time increment which
maximizes the cross-correlation of the two signals. The P arrivals correpond to the origin of the
time axis. The non-zero amplitude before the P arrivals shows the noise level of the records.

The similarity of the waveforms allows us to use waveform as a template to eventually
detect other events present in the noise. This is done in fig. 6 where this template is cross-
correlated with two 40s long segments of the records. The first segment correlation (in
black) is just before the first foreshock, the second one (in blue) immediately precedes the
main shock. A correlation peak is indicative of a detected event. While no peak is present
before the beginning of the foreshock crisis, 6 peaks are present in the 40s leading to the
earthquake. In all 44 foreshocks can be retrieved from the records. The long duration of
the foreshock sequence and the striking acceleration of foreshock occurrences as the time
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Fig. 6. — Cross-correlating the record with the template. Top: before the first foreshock. Bottom:
40s prior to the earthquake.

of the earthquake approaches shows that a slow but accelerating process is involved. It
argues for a much slower nucleation process than an elastic cascade where stress transfer
would be largely controlled by elastic wave propagation.

Another piece of information we have on the nucleation of the Izmit earthquake is its
location. Its hypocentral depth (17km) places it at the very bottom of the seismogenic
zone, no seismicity occurring below this depth. Based on these observations, our inter-
pretation is that a patch of the fault located at the bottom of the brittle crust began
to slip slowly 45 minutes before the earthquake. An asperity which would become the
hypocenter of the earthquake was resisting this slow slip and was continuously reloaded
by the slow slip around it. This phase of slow slip accelerated in time and led to the
earthquake.

3. — Interplate and intraplate earthquakes

Our observation of the Izmit earthquake nucleation brings us to ask the question: Is
Izmit just a special case or could it be a common case? Or phrased in another way:
Are many large earthquakes preceded by a phase of slow slip accelerating (irregularly)
in time?

To investigate this question, we now analyze 12 years of large earthquakes in the
best instrumented areas in the world: The North Pacific from Taiwan to Japan and
around North America. We consider all the M > 6.5 earthquakes which occurred in
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Fig. 7. — All the M > 6.5 interplate (red) and intraplate (black) earthquakes which occurred in
these two densely instrumented zones between 01/01/1999 and 01/01/2011.
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Fig. 9. — Cumulative number of events in the 4 days prior to all the intraplate earthquakes. The
largest event is circled in red.

these two densely instrumented zones between 01/01/1999 and 01/01/2011 (fig. 7). We
separate these events into two groups: interplate and intraplate earthquakes. We class
as interplate earthquake an event which occurs on a plate interface. Large interplate
earthquakes are of two types: subduction and transform fault earthquakes. We exclude
earthquakes which occur less than one year after another large earthquake in the same
area. For the zone studied, the two groups contain the same number of events: 31.

We first investigate how seismic activity evolves in a zone of 50 km radius around the
epicenter in the few days (4) preceding the earthquakes. We observe that while 70%
of the interplate earthquakes are preceded by an increase of activity in the day before
(fig. 8), only 29% of intraplate earthquakes show an increase (fig. 9).

A statistical quantification of the difference between the two groups [10] confirms that:
1) most interplate earthquakes are preceded by foreshocks and 2) there is a significant
difference between interplate and intraplate earthquakes, the latter group being less prone
to have them.

The stack of all the seismicity evolutions preceding the 31 interplate earthquakes is
presented in fig. 10. It shows a strong acceleration of the seismic activity as the time of
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Fig. 10. — Normalized stacks of the cumulative numbers of events of all the interplate sequences.
Fach sequence is given the same weight. Different periods and different values of the radius of
the zone around the future epicenter in which the events are counted are considered. The figure
shows that the acceleration observed is independent of the time and space parametrization used.
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Fig. 12. — Seismic activity during the foreshock crisis before the occurrence of the large M7.3
foreshock (pink star) two days before the Tohoku earthquake. The red star is the Tohoku
epicenter. All catalog events shallower than 25km are shown. During this period the largest
foreshock is M5.3 while the foreshock zone illuminates a patch of the plate interface of about
40km by 40 km.

the mainshock approaches. This acceleration is robust and its presence is independent of
the space and time parametrization used. A simulation of the sequences with the ETAS
model [11] which takes into account the natural tendency of seismic events to cluster in
time, shows that the observed acceleration is not due to this clustering tendency [10].
This implies the underlying presence of an accelerating process for which slow slip of the
plate interface is the natural candidate.

We now investigate the spatial characteristics of this preparation phase. We show in
fig. 11 the locations relatively to the mainshock hypocenter of the last event of all the
pre-earthquake interplate sequences. As previously shown, most of these last events are
foreshocks. A surprising feature of this figure is that while transform fault pre-earthquake
shocks locate close to the hypocenter, subduction events are spread over a broad area of
the plate interface. The distance involved and the small size of most events [10] generally
prevents a stress transfer between subduction pre-shocks and mainshock, and indicates
that a broad process unrelated to seismic waves is involved. This again points to the
slow slip of a patch of the plate interface. The difference in foreshock localization must
reflect inherent mechanical differences between a transform fault and a subducting slab.

The surprisingly large extent of many subduction foreshock zones is confirmed by what
is observed before two of the best recorded subduction earthquakes to date, the M9.0
March 2011 Japan Tohoku earthquake (fig. 12), and the M 8.2 Chile Iquique earthquake
(fig. 13). The spread of foreshocks over such large zones has been interpreted as migrating
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Fig. 13. — Seismic activity during the foreshock crisis before the large M6.7 foreshock of March
16 (pink star). All catalog events shallower than 40km are shown. The red star is the M8.2
Iquique epicenter. The 3 clusters show that the foreshock zone extends over ~ 150 km.

slow slip [12,13]. The rapidity of this spread (a few weeks) through a wide zone which is
thought to be largely locked during the interseismic period however raises the question
of what is the motor of this slow slip. Recent seismic and gravity observations [14, 15]
provide some clues which support that this motor lies deep in the slab. The nature of
this motor is still unknown.
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near-field spectrum dominates.

Summary. — We have studied the spectra of several large earthquakes in the
Chilean subduction zone using both accelerograms and CNSS instruments. For the
two events studied here, the Iquique M, 8.1 earthquake of 24 April 2014 and the
M, 6.9 Valparaiso earthquake of 24 April 2017 we observe similar features. For
these earthquakes the velocity records at low frequencies obtained by integrating
accelerograms agree quite well with the ground velocity derived from GNSS records
at the same sites. These observations show that at low frequencies the ground
spectra differ quite significantly from the usual Aki-Brune spectrum used in studies
of the far-field spectral properties of earthquakes. The most important difference is
that at short distances the near-field term of the source dominates the spectra at low
frequencies. The near-field term in seismic radiation is proportional to the moment
time function of the source which is very different from the moment rate function
that controls farfield. The ground velocity spectrum is flat at low frequencies and
proportional to the static displacement produced by the earthquke at the observation
site. The displacement spectrum on the other hand has a low-frequency asympote
proportional to omega —1 instead of the usual flat spectrum predicted by the Aki-
Brune model. More theoretical work is needed to identify the region where the
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1. — Introduction

Most studies of seismic radiation assume that the Fourier spectrum of displacement
follows the omega-squared spectrum proposed by Aki and Brune [1,11]. This is often
true in the far field although many deviations from the simple omega-squared model are
frequently reported (see, e.g. [3,4]). In the near field it is expected that the spectrum
deviates from the simple Aki-Brune model. Among other properties of seismic radiation
the near-field spectrum must be compatible with the finite near-field displacement ob-
served by dynamic GPS and the strong motion recordings observed at short distances
from the source. Here we review a number of observations made in Chile where several
large earthquakes have been recorded by both accelerometers and GNSS (Global Navi-
gation Satellite System) instruments. We show that in the near field the seismic spectra
are often very different from the Aki-Brune model.

In the last 15 years a number of large subduction earthquakes in North and Central
Chile have been very well observed thanks to new observational data obtained by a num-
ber of new instruments deployed in the country. The series of events started with the
2005 Tarapaca [31] earthquake of 2005, it was followed by the M, 7.7 Tocopilla earth-
quake [32] most important event was the M, 8.8 Maule earthquake of 27 February 2010,
followed in 2014 by the M,, 8.2 Iquique (sometimes called Pisagua) earthquake, the 15
September 2015 Illapel earthquake of M, 8.4 and a series of events of magnitudes be-
tween 6 and 8 that provide additional insight into the radiation produced by earthquakes
generated by the subduction process in Chile.

In a recent publication by [28] the spectra of the Iquique earthquake was discussed
in some detail from the simultaneous observation of ground motion recorded by both
accelerometers and GNSS data (see also [5]). They showed that the ground velocity
spectrum is flat at low frequencies and that its amplitude is proportional to ground
displacement observed by co-located GPS stations. This is in contrast with predictions
by Aki-Brune that in the far field the velocity spectrum should increase at low frequencies
as w used in most studies of earthquake spectra [30,3,33,4,14]. The first observations
made in Chile of deviations of the ground motion spectrum from the classical Brune model
were made by [21] following the Tocopilla earthquake of November 2017. Although the
data was sparse they showed that ground displacement spectra was very different from
that of small aftershocks and that it had an omega —1 asymptote at low frequencies. This
observation together with others made in for the M,, 8.8 Maule earthquake of 27 February
2010, showed that the near-field terms in seismic radiation significantly affects the ground
motion spectrum and that the usual assumption that Brune spectrum properly describes
the ground motion properties needs to be carefully revised. Of course the effects of the
near-field terms are limited to the lower frequency range, but under many circumstances
the effect may be much broader than what is usually assumed.

In this notes I will first review the recent observations of ground motion made simul-
taneously by accelerographs and GNSS instruments in Northern Chile during the Iquique
earthquake of 2014 so as to set some broad properties of ground motion, specially ground
velocity. Then we will look at a smaller event of magnitude M, 7.9 that occurred near
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Valparaiso on 24 April 2017. This event was very well recorded by the new National
Seismological Service of the University of Chile (CSN) although only a couple of GPS
stations could be used to determine the very low-fequency properties of ground displace-
ment. We will provide a short introduction to ground motion properties derived from
the usual Green function in an infinite medium and then provide some discussion about
the consequences of these new observations.

2. — Observations

Northern Chile is an active seismic zone that is sometimes considered to be an active
seismic gap by many authors [26,28]. Since 2005 a large set of multi-parameter stations
were deployed by the Integrated Plate Boundary Observatory Chile (IPOC), a multi-
component network deployed by German, French and Chilean researchers starting from
2006. After 2013 a new network of multi-parameter instruments was deployed by CSN
(Centro Sismologico Nacional of the University of Chile). Since then, northern Chile
earthquakes have been well recorded by GNSS, broad band and strong motion stations
mostly located on hard rock sites [24,25,5]. The first mayor earthquake that occurred
after the installation of IPOC was the M,, 7.7 Tocopilla earthquake of 2007 [13,32, 16].
[21] studied the spectral characteristics of this event and its aftershocks. They found
that aftershocks had a typical omega-squared Fourier displacement spectrum [1,11,27].
The main-shock, on the other hand, was very different since its displacement spectrum
diverged at low frequencies, increasing like omega to the power —1. They proposed that
this behavior could be due to the presence of near-field waves, but that it could also be
due to the complexity of this double event. The lack of near-field GNSS instruments did
not permit us to resolve the low-frequency properties of the displacement spectrum in
order to distinguish between these two hypotheses.

The large 2010 M, 8.8, Maule mega-thrust earthquake produced excellent continuous
GNSS records that were used by [41] as seismograms to model the rupture process of
the event. Unfortunately no digital good-quality accelerometers were located close to
the epicenter of the Maule 2010 earthquake [34]. After this event the Centro Sismologico
National (CSN) of the University of Chile was created and deployed a large network of
broad-band, accelerometers and GNSS stations [6,24,25,5]. These stations have recorded
several large earthquakes including the M, 8.2 Iquique event of 1 April 2014, the M,
8.3 Illapel earthquake of 15 September 2015 and the M, 7.6 Chiloé earthquake of 25
December 2016. These events provide excellent recordings that have been largely used
to model the events and to study their principal characteristics (e.g. [35,38,17,20,29,43,
36, 30,22]). These studies have been centered on the slip distribution, tsunami effects,
nucleation process and their relation with slow-slip events, but did not mention the
spectral properties of strong-motion records in the near field. Here we examine the
general properties of these accelerograms. We use the records written by the Iquique
earthquake of 1 April 2014 and the Valparaiso earthquake of 24 April 2017 because these
events have a large number of co-located GNNS and strong-motion records on hard-
rock sites [25,24,5]. Our goal is to understand the basic features of seismic spectra,
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Iquique Earthquake 1 April 2014
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Fig. 1. — Northern Chile area hit by the M,, = 8.1 Iquique earthquake of 1 April 2014. The
rupture area of the main event is outlined by the red ellipse (from [35]). White stars show the
epicenters of the main shock as well as its main aftershock of 3 April 2014 and the 16 March
2014 foreshock. The events are situated between the trench and the Chilean coast line along
the plate interface. The main stations used in the present study are shown with blue circles.

the relative role of low and high frequencies of the spectrum and their relation with the
seismic moment and seismic moment rate histories.

In the following we use the ground motion records obtained during the Iquique earth-
quake of 1 April 2014 in Northern Chile. This event was very well recorded by stations
from the IPOC network and by several accelerometers of the new network deployed by
the CSN. The 2014 event was a complex event that had a small immediate precursor
and a massive slip located between the foreshock and the mainland (see, e.g. [35,15]).
As shown in fig. 1, more than 50 records are available for this event, of which many
co-located GNSS and accelerograms could be used. We will illustrate data processing
using these recordings.

Accelerograms are difficult to integrate to displacement as discussed by [8] who pro-
posed a method to integrate them taking into account changes in the average ground
velocity before and after the event. Variations of this technique have been proposed by
other authors [8,18,42,9,12]. Using time domain integration of accelerograms we veri-
fied that we could fit the low-frequency features observed in the GNSS records. Several
examples of the fit between GNSS recordings and integrated accelerograms in Chile were
recently published by [5]. The accelerograms studied here are relatively weak since none
of them has a peak ground acceleration (PGA) greater than the 20% of g.
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Fig. 2. — Ground velocity at the Pisagua stations computed from GNSS records (PSGA) and co-
located integrated accelerogram (PSGCX). The velocity records computed from accelerograms
have been low-pass filtered at 0.5Hz in order to enhance the similarity between GNSS and
ground velocity records in their common band pass.

Digital displacement records whether obtained from GNSS records or by integration of
accelerograms cannot be used directly to compute displacement spectra because the finite
displacement jumps at the end of the record. The reason is that the finite discrete Fourier
transform used to compute the spectra records assumes that the time series is periodic
with a period equal to the duration of the record. Thus the Fourier transform sees a jump
in displacement at the end of the record that contaminates the computed spectrum at
all frequencies. The Fourier transform of such a jump is simply the static displacement
divided by frequency. All the other spectral information contained in the accelerogram
is hidden by this jump. Many techniques have been proposed in the literature to remove
this effect of the finite time window. Some of them consist in using a window to multiply
the time signal, but these windows contaminate the low-frequency contents.

We propose a simple method to compute the displacement spectrum that uses a
property of the velocity time series. The accelerograms integrated once to determine the
ground velocity have been shown to be very well fit at low frequencies by the ground
velocity derived from GNSS signals (e.g. [7,42,5]). Figure 2 shows the three components
of the ground velocity integrated from accelerograms at the PSGCX station, and the
velocities derived from the nearby PSGA GNSS recordings. The instrument response

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

194 R. MADARIAGA

10—1 4
EW
10734 — PSGCX Accelerogram
—— PSGA GNSS
107% : : ;
1073 1072 107! 100 10t
z
€ 101 “
s NS
S 103
; 107 1 — psGex Accelerogram
£ —— PSGA GNSS
< 107° : . :
> 1073 1072 1071 100 10t
1071 4
1039 ___
PSGCX Accelerogram
—— PSGA GNSS
107> T T T
1073 1072 107! 100 10t

frequency [Hz]

Fig. 3. — Spectra of the ground velocity computed from PSGA GNSS station and the PSGCX
accelerogram. The corresponding time domain signals are shown in fig. 2. We observe that at
low frequencies the accelerogram and GNSS instrument share an almost identical spectrum in
spite of the different noise levels in these two types of instrument. All three components have
almost flat spectra at low frequencies whose level is the co-seismic displacement at this site.

of the accelerograms was removed, and the records were low-pass filtered with a causal
Butterworth filter of order 2 and corner frequency 0.5 Hz. The coincidence between the
records is excellent. This representation is better than comparisons between displacement
records to show that the frequency content of the two records is the same in the frequency
range where they both coincide (conservatively estimated as above 0.15 Hz).

In fig. 3 we show the Fourier spectra of the velocity traces at stations PGA and
PSGCX plotted in fig. 2. Since velocity returns to zero at the end of traces, except for
seismic noise, we can compute the velocity spectrum without the problems of the finite
displacement at the end of the time window discussed earlier. The spectra computed
using regular FFT routines display a common property of ground velocity for large
subduction earthquakes in Chile. The spectral trend is flat at low frequencies in contrast
to predictions of far-field velocity radiation for finite sources [11,27] that it should linearly
increase with fequency at low frequencies. A more detailed explanation will be provided
in next section, but it is relatively easy to understand. At close distances from the source
the near-field terms of the Green function dominate the radiated spectrum. The near
field is dominated by the moment time function, not the moment rate, so that at close
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distances the velocity spectrum at low frequencies resembles that of the integral of the
far field source-time function.

3. — Theory

Computing the full field radiated by a finite seismic source embedded in a heteroge-
neous earth model is difficult and can only be done numerically for certain models of
structure. For example, for layered media it is possible to compute the full field using
spectral integration methods like Axitra [10]. Because we want to gain intuition on the
properties of the field we will study here the simplest situation of a point double couple
source embedded in a homogeneous elastic space.

3'1. Near field from a point source in an infinite medium. — The Green’s function for
a point moment tensor source inside an infinite elastic medium can be written [2] as

r/B
(1) u(r,t) = ﬁ%ﬂ / Mot — 7)dr
r/o
1 1 4p L s
Trpa? T—QA My(t —r/a) + T T—ZA Myt —r/0)
1 1 . 1 1 .

This expression is usually interpreted as if the near field contained two terms: one
called the near field inversely proportional to 7%, and the other called intermediate field
that decays like r—2. Actually the first term decays in fact as r—2 because the integral
on the first line of (1) grows with distance as r2. In this expression the coefficients
AN AP ALS AFP and AFS are the radiation patterns. My(t) is the moment tensor
time history and M, (t) is the moment rate time function. Thus the near field is propor-
tional to moment, while the far field is proportional to moment rate. The time domain
expression (1) is difficult to separate into P and S waves because the near-field term (the
integral) can be only be split into two diverging integrals that cancel each other for times
greater than the arrival time of the S-wave.

For this reason we prefer to use the frequency domain expression. We use the following
definition of the Fourier transform:

(@) for= [ T e,

which has different sign in the exponential from that adopted by [2].
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The time domain Green function (1) can be transformed into

- M (w) 1 —iwr/a 1 —iwr
(3) u(r,w) = 22 {477pa2 FINP(wr/a)emwr/e 4 T FINS(wr/B)e /ﬁ}
M, 1 : 1 ,
+7Or(w) [47rp043 AFP (wr/a)emr/o 4 T AFS(wT/ﬁ)e_’W/B} )

where the coefficients FINP and FINS are

2 .
FNP(wr/a) = ANMO;TQ <u;r + 1) + AP

and

9 .
FNS(wr/g) = —AN wfﬂ (“;r + 1) +ATS,

these are self-similar functions of the non-dimensional frequency times distance divided

by elastic wave speed. The near and intermediate field radiation patterns AN, AP ALS

are defined in [2].

The frequency domain Green function clearly states that there are two types of terms
in the radiated elastic field: Near-field terms that are proportional to the moment time
function My(w) and decay like r=2; and far-field terms that are proportional to the
-, What is not clear from these expressions is
at which distance range the near and far field dominate. There is a clear transition for
each type of wave depending on the non-dimensional term wr/«a for P-waves and wr/(
for S-waves. The near-field terms in (3) interfere strongly so that at large distances the
time difference between the arrival time of P and S waves plays an important role.

For the moment we study separately the P and S waves in order to gain some under-
standing of the relative role of the near and far field terms.

moment rate My(w) and decay like r~

32. A simplified model. — Dealing with the whole expression in (1) or (3) is not very
practical to understand the relative roles of the near- and far-field terms in the Green
function. We adopt an approximation in which we neglect the frequency-dependent term
in the coefficients F'. This approximation was used by [40] in the study of the near field
of the deep Peruvian earthquake of 1994 observed by stations located above the source.
Here we approximate the S-wave by the following expression in the frequency domain:

5 NF FF
(4) u’(r,w) = . My(w) + TMo(w),
where CVF represents the near-field radiation pattern and normalization; and C*¥ is the

normalized far-field radiation pattern. This expression shows that the spectrum contains
terms proportional to the moment and moment rate spectra. In the far field only the
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last terms are usually considered. The limit at low frequencies of this expression tends
to

(5) lim u®(r,w) = CNF My(w) = CNF%.
w--50 iw
Thus the near-field spectrum is dominated by the seismic moment divided by iw. so that
the low frequency displacement spectrum is dominated by the omega —1 asymptote.
An even more interesting relationship is that the Fourier spectrum of the ground
velocity can be derived as

(6) uhn}o ¥ (r,w) = CNF M, = u(r,0).
Thus the Fourier velocity spectrum of the ground velocity tends to be flat at low frequen-
cies and its amplitude is a measure of the static ground displacement. Expression (6)
was derived here for the approximation (4), but it is a compltely general property of
ground velocity spectra, whether the source is in an infinite or a heterogeneous medium.
This expression should facilitate the computation of the static ground displacement once
ground velocity has been computed without the need of the inaccurate double integration
of the accelerograms.

Let us now compute the spectrum expected at stations where the near field is im-
portant. For that purpose we adopt Brune’s far-field radiation model. The source time
function for this model is

(7) My (t) = Mowite ™ H(t),

where wy is the corner frequency of the signal. Its spectrum is well known:

2
wo

8 My(w) = My——2— .
(8) (o) = Mo
At low frequencies the moment rate spectrum tends to M, the static moment of the
source. Any other source time function may be used but in most applications Brune’s
model (8) is most often used.

The moment time history for this signal is rather complicated to write but very simple:

(9) Mo (t) = Mo [1 — (14 wot) e~ “°*] H(t).

The spectrum of the moment time function is just (8) divided by iw.

In fig. 4 we show the expected near-field record of diplacement that contains both
near and far-field terms. The corner frequency has been chosen as f, = 0.637 and the
corresponding circular frequency is wg = 27 fy ~ 4 and a ratio C = CNF /(rCFF) = 1.
This produces a near-field signal that is very similar to those observed by dynamic GPS
records, or doubly integrated from accelerograms. In fig. 5 we plot the near-field spectrum
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Brune model Far & Near field terms
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Fig. 4. — Near-field record and spectrum when the near-field term is large compared to the far

field source time function. Here the coefficient in (4) is CN' /(r x CFF) = 1.

and displacement time signal for the same corner frequency and a ratio C' = 0.25. We
observe that the near field is now small so that the peak of the far-field velocity spectrum
starts to emerge. The displacement spectrum, on the other hand, starts to be similar to

the far-field spectrum of the Brune model.

4. — The 1 April 2014 Iquique earthquake

On 1 April 2014 a magnitude My, 8.2 hit the Northern Chile region of Tarapacd near
the cities of Iquique and Pisagua. Two days later the largest aftershock with magnitude
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Fig. 5. — Near-field record and spectrum when the near-field term is large compared to the
far-field source time function. Here the coefficient in (4) is C/r * C*F = 0.25.

M, 7.7 occurred (see fig. 1) [35,38,20,15]. This event has been studied by many authors,
specially because it was preceded by a long series of precursory shocks that began several
years before 2014 and culminated in an intense, but intermittent series of fore-shocks
that started in July 2013 [23]. A slow-slip event was observed before the main shock that
has been carefully documented [35,19,39]. The main event was studied by a number of
researchers using a combination of far- and near-field data that were reviewed by [15].
In the previous section we studied the recordings at the PSGCX co-located with the
PSGA GNSS instrument in Northern Chile near the town of Pisagua. This is the closest
station to the earthquake epicenter as shown in fig. 1. The velocity records derived from
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Fig. 6. — EW component of displacement integrated from the accelerogram of the PB11 station
located 119km from the epicenter of the 1 April 2014 Iquique earthquake of My, 8.1. At the
top the displacement waveform computed by integrating the accelerogram is compared with the
displacement recorded by the co-located GNSS station. At the bottom, the displacement and
velocity spectra computed from the accelerogram. Thei amplitude of the flat portion of the
velocity spectrum agrees very well with the displacement jump of 0.38 m observed in the GNSS
record.

GNSS instruments and accelerometers are essentially identical in the common frequency
band of the two records (figs. 2 and 3). At this short distance the seismic moment-
dependent terms in the Green function, first term in (3), dominate the spectrum. As
shown in fig. 1 more than 20 stations recorded this event in the near field. Of these,
we chose the records furnished by the PB11 station which is situated some 60 km inland
from Pisagua and 119km from the immediate fore-shock of the earthquake. Figure 6
shows the EW component of displacement at this station using the Boore [8] procedure
discussed earlier. Superimposed on the seismic displacement trace we plot the ground
displacement recorded by GNSS instrument at the PB11 IPOC multi-parametric station.
The traces for both the integrated accelerogram and the geodetic data are very similar
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Fig. 7. — Stack of velocity spectra for 14 accelerograms that recorded the 1 April 2014 Iquique
earthquake. These spectra were computed by standard Fourier transform of the ground velcoity
records obtained by direct integration of accelerograms. Accelerograms were corrected by the
instrument response and a removal of the mean acceleration.

and have a large static component. It is obvious that in this station the field is dominated
by the moment time-function. In the two bottom panels of fig. 6 we show the ground
displacement and velocity spectra computed from the accelerogram spectrum by double
Fourier integration (division by omega squared). The displacement spectrum shows the
characteristic omega —1 decay expected at low frequency. The velocity spectrum at the
bottom has the typical flat spectrum observed for many large subduction earthquakes in
Chile. The level of the flat part of the velocity spectrum is very close to the static dis-
placement observed in the GNSS instrument trace (GPS) at the top of fig. 6, confirming
relation (6) derived earlier.

In fig. 7 we show a stack of the ground velocity spectra computed for the EW com-
ponent of 14 accelerograms that recorded the Iquique main shock at distances varying
from 80 to 250 km. Although amplitudes are quite variable the shape of the spectra are
very similar with a flat low frequency asymptote, a peak near 0.08 Hz (12.5s) and an
omega —1 decay in the frequency range from 1 to 10 Hz.

5. — The 24 April 2017 Valparaiso earthquake

An important subduction earthquake occurred near Valparaiso in the center of Chile
on 24 April 2017. This event of M, 6.9 was preceded by a strong fore-shock activity
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Valparaiso Earthquake 24 April 2017
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Fig. 8. — Valparaiso earthquake of 24 April 2017. The epicenter of this My, = 6.9 earthquake is
indicated by the blue star. The red circles denote the accelerometers used in the present work.
The red ellipse over the hypocenter is the main rupture area as determined by dynamic inversion

by [36].

that included large events on 22 April 2004 and was preceded by an immediate slow-
slip event. The earthquake itself occurred very close to the site of the large M, 8.0
earthquake in Valparaiso of 3 March 1995. The Valparaiso event was very well recorded
by a number of seismic stations from the CSN network. Due to its relatively moderate
size it was only recorded by the GNSS sites located very close to the coast. This event
was the object of several studies [36,37,17]. The area where the Valparaiso earthquake
occurred is particularly interesting because it was the site of one of the largest subduction
earthquakes in the history of Chile, the 8 July 1730 earthquake. More recently Valparaiso
was hit by several earthquakes of magnitude close to 8: 1821, 1906, 21 July 1971, 3 March
1985 and several others.

In fig. 8 we show the location of the earthquake and the set of accelerograms that
recorded the event. There are many more than these of course but we did not used them
in our study.

5°1. Observations of the Valparaiso earthquake. — The closest stations to the Valparaiso
earthquake were two neighboring stations in Valparaiso city. These were the VALN high-
rate GNSS site and the VA01 accelerometer of the CSN National network shown in fig. 9.
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Fig. 9. — Observation of the Valparaiso earthquake of 24 April 2017 at the VALN GNSS station
and the neighboring accelerogram at the VA01 CSN site. At the top we show the EW displace-
ment observed by the VALN GPS. The static jump is 0.05 m westwards. The central panel shows
the EW ground velocity signal computed from the VA0l acceleorgram and the GNSS record
shown in the first panel. The last panel shows the spectrum of ground velocity computed from
the accelerogram at VAO1. The long plateau of the ground velocity spectrum has an amplitude
that is just the static jump observed at the VALN GNSS record.

The records show all the usual properties discussed in the present work. We observe for
instance that the VALN site moved about 5cm to the West during the earthquake. The
second panel in fig. 9 shows the comparison between the ground velocity obtained from
the GNSS record by differentiation and from the VAQ1 accelerogram integrated once to
velocity. No special processing was applied to the accelerogram except the removal of
the instrument response that ony affects high frequencies, and the removal of the mean.
Detrending the record would perturb the ground velocity computed by integration at
this station. In the bottom panel of fig. 9, we present the ground velocity spectrum
at station VAO1 computed by classical FFT from the velocity trace integrated from the
accelerogram. We observe clearly the flat low-frequency spectrum predicted by the theory
discussed in previous sections. We also observe that the level of the velocity spectrum is
0.05m (5cm) as observed by the static displacement recorded by the VALN.

As we move away from the coast the GNSS records cannot be used to determine
static ground displacement because noise dominates the records. Thus we have to use
the accelerometers to try to understand the properties of the near earthquake spectrum.
In fig. 10 we show a profile of 5 representative velocity records observed at a subset of
the sites shown in fig. 8. Although the profiles are located inland they were not recorded
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Ground motion Valparaiso 2017
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Fig. 10. — Stack of ground velocity records. These velocity signal were integarted from the
accelerograms recorded five stations of the central Chile accelerometric network. The traces
have been displaced by 0.05m/s in order to appreciate the propagation of the velocity wave
functions across the network.

along a line so that we cannot observe relative propagation of certain P- or S-wave
phases. We have many more records but we reduced the number of records to avoid
clutter. The figure shows that it is possible to study this event thanks to the velocity
records that clearly show the P- and S-wave arrivals as well as a double P- and S-wave
waveform. This is related to a small precursor of the 14 April 2017 earthquake that can
be identified in some of the accelerograms close to the coast. The precursor occurred
roughly by 5s before the main onset. The double waveform is also observed in the VAO1
GNSS record shown in fig. 9, central panel. We have not fully explored the records but
there is a clear crustal phase between the P- and S-wave in the FAR1 and LMEL records
at about 50s.

Finally in fig. 11 we show a stack of the spectra of the ground velocity section shown
in fig. 10. The records have not been corrected by any distance move-out, these are
the raw spectra. The spectra have been smoothed at high frequencies so as to show
the main features of the spectra. The similarity between the records is striking. All
of them contain a peak near 0.05 to 0.1Hz (20 to 10s period) that is clearly related
to the duration of the S-wave in the velocity records of fig. 10. For frequencies higher
than this characteristic (corner) frequency we observe a decay as omega —1 predicted
by the Aki Brune ground velocity spectrum (this is equivalent to the omega -2 decay in
displacement). For frequencies lower than the peak in fig. 11 (frequencies below 0.05 Hz)
we observe the development of the velocity plateau. This plateau is clearly related to the
distance of the stations from the source.

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

DYNAMICS AND SPECTRAL PROPERTIES OF SUBDUCTION EARTHQUAKES 205

Ground motion spectra Valparaiso 2017
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Fig. 11. — Stack of ground velocity spectra observed at the EW components of five accelerometric
stations of the Central Chile network of the National seismological Center (CSN).

Finally let us consider the transition to a Brune (far field) like behavior. Station
LMEL situated nearly 194 km from the source is sufficiently far although some effect of
the near-field terms are still observed in the spectral stack of fig. 11. In fig. 12 we show at
the top the EW velocity record at station LMEL obtained by the standard integration of
the accelerogram records. The station is sufficiently far from the source of the earthquake
because the S-P time (about 205s) is longer than the duration of the source (about 10s).
The black line is the original EW velocity trace at LMEL, while the red trace is the
S-wave windowed by a simple Kaiser window with Beta=6. The two traces coincide well
around the S-wave and they have the maximum velocities in the record. In the central
panel of fig. 12 we plot the displacement record integrated directly from the first trace,
both for the entire record (black) and the windowed S-wave (red). We observe that as
expected at far distances from the source the seismic record contains essentially the far
field terms, because the near field has become much weaker in this distant stations. In
fig. 12 we show exactly that. It is interesting to note however that the velocity spectrum
for the window is nearly flat for frequencies higher than 10 Hz, while the full record (black
line) increases up to 0.1 Hz. The origin of this difference is the persistence of near-field
terms arriving between the P and S wave even at 194km from the source.

6. — Discussion

It is curious that the observation of near-field terms in the radiation from large earth-
quakes seems not to have been previously reported. The main reason seems to be that
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Fig. 12. — Transition to a Brune-like spectral behavior. Station LMEL is the furthest accelero-
gram available for this event. The top panel shows the ground velocity at MEL integrated
from the original accelerogram in black and the windowed record in red. The next panel shows
the integrated dispalcement at the same station. Finally, the lower panel shows the velocity
spectrum computed by Fourier transform of the top panel.

low frequencies were systematically removed because they are considered inaccurate due
to the problem with recovering the static component from near-field accelerograms. This
is of course a serious problem that has to be resolved if possible. For the last 20 years,
however, low frequency information about seismic source is available from continuous
GNSS recordings (see [5] and references therein). The simultaneously recording of GNSS
and accelerograms can produce a very broad-range version of the ground motion spec-
trum that can be used for modeling large seismic events without separating the static
(GPS) from the dynamic (usually band limited ground displacements). In the present
lecture we examine ground velocity spectra. For most earthquakes in Chile, and probably
elsewhere, ground velocity integrated from accelerograms can be compared with GNSS
records filtered in a common band. These records agree very well, giving confidence that
the velocity field has been recorded over a very broad band. We have shown that here
for the great 2014 earthquake in Iquique in Northern Chile and for the Valparaiso M,
6.9 earthquake of 24 April 2017. The most important observation made here is that the
near-field term contributes significantly to ground motion in a very large region where
even if P and S waves are separated, the spectrum computed by classical methods con-
tain large contributions of the so-called omega —1 in displacement, or a large flat plateau
in ground velocity spectrum. This plateau has an spectral level roughly equal to the

printed on 2/13/2023 8:59 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

DYNAMICS AND SPECTRAL PROPERTIES OF SUBDUCTION EARTHQUAKES 207

static displacement produced at the observation site by the earthquake. This property
has to be verified and tested for many other earthquakes. The main application is deter-
mining approximate ground displacements from the Fourier transform of ground velocity.
More important perhaps, is that this observation provides a simple way to scale ground
velocity spectra that in turn controls the more usual measurements made by engineers
and seismologists (PGV and PGA, for instance).

We have purposefully kept the theoretical modeling at its simplest, making an attempt
to show the most salient features of seismic radiation in the near field. This feature is
that near-field terms are proportional to the moment time function, that is a unipolar
function that grows continuously from zero to the static displacement level. This property
is largely used in many studies of seismic moment, for instance in the determination
of centroid and amplitude of the source time function. The full consequences of this
relationship between ground velocity spectrum and static displacement will need further
studies because it is independent of the elastic medium in which the waves propagate,
but it depends heavily on the distance traveled by the seismic waves and, in particular
on the P-S travel time. A careful study of this problem is required.

One of the features that we have observed for the 24 April 2017 Valparaiso earthquake
is the detachment of P and S waves at high frequencies at stations located far from the
source (more than 150 km). The spectrum of the windowed shear wave and that of the
full record are very similar. This indicates that S waves dominate the spectrum and
carry all information about the source in the transition region from near field to far field.
It would be nice to have a simple expression that defines the boundary between near
and far field dominated regions. Unfortunately this is not simple because propagation in
the structure between the source and the accelerometers must be properly modelled and
taken into account. That will require much further work.

7. — Conclusions

Using co-located GNSS and accelerograms we have found that ground velocity time
and spectral signals from these two kinds of instruments coincide largely in their common
frequency band, roughly from 0.01 to 0.5 Hz. We observe that the spectrum of ground
motion in the vicinity of large subduction earthquakes is quite different from the classical
Aki-Brune far-field spectrum, The reason is that over a large area surrounding the source
the near-field terms in the Green’s function are large and dominate the spectrum. The
most important feature is that the ground velocity spectrum has a long flat spectral
plateau with amplitude proportional to the static displacement at the recording site.
The properties of this plateau are independent of the medium in which the elastic waves
propagate and, we believe, should be further studied for other events.
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Summary. — Probabilistic Seismic Hazard Assessment (PSHA) plays a funda-
mental role in the defence strategy from earthquake destruction of most countries.
In light of this paramount importance, PSHA should be rooted on solid ground
but it is not, since it ignores earthquake Physics starting from its most important
phenomenological features. These are scale invariance, which allows to infer the
behaviour of large earthquakes from smaller seismicity for which copious data are
available, and clustering in time and space, which states that the more earthquakes
one sees the more he should expect. The latter is just the opposite of the Character-
istic Earthquake, ubiquitously used in Seismology and Geology under the paradigm
of elastic rebound. As a consequence, PSHA estimates are essentially speculative and
void of scientific significance. In practical terms, while PSHA has the merit of raising
attention on an important problem, its faulty physical and statistical premises lead
it to untrustworthy results. A substantial improvement comes from appropriately
basing estimates on earthquake physical phenomenology, and realistically evaluating
and reporting all uncertainties.

1. — Introduction

Earthquakes are among the most destructive natural phenomena and, if it were possi-
ble, prediction would apparently be the easiest option to defend from their catastrophic
power for one simple reason: rushing away from weak buildings before they collapse is
much cheaper than constructing seismic resistant ones. However, a timely escape could
reduce earthquake casualties, which are in any case minor compared to other catastrophic
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natural phenomena, but would not counter the adverse economic impact, which is the
greatest. At any rate, such an option is beyond question since we are persistently unable
to predict earthquakes, and this happens because earthquake precursors have never been
observed and most likely do not exist [1]. Acknowledging this long ago, the goalpost was
lowered from prediction to forecast, which means essentially the same but with a much
lower accuracy.

Forecast is pursued in a way that goes back to the most classical treatment of un-
certainty, i.e., Gauss error theory, which advocates randomness to cure ignorance. Ideal
examples of this approach are the games of chance. Take for example a coin toss: its
Physics is well known since it just concerns the motion of a rigid body. Hence, suppos-
ing to know with accuracy the shape of the coin, its mass distribution, the momentum
transfer of the flip, the initial position, the air density and flow in the flight path, and
assuming also that the catch occurs at an accurately known location, there is no reason
why the outcome could not be predicted. The difficulty is just that the problem has
many nonlinearities and it is practically impossible to know all the relevant variables
with sufficient accuracy. Therefore, ignorance is transformed into a supposedly equiv-
alent description which depends on some random variable, thus allowing to derive the
average properties of the process. According to this, one can say that an ideal model of
a fair coin is the one that in a large number of tosses shows tails in approximately half of
the tosses. Obviously, this leads to a completely different type of prediction, regarding
not the next single outcome, but an average over a sizeable number of outcomes.

The above basic assumption can be rephrased in a variety of ways [2], with lan-
guage playing a substantial role: the lack of knowledge is elegantly termed epistemic
uncertainty, which is then translated into aleatory uncertainty by the introduction of
randomness. The crucial fault of this argument is that it makes sense if, and only if, the
Physics is known, which is hardly the case of earthquakes, for which a valid model is still
lacking [3]. Beyond allowing to use sexy words, the introduction of Statistics is a smart
way to produce numbers which seem credible, but in fact are not.

In principle, we could take a purely empirical perspective, since statistical modelling
proves invaluable in all cases in which the observer is confronted with large amounts
of data produced by repeatable and appropriately designed experiments. The validity
of the physical models could then be exhaustively tested, but this perspective appears
difficult to apply to earthquakes, since:

1) there is little hope to design a realistic earthquake experiment;

2) the source is deep in the Earth and the parameters of the system are difficult to
measure;

3) the time scale of observation is 2-3 orders of magnitude smaller than the time scale
of evolution of the process, while to provide a sufficient sample it should be 2-3
orders magnitude larger;

4) last, but absolutely not least, interest is mostly not on forecasting average properties
—as Statistics can only do— but on forecasting the next single destructive events.
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In addition to this there is an utilitarian view: behind any forecast attempt lies the
tacit hope that the process has some decipherable regularity which can be of practical
utility towards reducing destructive power. In the case of earthquakes, there is one par-
ticular type of forecast popular to the point that it became the standard for defining
seismic design codes. This goes under the name of Probabilistic Seismic Hazard Assess-
ment, from now on PSHA.

PSHA can be cast in a variety of specific forms, but the time-independent Poisson-
process—based Cornell formulation [4,5] and the Characteristic Earthquake model (from
now on CE) play a central role in the seismic codes of most countries. In spite of its
ubiquitous use, doubts about PSHA were repeatedly raised, with PSHA facing violent
attacks [6-11] and strenuous defences [12-26]. However, discussion devoted much effort
to the minute details but hardly ever to the physical and statistical bases at the roots
of PSHA, which were comprehensively analysed only recently [27]. Making reference to
the latter work, let us first of all recall the state-of-the-art of earthquake phenomenology,
starting from the phenomenological picture and then passing on to compare it with the
assumptions at the basis of PSHA.

2. — Earthquake phenomenology: the state of the art

No valid physical model still exists for earthquakes. In Seismology, research has been
traditionally focused on the mechanism of wave generation alone, essentially disregarding
the thermal aspects of the process, which were very rarely considered explicitly [28-31].
What is more important for hazard estimates, equally disregarded has been the Physics
of earthquake occurrence, which was more or less ignored in geophysical literature since
the very beginning [3]. Fortunately, the latter recently received proper attention in the
physical literature, under the rationale that earthquake generation is a problem that can
be effectively formulated in terms of the Statistical Mechanics of Critical Phenomena [32-
36]. It is in this domain of Physics, which enjoyed important theoretical progress in the
last decades, that the phenomenological features of earthquake occurrence can be firmly
established, while seismological literature appears reluctant to abandon the traditional
perspective merely focused on the mechanical aspects.

We will review this approach to earthquake Physics by referring to the original work
and, at the same time, illustrate its features through the use of the Italian seismic catalog
of Gasperini and Lolli [37]. The latter catalog is the result of a careful equalisation of
bulletin records without any forced complying to the Gutenberg-Richter or Omori laws,
correcting instead for the individual response of each sub-net, for the specific instruments,
periods of activity, methods of analysis, etc. [38].

The catalog starts on January 1, 1981, is complete from magnitude M > 2.5 and
consists of 20547 events, including 19 M5.5 + catastrophic earthquakes. It has a non-
constrained b value of 0.9866 and a close fit to Gutenberg-Richter law (see fig. 1). A
comprehensive view of this catalog is apparent in fig. 2, which on the horizontal axis
illustrates clustering in time at different magnitudes. Each cluster shows sharp increases
in the event rate of occurrence and smooth decreases, the latter well represented by
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Fig. 1. — The event density versus magnitude for the New Italian Seismic Catalog, with the
related Gutenberg-Richter fitting curve [37].
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Fig. 2. — The time and space clustering in the New Italian Seismic Catalog [37].

Omori power law
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(1) N(t) =

c+tr’

with p ~ 1 and ¢ a constant dependent primarily on magnitude. The same figure illus-
trates also the other main phenomenological feature of earthquakes, i.e., that clustering
in time is accompanied by clustering in space [39], as is apparent on the vertical axis.
Note how a clear simultaneous picture is apparent thanks to geographic shape of Italy,
which is essentially North-South and with earthquakes distributed along its structural
backbone, the Apennines.

Another major phenomenological feature accompanying clustering is scale invariance.
A fundamental result of Bak et al. [34] and Corral [36] is that an identical picture exists
for the rescaled occurrence times of all the events independent of magnitude. In other
words, the same scale-invariant picture is found to occur in a large variety of regions
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of the world, irrespective of spatial extension, magnitude threshold and seismic catalog
from which the data were taken. Namely, Corral [36,40] tested this on spatial windows
of L degrees in longitude and L degrees in latitude, with L spanning from 20 kilometers
to the entire globe, and with magnitude threshold ranging from 1.5 to 7.5, obtaining an
identical picture independent of magnitude. The mathematical environment in which this
can be framed is the Renormalization Group. In quantitative terms, the phenomenology
yields that the same scaling law

(2) D(r) = Rf(R7)

holds, standing for a self-similarity in space and size of earthquake time occurrence. The
functional form of f is close to a generalised gamma distribution

1) 1 —(0/a)°
3) £(6) = mr|(7|/5)91—7€ 0/a)"

where the variable # = R7 is a dimensionless recurrence time, while the parameter values
are v ~ 0.7, 6 ~ 1, a —the dimensionless scale parameter— ~ 1.4, and IT" is the gamma
function. This stands for f decaying as a power law for § < 1 and exponentially faster
for 6 > 1. It is important to note how this concerns experimental rates and does not
stand for any specific model: the scaling law only concerns the empirical event rate and
is independent of any physical model of seismic occurrence.

In practical terms, this stands for a peculiar behaviour:

1) a positive clustering at short time scales, with events tending to be closer to each

other in a mutual “attraction” and

2) a negative clustering at long time scales, with sparse events tending to be sparser,
in a mutual “repulsion”.

This leads to the apparently paradoxical consequence that the time one has to wait for
the next earthquake is longer the longer one has been waiting for it. Note how the
paradox is only apparent: event rate never becomes 0, and one event sooner or later
will occur, immediately raising the chance of experiencing another one, so starting a new
cluster. Note how this is at odds with both elastic rebound, which would imply shorter
waiting for longer elapsed times and with Poisson, which would imply an independence
of the waiting time on the elapsed time [36,41].

While this may appear paradoxical to the seismologist, it is not to the physicist
working in Fracture Mechanics, nor to the layman: assume one is walking over a frozen
lake and the surface around him experiences some sudden and loud breaking: would he
—as a CE model believer— stand still since according to the historical record that lake
experiences major breaks every eight months and it is just two months since last one? Or
would he —as a PSHA hazard map believer— leave himself to the mercy of fate, since
in the same community there is consensus on the fact that failures cannot be predicted
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Fig. 3. — The time to next event in days versus the time from previous event: the persistence
realised by event clustering.

and can occur identically at any time? Or would he rather rush away since he knows
that fractures tend to cluster and the chance of a freezing plunge is highly increased?
In addition to this, earthquakes do exhibit “memory” in several respects and there
exist a number of correlations in seismicity [40,42]. First of all, events do not occur inde-
pendently at any time as prescribed by a Poisson process, but remember the occurrence
of the last event(s). The effect of memory is obvious in Omori’s law and in the time evo-
lution of any cluster, as is illustrated by fig. 3. The same occurs identically also outside
major clusters (in the time intervals called “stationary” by Corral [36,40]), standing for
the fact that clustering occurs at any scale. The existence of memory is apparently sur-
prising when considering large areas, since one could think that the superposition of the
seismicity of different areas can be traced to the sum of many independent processes, so
that the seismicity of a broader region should converge to a Poisson process [43], but this
is never realised in practice [40], and earthquake memory effects can be summarized as:

1) Pre-earthquake conditions are identical due to the lack of correlation of the mag-
nitude on previous seismicity, confirmed also by palaeoseismic data for single
faults [44,45].

2) The larger an earthquake, the shortest the time till next, due to the negative
correlation between magnitudes and forward recurrence times.

3) The shortest the time since last earthquake, the shortest the time till next, due to
the positive correlation between consecutive recurrence times.
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4) The longer the time since the last earthquake, the longer the expected time till
next, due to long time positive correlations [46].

Note how the first point can be condensed into no earthquake knows how big it will be,
while the subsequent three points can be summarised into seismicity follows persistence
(fig. 3). No comprehensive physical model incorporating these features has been so far
developed at neither the deterministic nor the statistical level. In the last fifteen years the
ETAS model [47,48], which somehow combines the Gutenberg-Richter law, the Omori
law and an aftershock production rule enjoyed much popularity for its simplicity and
qualitative resemblance to some features of real life. However, while this model brings
in some clustering, it is not scale invariant —at odds with the main feature of real
earthquakes— and it is therefore physically unacceptable. It can be seen —at best— as
a rough proxy to real seismicity, perhaps usable as a null-hypothesis test model.

We will now proceed to compare this phenomenology with what earthquakes are
assumed to be in the oversimplified engineering-seismological approach, i.e., PSHA.

3. — Earthquakes according to PSHA
PSHA relies on several assumptions, which we will review.

Assumption 0. A probabilistic model of earthquake occurrence can be derived. — PSHA,
from the first word of its acronym —Probabilistic— takes for granted that a statistical
model for earthquakes exists, i.e., that for earthquakes

1) the sample space
2) the probability distribution

are definable.

Unfortunately, from the statistical point of view the concept of probability itself is
very difficult to define for earthquakes [13]. In fact, it is not possible to use a frequentist
approach, i.e., repeat identically the same configuration of stress, deformation, fluid
circulation, creep, temperature, etc. a large number of times and observe —defining it
as probability— the fraction favourable to the occurrence of a given earthquake. The
difficulty lies in the fact that one would need to repeat the time history over and over
again identically, an experiment which is definitely hard to conceive. Nor it appears more
feasible a Bayesian approach, which defines probability as the subjective degree of belief of
the observer, relating it to a subjective state of mind rather than tying it to the physical
system. Why should one observer care about the state of mind of other observers, and
—more importantly— why should a physical system care about the state of mind of its
observers?

Experimentally, what is available is occurrence rates, but rates do not equate to
probabilities. If rates are used into models producing numbers comprised between 0 to 1
that, even if commonly called probabilities, are not probabilities in any meaningful sense.
They are just labels: adding “Sport” to the name of a car does not make it go any faster
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unless some real mechanical modifications are included. The only interpretation which
appears to make sense is to depict probability as a mere property of a mathematical
model which hopefully describes the process. In such a view, the justification for using
a model is its validity in either 1) empirical terms or 2) according to Physics. Hence,
the whole credibility of PSHA hinges on how empirically, or theoretically, the models it
uses are good. These models are essentially two: the CE model and the Poisson process
model, which are based on a set of assumptions, and are fit to the data according to a
set of other operational assumptions, that we will now review.

Assumption 1. Seismicity is known. — PSHA estimates the seismicity rates of a given
region from past earthquake occurrences. This hypothesizes in turn that a complete
earthquake catalog is available up to the largest possible magnitudes, correctly reporting
recurrences of all events relevant to hazard in a number large enough to allow significant
statistics. This is totally unrealistic: instrumental seismic catalogues forcedly span about
a century —instruments were introduced around 1900— while non-instrumental ones are
tied to the fuzzy quality of historical reports. Even the Italian macroseismic catalogues,
which for historical and geographic reasons —the Italian territory is small and was site
of civilisation since over two millennia— are likely to be the most extended and accurate
in the world, fail to report 9 earthquakes out of the largest 10 in each seismic region [41].

In principle, palaecoseismology may extend the time span of seismic catalogues to
thousands of years, allowing to include several recurrences of the larger earthquakes on
the same tectonic structure [49]. However, exposed faults are rare and it is safe to state
that a direct measure of earthquake recurrence times is generally unavailable [35] and
that only very approximate estimates of maximum magnitude are possible on the basis
of geologic evidence.

Indirect estimates of larger seismicity can in principle be achieved by extrapolating
Gutenberg-Richter law from lower magnitudes, using the main phenomenological feature
of earthquakes, i.e., scale invariance. Thanks to it, the behaviour of large earthquakes,
for which data are insufficient or absent altogether, can perhaps be inferred combining
geology and smaller seismicity —for which data are available. However, this has all the
risks and inaccuracies of any extrapolation, in this case aggravated by the logarithmic
scale and by the fact that in general the data for the largest magnitudes are insufficient
for a direct estimate of maximum magnitude. In addition, the data often (but not in the
case of Italy, see fig. 1) indicate a tapering of the Gutenberg-Richter above some corner
level [50], which involves further uncertainty. In practice, the lack of sizeable learning
set leads to crucial mistakes when “the largest historic magnitude” is taken as an upper
limit [41]: the Tohoku 2011 earthquake is a good example of a 9.3 earthquake occurring
where the wrongly estimated maximum magnitude was 8.0 [25].

In conclusion, assumption 1 appears generally unjustified and is likely to lead to wrong
estimates if catalog occurrences alone are used.

Assumption 2. Seismicity is time independent. — If seismic catalogues 10° years long
were available, seismicity would perhaps appear asymptotically time independent. The
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reason is that the time scale of geological processes, of the order of ~ 10 years, is much
longer than that of earthquake recurrence on the same fault patch, i.e., 102-102 years.
Unfortunately, available seismic catalogs cover reliably time intervals even shorter than
the latter.

In conclusion, also assumption 2 appears generally unjustified.

Assumption 3. Tectonic strain is released by large earthquakes. — The classical view
identifies earthquakes as the main way to release crustal stresses [51,52], so that all exper-
imental discrepancies —like the one concerning the geodetically observed rates and the
maximum magnitude expected in the Tohoku trench [53,25]— are ascribed to aseismic
slip. However, our knowledge of the problem is insufficient and ascribing to earthquakes
the leading mechanism for releasing tectonic strain appears no less reductive than con-
versely ascribing the leading contribution to aseismic slip. The picture is often hazy
because of a lack of data, but even when these are available matters are all but clear.
This is apparent in fig. 4, which shows the GPS measurements on North-Central Italy
for the last 10 years. Several earthquakes above magnitude 6 occurred in this period:
the Apr. 6, 2009 L’Aquila M6.2 event, famous for the ensuing trial in court [54] and the
Central Italy 2016-2017 large seismic cluster, which included a few events above 6 and
one M6.6. None of these clusters, nor the one slightly below M6 of the Emilia, May 2012,
appears to bear relation with the GPS measurements, which seem totally independent
of seismicity, with large strains concentrated where no particular activity is present and,
conversely. no strain concentration where earthquakes did occur.

In conclusion, assumption 3 appears insufficiently constrained by available experimen-
tal evidence, which does not allow any firm conclusion.

Assumption 4. Strain energy is released by Characteristic Farthquakes. — PSHA views
earthquakes according to the Elastic Rebound paradigm, and maintains Continuum Me-
chanics and Linear Elasticity as the basic playground. This perspective has its earth-
quake prototype in the CE model, where an earthquake is the eventual result of a cycle in
which elastic strain slowly accumulates to be suddenly released by identical system-size
earthquakes.

The never ending success of the CE model derives that it is intuitively appealing
to the point of being the model in most textbooks in Geology and Seismology. At its
roots, earthquakes are stick-slip frictional instabilities on pre-existing plane faults, so
that they must be ruled by rock friction on plane surfaces [51,55-57], with the implicit
assumption that the behaviour at laboratory pressures, velocities and geometries can be
extrapolated to real Earth conditions. Laboratory results have been condensed into rate
and state laws [30], which are nevertheless just a set of empirical equations lacking the
immediate appeal of a conceptual model, which is instead provided by the CE.

The CE model coincides with the original Reid’s idea and is the oldest and the most
simple earthquake model. It prescribes that the crust operates into independent do-
mains, at the core of which resides a slip plane, the seismic fault. Each seismic fault,
which geologists identify with its observed counterpart, is seismically ruled by the largest
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Fig. 4. — The crustal strain measured by the N > 10 GPS stations (Istituto Nazionale di
Geofisica + public administration + private collaborating survey companies) operating over the
Italian territory averaged over the last 10 years. Extension is indicated in blue, compression in
red. The green ellipses indicate —starting from the North— the epicentral areas of the Emilia
May 2012, Central Italy Big Cluster 2016-2017 and L’Aquila April 2009 earthquakes.

possible earthquake it can host. This is a system-size event that abruptly releases all
the accumulated strain and resets the strain energy to its ground level. Tectonics then
slowly rebuilds strain and starts a new “cycle”. Given that tectonic strain rate is likely to
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be constant and that the maximum and minimum strain levels are material parameters
that are likely to be fixed, this model should produce regular recurrences at fixed time
intervals —the return time 7. Repeatedly and exhaustively tested for statistical signif-
icance, it was shown to be statistically untenable [11,58,59], a result that could have
been easily anticipated, since if the CE model were applicable, it would allow routine
predictions like it happens for solar eclipses. The generalization of the CE model in the
Time Predictable and Slip Predictable models [60], which are equivalent to assuming
respectively a fixed maximum or a fixed minimum strain threshold in the region, have
been equally demonstrated to be inapplicable [61].

A clear example of how the CE paradigm may lead to wrong paths is the Parkfield
prediction experiment [62], the inconsistence of which with experimental evidence was
unquestionable [11,59]. Nevertheless, the elementary appeal of CE is strong enough to
warrant it a central role in the PSHA hazard estimates for [63]:

1) specific fault subsections, which supposedly follow a characteristic behaviour

2) critical facilities, like nuclear power plants, through alternative statistical ap-
proaches

3) all attempts to estimate hazard by modeling ab initio the whole seismic wave field.
In conclusion, assumption 4 appears at odds with experimental evidence.

Assumption 5. The impossible assumption: Characteristic Earthquakes occurring at
random. — Even if assuming that a “random” occurrence of earthquakes were to make
sense, which it does not (see discussion above), PSHA focuses its main interest on the
maximum possible size of events according to the CE model, but relaxes its assumption
of regularity in time of occurrence. This is logically inconsistent: how can a process be
simultaneously fully regular and irregular?

In conclusion, assumption 5 appears logically inconsistent.

Assumption 6. Fxceedance probability and Return Time. — In the Cornell formulation,
by far the most common worldwide, and at the basis of both US NHERP and of the Eu-
ropean EC8 building codes, PSHA estimates are generally built upon two quantities, the
return time T and the exceedance probability p, both borrowed from hydrology [64]. By ex-
ceedance probability p(t) is meant the probability that at least one event past some given
threshold occurs (i.e., exceeds the threshold) in the time interval ¢. The (adimensional)
return time 7 is simply defined as the inverse of the exceedance probability [15,22] as

(4) T=1/p

and gives a measure of “how rare” an event larger than the threshold should be. Note
how p requires a wvalid model to be calculated from experimental occurrence rates, and
this is mostly ignored, simply equating rates and probabilities (cf. above). Note also
how the “return” term evokes a regularity in recurrence, which is indeed present in
the CE model, but intrinsically absent in the other model generally adopted by PSHA
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i.e., the Poisson process. The Poisson process is the most simple model of earthquake
occurrence: it assumes no memory whatsoever and total independence among events.
As such, it is at odds with the phenomenology, a conflict which is traditionally resolved
in a peculiar way: in spite of the fact that clustering is the main feature of earthquake
phenomenology, it is discarded altogether. The discarding procedure —tacitly justified
by the fact that aftershocks are practically non-interesting in terms of hazard— throws
away a large fraction of events through declustering algorithms, guillotine computer
codes designed to sort out the supposedly independent events.

Declustering algorithms may be divided into two main classes [65]: mainshock window
methods and linked-window methods. Mainshock window methods remove all earth-
quakes in a space-time window around every “mainshock”, which may seem an objective
and scientifically sound definition, but it is not since it depends on a subjectively chosen
algorithm. A prototype of this approach is the Gardner and Knopoff algorithm [66].

Linked-window methods [67] calculate a space-time window —with subjectively cho-
sen window parameters— for each event in the catalog rather than just for mainshocks.
Following the identification of clusters, a declustered catalog is created by a) removing all
events in the cluster except the first one, or b) by removing all events except the largest,
or ¢) by replacing the whole cluster with a single “equivalent event” with magnitude
representing the summed moment of all events in the cluster. This allows to a posteriori
identify mainshocks, aftershocks, independent events and, for some specific algorithms,
also foreshocks. However, the parameter choice is subjective, just as the choice among
the a), b) or ¢) options.

In conclusion, declustering discards the main phenomenological feature of earthquake
occurrence —clustering— in favour of a subjective entity —mainshocks. As such, it is
against physical evidence, and therefore unacceptable. Incidentally, the current declus-
tering approaches are faulty even from a strictly statistical viewpoint, since they are
unable to produce truly Poisson residual catalogs [65].

Assumption 7. The sum of ignorance leads to knowledge: the cognitive democracy of
logic trees. — PSHA acknowledges that ignorance on earthquake occurrence is large and
attempts to treat it with the main tool of democracy: consensus. At the time of the Cold
War it was of primary interest to estimate the outcome of a full-scale nuclear conflict,
but the available knowledge did not allow any reliable guess. The Rand corporation was
contracted to devise something as close as possible to a firm result: credible scenarios.
They achieved this through the Delphi Method [68]. The Delphi Technique is based
on the Hegelian Principle of achieving oneness of mind through a three step process of
thesis, antithesis, and synthesis. In thesis and antithesis, a group of “experts” present
their opinion or views on the given subject, establishing views and opposing views. In
synthesis, opposites are brought together to form the new thesis upon which consen-
sus is reached. In practice, a large —but not too large— group of experts (typically
7 to 12 in number) is convened in isolation and brainstorming is promoted as long as
consensus emerges. At the heart of this is Bayesian approach, but rather than using the
Scientific Method to derive experimental models and study their validity on real data,
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all the experts’ opinions are considered and a weight to each is attributed. Consensus
is then reached on final scenarios, which are elaborated by assigning subjective weights
to the various branches of a logic tree or, alternatively, by calculating averages through
a subjective weighting scheme on which consensus has been reached, to obtain ensemble
models. In both cases uncertainties are apparently under tight control, so that the con-
sensus or ensemble models can both sport an apparently high accuracy. Unfortunately,
this is just an illusion: it relies on subjective judgement rather than on solid evidence.

In conclusion, the scenario approach can provide apparently realistic pictures, but
such videogame-like results can in no way be taken as scientific, since the relativity
principle upon which the Scientific Method is based is violated: the opinion of experts
is by definition not objective.

4. — Discussion

PSHA, when compared with the state-of-the-art of earthquake Physics, appears to
rely on a number of assumptions which are either undemonstrated or at odds with phe-
nomenology. This being against the Scientific Method is apparently no cause of concern
in the geophysical literature: for example, the “universal” scaling paradigm has been
contended by Molchan [69], who maintained universality to be apparent because it was
simply traceable to the fraction of mainshocks versus aftershocks. But this is an argu-
ment against logics: how can an objective piece of evidence like scale-invariant clustering
be invalidated by “mainshocks”, an entity which can only be defined subjectively? This
is just the first of several paradoxes: the Characteristic Earthquake and the Poisson
process models are the standard for most PSHA estimates in critical facilities and sites,
but have diametrically opposite implications, respectively regular, and highly irregular
occurrences. Even more paradoxically, since neither the Characteristic Earthquake nor
the Poisson earthquake models account for scale invariance and clustering, the most fun-
damental phenomenological feature of earthquakes —clustering— is discarded because,
otherwise, none of these models could be fitted to the data.

An old proverb of Bologna, in North-Central Italy, says “Piutost che gninta I’¢ méi
piutost”, literally “rather than nothing, rather is better”. This seems the best argument
one can get in favour of PSHA. There is no scientific motivation for PSHA hazard esti-
mates to be trusted, but it had the undeniable merit to point at an important problem
—seismic hazard— and to pull out numbers which, even if scientifically unrooted and
practically wrong, have attracted attention from engineers towards designing seismic re-
sistant construction. It does not matter that the chance of a destructive earthquake is
wrongly called “probability”, that the earthquake models are at odds with experimental
evidence, that the whole picture is flawed, and that the estimated accelerations are given
with a three-digit accuracy while uncertainty would not even allow one. What mat-
ters is that some beneficial effect has been undoubtedly achieved in reducing earthquake
destruction by merely raising attention on the problem. In this respect, PSHA could
be taken as a typical example of how some good results may stem from bad premises.
Yet, we are now in a position to do much better, by simply accounting for earthquake
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Physics and avoiding to cheat on uncertainties through fancy logic trees and friendly
expert opinions.

5. — Conclusions

Comparing the state-of-the-art in earthquake Physics to the assumptions at the basis
of PSHA shows the many weaknesses and inconsistencies of the latter. PSHA estimates
must therefore be regarded as speculative, attaching to its apparently accurate predic-
tions uncertainties of at least several tens of percent. Available earthquake catalogs are
too short to allow a reliable forecast of the chance of experiencing a destructive event in
any given region. Future earthquakes are likely to occur on active tectonic structures,
mostly at sites different than those of the historical and instrumental past [41]. This can
be condensed in completing Hiroo Kanamori’s [70] post-Fukushima words: “ezpect the
unexpected”, with “which unexpected shouldn’t be”.

Occam’s razor may be advocated in favour of the simplest possible model in agreement
with the data, but Hanlon’s razor suggests an even wiser alternative: do not use any
model as long as you do not have a good one. The goal of an effective earthquake
defence can be achieved on the basis of preparedness and common sense relying on our
knowledge of earthquake Physics, which is so far limited to phenomenology, but has firmly
established that earthquakes occur in clusters in both time and space. Hence, we can
monitor the territory for any increase in activity and merely use persistence as a forecast
tool: organize preparedness for a destructive earthquake in all seismically active regions,
and increase the level of alert whenever an increase in seismicity is observed. This simple
precautionary strategy [71] has been profitably adopted by the post L’Aquila Italian
Major Risk Committee since January 2012, and was successful in minimising the death
toll, actually preventing not only casualties, but also injuries in the largest and most
destructive Italian earthquake of the last 37 years, the October 30 M6.6 Central Italy
event.
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